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Preface
Lloyd Snyder – A Man for Eternity

(1931–2018)

Lloyd Snyder passed away on September 19, 2018. It is exceedingly difficult to write 
about a man who contributed so much to the field of liquid chromatography and 
helped revolutionize separation science through his incisive research, magisterial 
books, insightful articles, and superb short courses.

Lloyd Snyder was born in 1931 in Sacramento, California. As is mentioned in 
his autobiography, he felt a great attraction to chemistry from an early age. His fas-
cination with the way atoms combine to form complex molecules led him to enter 
the University of California at Berkley as a chemistry major. His strong chemistry 
background, obtained during his undergraduate and graduate studies, both at UCal 
Berkeley, instilled in him a firm foundation for his deep understanding of chromato-
graphic phenomena. From the separation of small molecules to the chromatography 
of biomacromolecules, Lloyd Snyder covered virtually every aspect of chromato-
graphic science in his papers and books. The numerous awards he received over the 
years testify to the quality and worldwide impact of his scientific contributions.

Through his numerous and pioneering short courses on liquid chromatography, 
he left a huge pedagogical footprint on the whole field for several generations of 
chromatographers and the literally thousands of students who participated in his 
courses.

This volume of the Advances in Chromatography series is an homage for what 
he represented to the chromatographic community. Many scientists have contrib-
uted their memories of time spent together with Dr. Snyder during international and 
national meetings and throughout their careers. We are thankful to all the scientists 
who have collaborated on this volume dedicated to one of the pillars of separation 
science. For the chromatographic community, Lloyd Snyder’s passing represents a 
big loss which is difficult, if not impossible, to fill. He will remain for us “A Man for 
Eternity.”

Nelu Grinberg, PhD, Co-Editor 
Peter W. Carr, PhD, Co-Editor 

Advances in Chromatography Volume 57 
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In Memoriam

Lloyd and I were children of the Great Depression, both of our fathers having been 
unemployed for some time. We also were the oldest children in our families, so per-
haps we grew up with a serious attitude about making our way in the world.

Though his family moved many times, Lloyd was very fortunate to live in 
Sacramento where the schools and city offered many opportunities. Nowadays we 
would think he was given a great deal of freedom without fear for his safety.

When he was about 13 he built his first home laboratory in the basement, using 
the money he made making deliveries for a pharmacy. In those days many chemicals 
could be ordered by mail. One project was to make nitroglycerine, using directions 
from an 1898 encyclopedia found in his grandmother’s house. One day he dropped 
a container of a mixture of nitroglycerine and acid; it suddenly changed color from 
clear to dark brown. He quickly turned and was running from the lab bench when it 
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exploded, spraying acid and broken glass everywhere. Several test tubes were shat-
tered, but he was not injured. Since he did not report this to his parents, his mother 
was surprised to find his shirt with only the neck and sleeves left. There were several 
similar adventurous experiences.

After graduating from high school with a “scholarship” of $50, he was able to 
enroll at the University of California (Berkeley) by living for two years with a sec-
ond cousin in Oakland. Recruited for the crew team, he took part in a race with 
the University of Washington, which UCal-Berkeley won. About that time, he was 
invited to a chemistry fraternity, Alpha Chi Sigma; he then lived at the fraternity 
house for the next one and a half years, serving as housemaster (free room and board) 
for a year.

The fraternity and my sorority often had “exchanges,” and we met on a blind date 
in our sophomore year. During the summer, after working at summer jobs all day, 
he would drive from Sacramento to Santa Rosa where I lived and spend the evening 
dancing at the Russian River resorts, often nearly falling asleep or pulling over for a 
nap on the way home.

By the end of our junior year we both had met all the requirements to graduate 
in one more semester at which time, we planned to get married. (He was just 20 so 
his mother had to give permission!) We were married in the Santa Rosa Presbyterian 
Church and spent our honeymoon settling into an apartment. He then entered the 
chemistry doctoral program, and I had one semester of grad school/student teaching. 
After that I taught fourth grade in Berkeley for a year until our first child, Julie, was 
born in September 1953.

In his autobiography, Lloyd wrote: “My typical day started in the lab around 8:00 
in the morning, maybe broken by a pick-up basketball game with other grad students 
or a swim at the gym, then home for dinner and back to the lab until 10:00 at night. 
My intense concentration on my work drew occasional comments from those around 
me. I do remember several times feeling hungry about 3:00 in the afternoon, then 
looked around to see that my lunch bag was still unopened. Since I usually got up 
before Barbara and skipped breakfast, this meant it had been about 20 hours since 
my last meal!”

I remember typing Lloyd’s dissertation – several layers with carbon paper on a 
manual typewriter – something about the kinetics of methyl ethyl ketone and benz-
aldehyde. In the Spring of 1954, his doctoral dissertation was approved, and he then 
became a research chemist at Shell Oil in Houston (Texas), where we got used to 
humidity, cockroaches, and cute little lizards that inhabited the breezeway.

Our son Tom was born the next year and, though we liked the people and Lloyd 
liked his job, he accepted an offer at Technicolor in Hollywood and we moved back 
to California. Shortly after we bought our first home in Van Nuys, but when the com-
pany was unable to keep the salary agreement, Lloyd found his next job at Union Oil 
in Brea (California). That meant a long commute until we finally were able to sell the 
house and move to Fullerton. Our son James was born about a week after we moved, 
and David was born three years later. We lived amid orange orchards; much of the 
time you could smell the orange blossoms.
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Those were busy years with all the kids’ activities. Every summer we went tent 
camping in California National Parks and as far off as Yellowstone. Camping was 
all new to me. We bought a used wood “camp kitchen” (a big cupboard) that fit in 
our first station wagon; in those days it was bear-proof. One time while camping 
near a beach somewhere along the Pacific Coast the fog rolled in very quickly and 
our son Jim, then about nine, could not be found. I went to get a ranger, but by the 
time we returned to the campsite Jim was back with Lloyd. We tried camping after 
moving to New York but got rained out every time. We also visited Mexico. I was a 
Cub Scout leader, Sunday School teacher, etc. Lloyd began reading the philosophers 
and great literature he had never been able to study in the College of Chemistry pro-
gram at Berkeley, and we participated in the Great Books program, school-related 
projects, and duplicate bridge (Lloyd also played during lunch at work). We traveled 
to Houston for his first award (in petroleum chemistry).

When Dave was in kindergarten, I started grad school. The new Cal State-
Fullerton campus was within walking distance from our home. Those were interest-
ing times politically. One day classes at the college were closed because of a raid by 
the Students for a Democratic Society (SDS), which had just smashed a grand piano! 
I started taking one class at a time, then two, and after five and a half years (66 units) 
was credentialed as a school psychologist. Many of my classes were late-day (for 
working teachers) so, though I prepared the dinner, Julie served it when Lloyd got 
home and then cleaned up.

Lloyd’s portable home office was the dining room table. Among other things, he 
wrote papers there in the evening and then cleared it for breakfast next day. He had a 
small desk in the living room and an electric typewriter. His powers of concentration 
were an important asset at this time.

When the work at Union Oil seemed to approach its limit, he began exploring 
other jobs and even interviewed for some university jobs. He later said it would 
have been unfortunate if they had been offered to him. Moving to New York was a 
huge step for us all when Lloyd started working at Technicon in Tarrytown (New 
York). My California credentials were useless in New York, and the kids were all in 
new schools. It was not easy to adapt to the weather, and I had trouble just finding 
the additional classes New York required. Neighbors (who often came from New 
York City) seemed suspicious of people from California. Gradually we found our 
way and became active in a small historic church. My first job in New York was at 
Wiltwyck School for Boys. When working with a student, I had to lock the door to 
prevent intruders. (Eventually I got better jobs – even presented a research project 
at a national convention.)

I remember there were ups and downs at Technicon – with the occasional possible 
loss of the job. However, Lloyd and I became friends with people from church and 
with many of his colleagues, some international, and with some of their families on 
the east coast, including his future business partner, John Dolan. During those busy 
and productive New York years we enjoyed visiting historic places on the east coast 
not far from where we lived. I went along with Lloyd to many of the scientific meet-
ings in Europe, and some of his colleagues visited us in our home. We also traveled 
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during vacations with the kids, and later by ourselves, to the Caribbean, Mexico, and 
Canada.

Lloyd and John started LC Resources as a consulting business in 1982 with John 
soon moving to his hometown in Oregon where they started a lab. In 1984 Lloyd 
was invited to the University of Lanzhou, China, where he lectured with a translator 
for three weeks. I joined him in Beijing for three more weeks in the big cities where 
we were treated very respectfully by scientists and others. We saw few cars there in 
those days.

We moved to Orinda, California in 1985 and Tom Jupille joined the growing 
company. Lloyd’s workplace was two adjacent bedrooms with the dividing wall 
removed. It was hard to convince people that a chemist could work out of his home 
without violating the zoning rules. I worked for a big school district where I met 
with a large variety of students and was president of my psychologists’ association 
for a time. I was now able to attend most of the big chemistry meetings in Europe. 
We visited Poland three times with help from Edward Soczwinski, and I eventually 
found my maternal grandparents’ roots. I retired in 1998 so I could spend more 
time using the Internet to explore both of our family histories, ending up with six 
volumes on the various lines. (Years later I escorted my sister and cousins to meet 
living relatives.)

Lloyd and I moved to a retirement community of 10,000 people in Walnut Creek 
(California). Lloyd was still active in theoretical collaborations with many working 
chemists until his health declined.

The amazing part of Lloyd’s life and long career is that he also accomplished so 
much outside his career, reflecting his high energy, idealism, altruistic values, and 
enthusiasm for whatever he might undertake. Also remarkable were his humility – 
based on his consideration of all colleagues as equally worthy human beings – and 
that he had no need for recognition or material possessions beyond those of a mod-
estly comfortable life.

Despite missing liberal arts classes in college, Lloyd was a voracious and fast 
reader. He made good use of the public libraries; in recent years he kept a reading 
list with notes on books he had read. He read to our children every night for as long 
as they were willing and helped them with their hobbies, science projects, and other 
enterprises. He liked to take them out in the country to explore wildlife and any 
interesting artifacts they might find. We had many different pets such as tarantulas, 
white rats, and an alligator.

He also offered his free time to a number of worthy causes. He was a scoutmaster 
in the early days and later became a Stephen Minister through our church. His role 
here was, after extensive training, to be an active listener for one man during difficult 
times of life, with ongoing supervision and continuing education. Though allowed 
only one Care Receiver a time, through the years a number of men benefited from 
his care. Once during a visit, he came home to get a mop and cleaning supplies and 
then returned to the person’s home. (This was not part of the job.)

For about ten years he volunteered once a week at Bay Area Rescue Mission in 
Richmond, teaching basic skills for men in recovery in hopes of their qualifying for 
a GED certificate (high school equivalency).
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Later he trained as a counselor for Senior Peer Counseling, a county program. 
Here you were allowed as many clients as you wanted – people in need of guidance 
in making decisions or finding helpful community resources. He did this until his 
last year. Once he helped a lady clear out her house which was impassable due to 
hoarding.

And, as others have pointed out, Lloyd was most generous professionally. He 
appreciated all his peers and became close friends with many. Because his only goal 
was the search for truth, he shared material and never let personal obstacles stand in 
the way. Aware of the depth of his theoretical accomplishments, he had no need for 
praise or rewards – the work was its own reward.

Barbara Snyder

REMEMBRANCES OF LLOYD SNYDER

It is a great pleasure to provide remembrances of my friend and colleague, Lloyd 
Snyder, who passed away just one year ago. In fact, I had planned to have lunch with 
him in September, 2018, as I was in San Francisco to speak at the twentieth anniver-
sary of the CASSS-CE Pharm meeting. Lloyd, unfortunately, was in the hospital and 
passed away one week later.

I first connected with Lloyd in the late 1960s when he was active in modeling 
chromatographic retention in liquid–solid chromatography for the separation of 
hydrocarbons, a topic of relevance to his employer, Union Oil in Brea, CA. I remem-
ber that in 1970 we both went to a gas chromatography conference (HPLC was in 
the early stages) in Dublin, Ireland. Prior to that conference, we visited Prof. Istvan 
Halasz in his home, at that time in Frankfurt, Germany. We had extensive discus-
sions on where LC was headed and how to make it practical. Csaba Horvath, whom 
I had first met in 1964 when he was a post-doc at Harvard Medical, was also a good 
friend at Yale University. It is interesting to note that he received his Ph.D. from Prof. 
Halasz.

In 1971, Lloyd, Csaba, and I decided there was a real need for an up-to-date book 
on separation science. We wrote many of the chapters ourselves and were fortunate 
to secure others to write in their areas of expertise. Lloyd always finished his work 
first, and Csaba and I struggled to keep up. Nevertheless, the book was published in 
1973 (1). For the next 25 years, it became the standard graduate text for separation 
science and was widely cited in many research articles. I know Lloyd was very proud 
of the book.

The collaboration and friendship of Lloyd, Csaba and myself remained for all the 
years during which HPLC grew to become the major separation tool it is today. One 
story which the chromatographic community may not know deals with how the word 
“isocratic” became widely used in the field to mean constant mobile phase compo-
sition throughout the separation, in contrast to gradient elution. In the early 1970s, 
the three of us were driving together back to Boston after a Gordon Conference, 
and Csaba suggested we adopt the isocratic term. We didn’t announce it, but simply 
began using it in our talks at scientific conferences. Of course, others picked it up. 
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Some misspelled the word, e.g. isochratic, but the term became rapidly accepted by 
the general community.

Both Lloyd and I were very interested in the fundamentals of mobile phase 
selection in LC. We collaborated in the 1970s on classifying mobile phases in 
terms of the Hildebrand solubility parameters, based on various interaction 
parameters, e.g. non-polar, dipole, hydrogen bond, etc. (2). Through this classifi-
cation scheme, one could estimate the effect of mobile phase mixtures on reten-
tion and selectivity. While more sophisticated approaches became available at a 
later time, our method was a significant step forward for LC in the early stages of 
its development.

Lloyd and I stayed close when he moved in the late 1970s from Union Oil (CA) 
to Technicon (NY), a clinical analysis instrumentation firm. In his early days at 
Technicon, we worked together with my Northeastern University colleague, Roger 
Giese, to develop a high throughput LC method for analysis of therapeutic drugs in 
serum (3). The method involved injecting a second or third sample before the first 
sample eluted from the column. Multiple injections, which we called boxcar chroma-
tography, led to analysis of tens of samples per hour (4), a quite high throughput at 
that time. Today, clinical liquid chromatography is a major field, with the expectation 
of significant growth as new biomarkers are discovered and validated.

At that time, John Dolan was a post doc in my lab. He joined Lloyd’s group at 
Technicon near the beginning of our collaboration. That led to a close partnership 
between Lloyd and John over the next 35 years, especially in the chromatographic 
training area. John, of course, played an important role over a generation, helping 
chromatographers with his monthly articles for LC-GC on issues involved in separa-
tions and analysis.

Lloyd, with Jack Kirkland, had a major impact on the growth of LC through 
their multi-edition book on the field and their many, many ACS-sponsored short 
courses. There are too many contributions from Lloyd to list and describe. However, 
I was always impressed with his ability to translate complicated phenomena into 
simple, practical approaches to help workers understand and optimize separation 
and analysis. I especially believe he was the major contributor to optimization of 
first gradient elution and then a combination of isocratic and gradient elution for 
the separation of complex mixtures. These advances have had a major impact, for 
example on peptide mapping, a key analytical tool in the characterization of pro-
teins, especially biopharmaceuticals. Where would biotechnology be today with-
out peptide mapping?

Lloyd’s impact on the field of chromatography, especially LC, has been immense. 
He was always an honest debater – if you had a better argument, he would accept 
your point of view. His enthusiasm, depth of knowledge, and, especially, kindness 
stand out in my memory. He was a giant in the field of chromatography. He is sorely 
missed.

Barry L. Karger
Director Emeritus, Barnett Institute

James L. Waters Chair and Distinguished Professor Emeritus
Northeastern University, Boston, MA
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LLOYD SNYDER FOCUSES ON THE HUMAN SIDE OF SCIENTISTS

Science is a uniquely human endeavor. But, what motivates humans to become 
scientists? About 50 years ago, high-performance liquid chromatography (HPLC) 
and related techniques in separation science burst over the horizon, attracting inter-
est from many gifted scientists. In the mid-1960s, a small cohort (~seven) devoted 
their careers to understanding and advancing separation science, predominately 
liquid chromatography. Over the next decade, the cohort of HPLC experts grew to 
about 50.

The scientific literature presents an impersonal, factual history of the technical 
evolution in HPLC the five decades from about 1965 to 2015.

Lloyd Snyder, Ph.D., felt that the personal trials, tribulations and eventual suc-
cesses of scientists are an important story that compliments the technical and com-
mercial history. After all, these leading scientists each invested decades of their lives 
in advancing separation science. They made a human choice. What motivated them 
to make their choice? What hurdles did they face and clear? These are the human 
challenges that we all face in our lives.

Dr. Snyder recruited Frank Svec (University of California at Berkley, CA) and 
Robert Stevenson, Ph.D., of American Laboratory to collaborate in fleshing out 
this topic. We all shared the vision that recording the human side of science is also 
important.

Being members of CASSS (formerly the California Separation Science Society, 
Emeryville, CA), we started with the recipients of the CASSS Award for Outstanding 
Achievements in Separation Science as subjects of our study, which is a collection 
of anthologies. We selected a cohort of living awardees of the CASSS Award for 
Separation Science since 1995. The complete list of awardees is available at http://
www​.casss​.org/​?561

Under Lloyd’s leadership, CASSS has also curated and posted (http://www​.casss​
.org/​?BIOINTRO) a collection of anthologies from leading specialists in separation 
science.

Lloyd Snyder starts his anthology (An “Accidental” Career in Science) with a 
quote from George Orwell: Autobiography is only to be trusted when it reveals some-
thing disgraceful. A man who gives a good account of himself is probably lying…

http://www.casss.org
http://www.casss.org
http://www.casss.org
http://www.casss.org
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By nine years of age, Lloyd Snyder had decided to be a chemist after his grand-
mother gave him a chemistry set. Lloyd starts off with a short discussion of and an 
adolescent’s interest in explosives facilitated by visits to the public library. “…So I 
started reading chemistry books, and at that age I could comprehend the basics with-
out too much difficulty; I was also absorbing lots of chemical facts and history, the 
sort of stuff that has (regrettably) largely been removed from high school and college 
courses.”

This led to:

•	 An experiment to produce nitroglycerine that went very wrong
•	 The discovery that HCl plus KClO4 does not produce Cl2 (my first conclu-

sion), but the highly explosive Cl2O7

•	 Numerous recreational “experiments” that involved the combination of 
sodium and water

•	 Mistaking kerosene for water when transferring white phosphorus from one 
container to another

All of which he survived. Other accidents followed. So with confessions out of the 
way he addresses his interest in chromatography.

Lloyd’s career in chromatography started at Shell Development Co. in Houston, 
Texas, when he was assigned to a team to build a high-temperature gas chromato-
graph for the characterization of feeds and products of petroleum processing. Lloyd 
played a small role in assembling the instrument but as they collected data he noticed 
a relationship between retention time and analyte structure. Thus started his inter-
est in understanding and applying chromatographic retention behavior to structure 
activity/relationships. This interest was still active in the summer of 2018, when he 
passed. The details will be expanded on by others. Or, you can read Lloyd’s own 
words on the CASSS website.

Lloyd lived one hill west of me in Orinda (CA). In 2017 he downsized to 
Rossmoor in Walnut Creek, which is one hill east. After the move, he said that 
he wished he had done it years ago. I recall several chance meetings at hardware 
stores, markets and, of course, conferences. I was also honored to serve as a com-
mercial mentor at DryLab, which LC Resources marketed as a computer-aided 
method of development.

Lloyd also served as a Deacon at Moraga Valley Presbyterian Church, where he 
was also active as a Stephen Minister for about 20 years.

Although separation science will continue to advance technically with new 
tools and problems to solve, future scientists will face qualitatively similar prob-
lems in their careers. Technical careers are tough. So much is governed by seren-
dipity. Networking and dedication are also essential. In the sciences, each day can 
present a new challenge and learning opportunity. Lloyd was interested in helping 
us all along life’s path. Even after his passing, I often flash on “What Lloyd would 
say about…”

Robert Stevenson
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If you are reading this, I am going to assume that you almost certainly knew of Lloyd 
Snyder. This means you’re probably familiar with at least some of Lloyd’s many 
achievements: his justly famous solvent selectivity triangle; his work, along with 
others’, developing the linear solvent strength relationship; and the development of 
the hydrophobic-subtraction model (HSM). If you are from an older generation of 
chromatographers, as I am, perhaps you’ve read his treatises on the physiochemical 
basis of normal phase separations. These writings, long out of print, are the essence 
of trenchant, succinct technical prose. And at the time – the late 1960s – they did 
much to clear away the common misconceptions that had cluttered and constrained 
the field up to that point.

None of this is to say that Lloyd labored alone in these pursuits. Quite the oppo-
site. He sought out and thrived on long-term collaborations. And anyone collabo-
rating with Lloyd was likely to find it a deeply rewarding experience, for he was 
a generous colleague, quick to recognize his fellow researchers. It was this aspect 
of Lloyd’s personality that made him perfectly suited for serving on the editorial 
board of the Journal of Chromatography. In his hands, a submission to the journal 
was sure to receive a timely, even-handed review. The reward for Lloyd was that, 
as editor, he was furnished with a complete set of the journal’s back issues, which 
he kept on several large cabinets in his home office. These were well used. Lloyd 
had a tremendous talent for recalling, with great fidelity, any article he had read. 
When Lloyd went silent on the other end of a phone conversation, you knew he 
had swiveled his office chair around in order to scan his shelves. Once he’d found 
the relevant article and he was back on the line, it invariably confirmed what he’d 
remembered about the piece.

Lloyd’s career path was not an unbroken series of successes. As he described it in 
an autobiographical sketch, his path was peripatetic. Interspersed with his achieve-
ments were episodes of professional self-doubt and questioning. His early positions 
in the oil industry quickly confirmed that he was unsettled by some of the demands 
of the corporate world. He considered but then discarded the idea of pursuing an 
academic position, anticipating that he would soon tire of the endless committee 
work, curricula demands, and grant writing. Lloyd eventually landed at Technicon, 
a small east coast company. This job did not play to his strengths. As he once told 
me, somewhat ruefully, his position at Technicon demanded more of his people-
managing skills than his technical skills. This mismatch, together with regret over 
leaving his home state of California, left him increasingly dissatisfied. Years later, 
he would smile when recounting this chapter of his life, but it was not hard to see it 
pained him at some level.

Lloyd’s career turned a corner when, together with John Dolan and Tom Jupille, 
he founded a small company, LC Resources. I joined LC Resources in 1991, when 
I, too, was struggling with career choices. I had just completed a temporary posi-
tion as a college lecturer and needed a more permanent position. My hiring by LC 
Resources was predicated, in part, on my experience with biochromatography. In 
reality, I had very little. My first project at LC Resources sought to optimize the ion 
exchange separation of a protein. At the project’s completion, Lloyd asked me what 
I had observed about the role of mobile phase pH on the protein’s resolution. I recall 
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the lengthy silence that ensued when I told him I hadn’t bothered to investigate this 
property. To my wonderment, he chose not to terminate me, as prudence might have 
dictated. Appreciating that I was in over my head, he chose instead to provide me 
with numerous articles and textbooks. Reading these quickly enabled me to become 
much better versed in all forms of chromatography.

As time went on at LC Resources, I interacted less and less with Lloyd. This evo-
lution reflected not only the progression in my own skills, but also that many projects 
were frankly more mundane, and as a consequence didn’t require Lloyd’s expertise. 
I left LC Resources in 2001 to become an assistant professor at a small midwestern 
university. At this point I assumed, erroneously, that my departure would mean I 
would have little future contact with him. Aware of the pressures facing young fac-
ulty to establish a research program, Lloyd invited me to join the multiyear effort in 
developing the HSM. His support came in many tangible forms: funds for purchasing 
supplies, detailed experimental plans, and the initial drafting of manuscripts. This 
support went a long way towards helping me obtain tenure. What I really treasured, 
however, was our frequent phone calls. Our chats were always amiable, low-keyed, 
and at times humorous. As our work on the HSM together wound down, I asked him 
if he thought HSM would be his most enduring contribution to chromatography. He 
laughed. “No,” he replied, “I have given up trying to predict which ideas will survive 
and live on.” He hazarded a guess that few future chromatographers would consult 
or even know about the model. This exchange captures his self-effacing modesty as 
well as the long view he took on the field. Despite his immense stature, he was the 
least arrogant person I knew.

Lloyd will be missed both for his innovations in the field of chromatography 
and for his approach to the scientific endeavor. His innate curiosity was the driv-
ing force behind his approach to science, and he asked of others only that they 
share this passion. He conducted himself with a calmness and directness that were 
reflected in both his writing and speaking styles. He never tried to buffalo others 
with his reputation or knowledge. Lloyd may have been skeptical about his lasting 
contributions; I am not.

D. Marchand

A TRIBUTE TO LLOYD SNYDER AND HIS 
LEADERSHIP ROLE IN HPLC DEVELOPMENT

After completing a Ph.D in Analytical Chemistry at the Pennsylvania State 
University with Prof. Joseph Jordan and a postdoctoral position at Purdue University 
with Prof. Lockhart (Buck) Rogers, I joined DuPont in 1967 at the Experimental 
Station in Wilmington, Delaware. My first book purchase in preparation for a chro-
matography career was Dynamics of Chromatography, Principles and Theory by 
J. Calvin Giddings (1965). I was fortunate to have selected a book that I still refer to 
often after more than 50 years of practicing separation techniques. It is clearly writ-
ten and still relevant to modern HPLC. My second book purchase was Principles 
of Adsorption Chromatography, The Separation of Nonionic Organic Compounds 
by Lloyd R. Snyder (1968). The Snyder book covers important concepts such as 
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column band spreading, solvent elution strength and nonionic molecular interac-
tions. Chromatographers will quickly notice that both Giddings and Snyder wrote 
many books and papers before LC instruments became widely available so there are 
no chromatograms in either book – the word chromatogram does not appear.

Soon after I joined DuPont, Jack Kirkland started preparation of a book called 
Modern Practice of Liquid Chromatography (1971) that went beyond the theory of 
packed column operation to include instrument design. Jack asked me to write a 
chapter on apparatus for high-speed LC. Compared to GC systems, dealing with high 
pressure was the primary obstacle in designing and operating HPLC systems. Lloyd 
contributed two chapters to the Kirkland book: one on mobile phase properties where 
he differentiated between liquid (bonded phase) partition and adsorption, and another 
on adsorption chromatography. Snyder also discussed the principles of reversed-
phase partition for the first time that I recall seeing in a book. Chromatograms with 
time scales were used throughout Modern Practice of Liquid Chromatography. It 
was exciting to play a small part in that project with Jack, Lloyd and others so early 
in my career.

It is difficult to pay tribute to Lloyd Snyder without mentioning Jack Kirkland 
because they collaborated so well for so long. The popular Snyder–Kirkland ACS 
Short Course, Modern Liquid Chromatography, took shape during 1970–71 while 
Lloyd was working at Technicon in Tarrytown, New York. It began a long period of 
collaboration and friendship between Lloyd Snyder and Jack Kirkland that exposed 
users to rapid developments in HPLC and propelled the technique forward. Course 
notes were published in about 1974 as a first edition. In 1979, Snyder and Kirkland 
followed up with Introduction to Modern Liquid Chromatography, Second Edition, 
an amazing book that became known as “the LC bible” because of its size and com-
prehensive nature. Lloyd Snyder founded LC Resources with John Dolan in 1984 
and returned to the west coast. John and Lloyd had worked together at Technicon. 
In 2010, Snyder and Kirkland updated the LC bible to a third edition and added 
John Dolan as a major coauthor. During this period, Snyder and Kirkland published 
another popular book in 1988 called Practical HPLC Method Development with Joe 
Glajch of DuPont as a coauthor. An expanded version of the book was published as 
a second edition in 1997.

Lloyd published hundreds of articles and nine books and had an enormous impact 
on the development and growth of HPLC. He was quite humble about his scien-
tific accomplishments and very generous about sharing his knowledge. Lloyd often 
included multiple authors in his steady stream of publications. Although extremely 
productive, he was not one-dimensional and had many interests. One of my chances 
to see a different side of Lloyd came at the Montreal 2002 HPLC Meeting. I had 
just retired from both Keystone Scientific and Penn State University and was feeling 
overloaded with HPLC. My wife Ginger and I had decided to sneak away from the 
meeting and take a guided tour of Quebec City to learn more about its rich Canadian 
history. As we boarded the bus, I was feeling guilty about attending the social pro-
gram at a scientific meeting when we ran into Lloyd and Barbara Snyder, who invited 
us to sit near them. Lloyd was an avid reader and student of history. He set a good 
example for me by taking the day off to enjoy something unrelated to science. I 
remember HPLC 2002 for that more than anything else.



xx In Memoriam﻿

Certain types of individuals always seem to pioneer the growth and development 
of new chemical techniques. Lloyd will be remembered in HPLC as one of those 
scientists who led the charge. He was available at the perfect time but still leaves a 
void that will be strongly felt.

Richard A. Henry

I first met Lloyd Snyder in the late 1970s when I was working at DuPont Central 
R&D and Lloyd had started an association with the DuPont Instrument Products 
Division. Of course, Lloyd had already worked for many years with our colleague 
Jack Kirkland, teaching HPLC courses for the American Chemical Society and writ-
ing the classic book Introduction to Modern Liquid Chromatography. One of our 
early collaborations with Lloyd was based on his solvent selectivity triangle, which 
Jack and I used as the basis for our theory and practice of HPLC method develop-
ment, especially for reversed-phase separations. This was followed shortly by work 
on normal-phase method development and Lloyd patiently educated us on the theory 
of adsorption chromatography. I still have a copy of his 1968 book, Principles of 
Adsorption Chromatography, which Lloyd claimed was an academic success. By 
that he meant that it was pretty well written but did not sell many copies! This was 
certainly not true of his other books which sold as many as 22,000 copies.

In addition to our early work together on published papers, Lloyd, Jack, and I 
wrote two editions of the book Practical HPLC Method Development, where I came 
to know firsthand what a wonderful and meticulous writer we had on our team with 
Lloyd. I also started teaching a method development course with Lloyd and Jack 
(later joined by John Dolan) and I quickly was impressed with not only his knowl-
edge of the subject, but his ability to explain to all students in a very patient manner.

One of Lloyd’s great strengths was his knowledge and ability to learn many areas 
of chromatography and many applications as well. Lloyd was trained as a physical 
organic chemist under Don Noyce but like many of us in the field, his first work 
was in gas chromatography (at Shell Oil). However, he quickly transitioned into 
adsorption chromatography with a new position at Union Oil and this started his 
lifelong study of liquid chromatography. His work on the solvent selectivity triangle 
applied equally well to normal-phase and reversed-phase LC and he then transi-
tioned to doing most of the rest of his work on reversed-phase. This included the 
theory and practice of gradient elution and work with other types of samples such as 
peptides and eventually even other biomolecules. The culmination of much of this 
work resulted in the development of DryLab with John Dolan, which revolutionized 
and greatly shortened the method development process. Not to be content with this 
achievement, Lloyd spent the last 15–20 years of his career working on theory again, 
this time with the hydrophobic-subtraction model, working with Jack Kirkland, Pete 
Carr, John Dolan, John Dorsey, Uwe Neue, and Dan Marchand in a truly multi-lab 
collaborative effort.

Finally, near the end of his career, Lloyd collaborated once again with Jack Kirkland 
and John Dolan to produce the third edition of Introduction to Modern Liquid 
Chromatography, which was a fitting culmination of a long and productive career.

I will always remember Lloyd as a great friend and mentor, but also as a very 
patient and dedicated teacher and a prolific author of books and papers. In addition to 
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his great technical knowledge, he was also a very humble person with a great sense 
of humor and humanity.

Joseph Glajch

As a very young assistant professor of analytical chemistry in Hungary in the early 
1970s, I became aware of Lloyd’s work through his books Principles of Adsorption 
Chromatography (1968) and Introduction to Modern Liquid Chromatography (1974, 
with Barry Karger and Csaba Horvath), and his seminal papers in Analytical Chemistry, 
Journal of Chromatography, and Journal of Chromatographic Science. Later, 
I had the good fortune of being able to translate his Introduction to Modern Liquid 
Chromatography (with Jack Kirkland) into Hungarian (1979, see photo), which became 
the de facto bible of HPLC for our generation. Despite a general lack of funds in Hungary 
in those years for acquisition of western-made scientific equipment, these, along with 
the efforts of the Chromatographic Working Group of the Hungarian Chemical Society 
and the contributions of the Hamilton Foundation’s Scientific Exchange Agreement 
(administered by Georges Guiochon), created an exuberant epoch of growth in the 
separation sciences (for a comprehensive history see Szepesy László: A kromatográ-
fia és rokon elválasztási módszerek története és fejlesztése Magyarországon, Müszaki 
Publishing House, Budapest, 2007, ISBN: 978-963-06-1854-0).

I met Lloyd (and Jack Kirkland) in person only in 1986, after I moved to Texas 
A&M University (TAMU). Being new on the US scene, I was quite surprised not 
only that a chance encounter turned into a lengthy, animated conversation, but also 
by his detailed knowledge of our previous work on ion-pair liquid chromatogra-
phy. At the end of the conversation he asked me if I would be interested in serv-
ing as a reviewer and later a member of the editorial advisory board for Journal 
of Chromatography A, an invitation I was quite happy to accept, and which led to 
my reading the literature more broadly and deeply in order to cope with the ever 
more frequent review requests, which soon grew to weekly assignments and which 
continued until his retirement as editor in 2000. Lloyd was a very good – and very 
practical – mentor and I benefitted from his guidance greatly during my years of 
service as one of the Symposium Volume editors of Journal of Chromatography A.

My separation science graduate classes also benefitted from Lloyd’s (and John 
Dolan’s, and, much later on, Imre Molnar’s) generosity: they donated copies of sub-
sequent versions of DryLab that we installed on a separate walk-up computer in my 
group for use by all members of the annual graduate separations science classes. 
Since class members (numbering over several hundred by the time of my retirement) 
came from different colleges of TAMU and had “real life” separation problems in 
their research, Lloyd’s gesture provided them with invaluable immediate help and a 
life-long skill that they otherwise would not have had.

After Lloyd’s retirement from the editorship our previously weekly communica-
tions became less frequent but he maintained an interest in our research – despite the 
fact that we became focused on electrophoresis, with HPLC (both RP and HILIC) 
serving “only” as the indispensable daily tool that made our synthetic efforts suc-
cessful (single isomer strong electrolyte cyclodextrins, isoelectric buffers, isoelectric 
membranes, rapidly focusing isoelectric point markers, and pyrene-based fluoro-
phores having tunable charge and spectral properties). Nevertheless, I was fortunate 
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enough to be able to enjoy Barbara’s and Lloyd’s dinner hospitality – and vibrant 
conversation – in their home on my drive up from San Francisco to our summer place 
in Gold Beach, Oregon.

With the successive passing of Joseph Huber (2000), Csaba Horváth (2004), 
Georges Guiochon (2014), and now Lloyd (2018), it seems that the twenty first 
century brought us the gradual loss of many of the founders of HPLC. Thus, I 
believe it behooves us – who knew them personally – to transfer to the upcoming 
generations – who won’t have had this opportunity – not only their lasting contribu-
tions to our field, but also their unique take on it (just think of the wealth of new 
information Lloyd could tease out from anybody’s published, correctly measured 
data set, or Csaba’s ability to capture the essence of complicated principles or pro-
cesses in masterfully crafted words, such as pellicular, isocratic, isopicnic). For a 
starter, please, do read Lloyd’s humbling autobiography (An “Accidental” Career in 
Science https​:/​/cd​​n​.yma​​ws​.co​​m​/www​​.cass​​s​.org​​/reso​​urce/​​resmg​​r​/Bio​​graph​​ies​/S​​nyd​er​​
LRBio​​graph​​y​.pdf​). It is too bad the other “greats” didn’t get to write theirs. May they 
all rest in peace and never be forgotten!

Gyula Vigh

https://cdn.ymaws.com/
https://cdn.ymaws.com/
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MEMORIES ON LLOYD SNYDER

In 1981 I was having a hard time in my life, as I started my private research insti-
tute in Berlin in 1981 and gave courses about “solvophobic theory,” which I devel-
oped together with Csaba Horváth at Yale, explaining how a reversed phase would 
work. As I was regularly talking to Csaba on the phone, he suggested, one day in 
1984, that I should get in touch with Lloyd Snyder, who would be planning to leave 
Technicon and who also wanted to establish a private company, like myself. Lloyd 
was already a great teacher of HPLC, giving courses together with Jack Kirkland 
at the American Chemical Society, and was in the process of moving from the east 
coast to his native place in the area of San Francisco. Lloyd was very glad about 
Csaba’s effort to connect us and soon we started communicating and designing 
HPLC courses. I invited him to Berlin and we taught short courses together at 
pharma companies such as Schering. As at that time the first “IBM-compatible” 
computer appeared on the market, myself, Lloyd, John Dolan – the founders of LC 
Resources – saw a chance to develop some kind of a software for HPLC. Later Tom 
Jupille joined the team also.

We started in 1986 with several software variants, which we exhibited at the 
PittCon every year, e.g. a database (“Marian the Librarian”) that helped to collect 
and document chromatography literature, or the “HPLC Doctor” for troubleshoot-
ing in HPLC. This latter software was John Dolan’s favorite, as he could put all 
the know-how he had learned in Barry Karger‘s lab into it, and also sell videotapes 
along with the software that showed visually how to exchange the column or the 
injection loop, clean the detector cell, cut capillary tubing, etc. We also had a Prep 
DryLab version, which was developed by Lloyd. My favorite project was DryLab, 
which we planned for chromatographers in industrial laboratories. The name came 
from Lloyd, from his way of describing how important it is to test experiments in a 
dry fashion before doing them “wet.” We developed different building units, such 
as DryLab 1, 2, 3, and 4, which were elements of the “isocratic” version (DryLab 
I), which calculated the effects of band spreading, capacity factors, etc., helped 
by all the data Lloyd had from DuPont, measured with Jack Kirkland and a few 
graduate students. The calculation of mass transfer resistance inside the pores was 
a major issue, which depended on the ligand length, density, and pore diameter, 
and this factor contributed to peak broadening too. Also the approximate pressure 
could be calculated from the length and ID of the column and from the particle 
size of the packing at a given flow rate of mixed eluents in RP systems. The qual-
ity of a method was characterized by the capacity factor range, which was sup-
posed to stay in isocratic work between 1 < k < 10 and which depended on the 
%B-value of the organic modifier. The goal was to find conditions for baseline 
resolution with a critical resolution value of the two closest peaks being > 1,5. This 
was an important measure of the method quality and Lloyd was producing excel-
lent publications, which supported the marketing of DryLab. I suggested early 
on using chromatograms to see the different influences better in a visual way. 
Although Lloyd mentioned that he didn’t want any “slick stuff,” later he agreed 
and John started to program visual ways using an asterisk at the beginning to show 
chromatograms.



xxiv In Memoriam﻿

Later we recognized the need for a gradient version, where Lloyd showed his 
great talent for thinking as a chromatographer and a mathematician at the same 
time. DryLab started from a “one factor at the time” (OFAT) type of software, which 
helped us to understand the influence of pH, %B, and temperature. On the other 
hand, we could calculate the influence of the column length, column diameter, par-
ticle size, flow rate, and the extra column volume at the same time. So far DryLab 
was already, as early as 1990, a multifactorial modeling tool for HPLC and was a 
driving force of the Quality by Design (QbD) paradigm change introduced by the 
FDA in 2002 and with the ICH Q8 R2. The new request was a description not just of 
how the method had to be used, but also of how the method was developed, including 
the use of tolerance limits.

We were a team for over 20 years and Lloyd was our leader in many ways. He 
was guiding the group to scientifically solid solutions. He was an extremely produc-
tive scientist. He wrote, between 1958 and 2013, more than 218 publications, ca. 100 
review articles, seven books. He had ten patents.

My job was to control the predictions of DryLab in reality, and as the “devil is 
hiding in the details” I was finding the bugs and letting the programmers correct 
them. Lloyd was reliable and loyal and was always available for discussions, also 
on personal issues. In this way we were a successful team and created something 
great together. I will always be thankful to Lloyd for going through this part of my 
life with me. DryLab, from our teamwork, is the only software on the planet giving 
a scientific background of HPLC, and it will continue for years to come to support 
chromatographers in industry, academia, and regulatory sciences, supporting a bet-
ter understanding of chromatographic fundamentals in a method and enabling the 
faster development of new drugs for the patients in need.

The founders of DryLab at the 43rd Pittsburgh Conference (March 1992): (from left) 
John Dolan, Lloyd Snyder, Tom Jupille, and Imre Molnár (with Margaret Watkins).
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One of the first short courses in Berlin in 1985 on Principles of HPLC with Lloyd 
Snyder, Imre Molnár, and participants from Schering.

John Dolan and Imre Molnár at the Pittsburgh Conference in 1998.
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Lloyd Snyder (middle) and Barry Karger, recipient of the Waters HPLC price (right), 
with Joe Glajch (left) at the Pittsburgh Conference in 2000.

Thank you Lloyd for the years with us, for all your friendship and good spirit in 
making us successful.

Rest in peace.

Imre Molnár
Molnár-Institute
Berlin, Germany

MY MEMORIES OF LLOYD SNYDER

In 1969, as a fresh postgraduate student who just had selected liquid chromatography 
as the topic of his dissertation, I found a treasure in our university library – the book 
Principles of Adsorption Chromatography by Lloyd Snyder, published just a year 
before. The clarity and comprehensiveness of Lloyd’s text fascinated me and drew 
my attention to the investigation of the principles of separation based on the distri-
bution between the stationary and the mobile phase in HPLC, which has remained 
the main topic of my lifetime research. Soon after the publication of our first series 
of articles on the gradient-elution models, Lloyd contacted me (I was too shy to 
address him), and from then onwards we remained in contact, exchanging opinions 
on the drafts of the “gradient” articles. Lloyd sent me his positive opinion on our 
book Gradient Elution in Liquid Chromatography, published in 1985 in the Elsevier 
J. Chrom. Library series. The book High-Performance Gradient Elution – The 
Practical Application of the Linear-Solvent-Strength Model, published by Lloyd at 
Wiley in 2007, summarizes Lloyd’s systematic work in this field. In the introduction, 
Lloyd kindly quoted my contribution: “During the past 35 years, another scientist, 
Pavel Jandera from the University of Pardubice, has similarly devoted much of his 
career to the study and elucidation of the principles and practice of gradient elution. 
The present book owes much to his many contributions in this area…” In his LSS 
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model, Lloyd excellently explained close relations between the retention phenomena 
under isocratic and gradient elution conditions, to elucidate the difficult topics and to 
make gradient elution as easy to understand as possible.

Lloyd’s scientific interests were much broader than in only gradient elution. Just 
to mention two very important achievements: Lloyd and his co-workers introduced 
the hydrophobic subtraction model (HSM) for characterization and classification of 
the reversed-phase columns; and (together with John Dolan and Imre Molnár) Lloyd 
developed the user-friendly and commercially very successful “DryLab” HPLC 
method optimization software (he generously presented me a copy).

Lloyd applied his extraordinary didactic skills in the numerous HPLC courses 
he organized all over the world. I admired his ability to immediately distinguish 
the main aspects of a problem from the less important ones. Lloyd compiled his 
encyclopedic knowledge of all theoretical and practical aspects of chromatogra-
phy in the bible of the HPLC technique, the book Introduction to Modern Liquid 
Chromatography, where the reader finds all the important information he or she 
may need.

For many years, Lloyd was an editor of the Journal of Chromatography. He sent 
me for review theoretical, often “difficult” manuscripts, sometimes giving his short 
opinion. He was always helping and inspiring when I asked him for his opinion 
on my own manuscript drafts. I met him at several HPLC symposia in the US and 
Europe. The discussions with him were always a pleasure and a source of inspira-
tion for me. I remember meeting Lloyd and his charming wife Barbara at a pleasant 
afternoon cocktail organized by Erich Heftman in his house during the HPLC 1996 
symposium in San Francisco. Unforgettable was a micro-symposium organized by 
Elsevier in Ellecom (the Netherlands) on the occasion of Lloyd’s seventieth birthday 
in 2001. (The journal Analytical Scientist reproduced a photo from this event in the 
September 2018 issue.)

I will never forget Lloyd Snyder, an excellent scientist, one of the founders of 
HPLC, but above all a wonderful person, a kind and gentle friend. 

Pavel Jandera

LLOYD R. SNYDER – A MEMORIAL

When I joined the DuPont Company in 1965 as a newly minted BS chemist, one of 
the greatest benefits I received was having Jack Kirkland as my mentor. Through 
him, I was introduced to most of the early developers of modern high-performance 
liquid chromatography. One of the HPLC pioneers that Jack introduced me to was 
Lloyd Snyder. Jack and Lloyd had an especially close relationship that included col-
laborations on each other’s research efforts and publications, and that eventually led 
them to co-teach ACS courses for many years to thousands of aspiring separation 
scientists on the basics of modern liquid chromatographic theory and techniques. 
Together, and with other authors such as John Dolan and Joe Glajch, they wrote 
seminal textbooks that served for decades as the go-to books for practicing liquid 
chromatographers.

Looking back on my 40+ years of experiences with Lloyd fills me with an impres-
sion of a kind, gentle man who was always teaching others. Besides the ACS courses 
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and textbooks, and his many publications, including his early work on the elution 
strengths of solvents for liquid–solid chromatography which helped me immensely 
during my research for my master’s degree, Lloyd worked for the DuPont Company 
for several years as a consultant during which he mentored several pre-doctoral 
students from local universities in the Wilmington, Delaware area. These students 
all co-authored peer-reviewed publications with Lloyd and went on to receive their 
PhDs from their respective universities and to enjoy successful scientific careers. A 
lasting tribute to Lloyd’s ability to mentor and teach others.

Another memory of Lloyd is that he was a terrible jokester. He would tell us what 
he believed to be funny stories, at the end of which he would laugh and laugh but 
most of us would simply smile. The joke would usually just be corny or he may have 
just told it wrong. It didn’t matter. The important thing is he was trying to bring a 
light moment into our lives and not always be serious, showing his human side.

Lloyd’s ability to interpret the results of research experiments and draw conclu-
sions from them is legendary. I have never encountered anyone else who could take 
raw data and come up with a graph or an equation to fit the data the way Lloyd could. 
Amazingly, the end results have withstood the test of time as well, which is even 
more important. Consequently, Lloyd’s contributions to the science of HPLC and to 
the development of liquid chromatographic theory are among the most important in 
the field.

Lloyd Snyder, the man, will be missed as we move forward in our day-to-day lives 
but his DryLab for HPLC method development, the hydrophobic subtraction model 
for comparing HPLC columns from different manufacturers, and his many publica-
tions, PhD researchers, colleagues, and friends will continue to push forward the 
frontiers of science. We will forever be grateful for having known him.

Joseph DeStefano

I first encountered Lloyd Snyder at the HPLC 1995 Symposium held in Innsbruck, 
Austria, organized by Wolfgang Lindner. This was the first conference I had attended 
as a presenter rather than a mere participant – my contribution was a poster on silanol 
effects in reversed-phase separations. In one of the quieter moments I noticed Lloyd 
and his long-time friend Jack Kirkland discussing my work at some length, but rather 
than approach these distinguished researchers, being wary of difficult questions, I 
kept in the background on this occasion. This was a mistake, because both Lloyd and 
Jack were most generous to early career researchers and were incredibly helpful to 
me in my subsequent studies.

Nevertheless, encouraged by this interest, I sent Lloyd a fax message a while 
later asking him his opinion on some other studies I had performed on the over-
loading of basic compounds. I hardly thought that this busy and eminent scientist 
would even bother to reply. I was astonished to receive, the very next day, a detailed 
and helpful critique of my work, which resulted in its publication in the Journal 
of Chromatography. This experience established a pattern for my discussions with 
Lloyd, which continued first by fax and subsequently by email over a period of more 
than 20 years. Before this time (and without the benefit of more modern electronic 
communications), I had been rather isolated as a researcher in the U.K. and had few 
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opportunities for interaction with world-class scientists. Without a strong research 
background and funding at that time, travel to international conferences was diffi-
cult, and the benefit of communication with Lloyd was tremendous for me. I remem-
ber sometimes arriving at my desk in Bristol in the morning and spending most 
of the day composing a subject for discussion with Lloyd, who, living in Oakland, 
California, was nine hours behind U.K. time. I would send the fax message to Lloyd 
just before leaving in the evening. Invariably, coming in the next day there would 
be a detailed reply from Lloyd, discussing the results and debating conclusions that 
were possible. Sometimes the reply would come on the very same day, suggesting 
that Lloyd had got up around 7:00 a.m. and replied to me immediately.

It was a great privilege for me to be invited to attend the celebration for Lloyd’s 
retirement from the editorship of the Journal of Chromatography organized by 
Elsevier in Ellecom, the Netherlands, in 2001. This was a great opportunity to 
meet all the leading lights of separation science, including Csaba Horvath, Georges 
Guiochon, Peter Carr, John Dolan, Nobuo Tanaka, Hans Poppe, Phyllis Brown, 
Jack Kirkland, and Peter Schoenmakers. A couple of years later, Lloyd and his wife 
Barbara visited London, where the three of us spent a most enjoyable weekend in 
scientific discussions and in visits to the theatre, St Paul’s cathedral, and a classical 
music concert at Wigmore Hall.

In the last 15 years or so, Lloyd had become rather disillusioned with traveling 
to international conferences, declining even to attend the 2006 HPLC conference in 
neighboring San Francisco. Nevertheless, I was able to meet up with Lloyd for a day, 
in which we visited the impressive Muir Woods Redwood forest and his lovely house 
in Oakland, and of course continued our discussions on chromatography.

Lloyd was essentially a rather private person, and a modest genius. I once likened 
him to a “simultaneous chess grandmaster” who alone played different games at the 
same time with multiple opponents. His games included adsorption chromatography, 
the solvent selectivity triangle, prediction of retention in RP, basic compounds and 
silanol effects, theory and practice of gradient elution, preparative chromatography, 
and many others. I had only the ability to play against him (or more correctly, “with 
him” – Lloyd was never competitive) in one or two of these topics. Lloyd’s generosity 
towards fellow scientists, and, in his semi-retirement, towards others (for instance in 
his voluntary educational work with offenders in the local prison) were remarkable. 
He was a great man.

David McCalley

Lloyd Snyder was truly one of the pre-eminent figures in the development of modern 
liquid chromatography. Over the 40 years I personally knew him, I counted Lloyd – a 
great mentor and exceedingly generous human being – among my best friends.

As is the case with so many others who have written about him, I first came to 
know Lloyd through his books, starting with Adsorption Chromatography, which 
developed a simple but powerful model of liquid–solid chromatography. Indeed, the 
development of theoretically sound yet easily applied – and therefore useful – mod-
els was the driving force behind much of Lloyd’s approach to science. I suspect that 
he was strongly influenced by the great physical chemist Joel Hildebrand, who was 
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his freshman chemistry instructor at U Cal Berkeley. Nearly 50 years later, I still 
teach my graduate course using sections of the above book, as well as Principles of 
Separation Science, which Lloyd wrote with Barry Karger and Csaba Horvath and 
which is, in many ways, still the best, rather comprehensive textbook dealing with 
the broad fundamentals of our field.

Again, as with so many others who knew him, it was Lloyd who initiated our 
first personal contact; he reached out to invite me, then a newcomer to the field, 
to contribute to a symposium he was organizing at a meeting of the International 
Conference on Liquid Chromatography (ICLC). Over the intervening years, we col-
laborated on some 25 papers, most recently an extremely important series that Lloyd 
initiated on the hydrophobic subtraction model (HSM), which is used to characterize 
stationary phase selectivity in reversed phase chromatography. Along the way we 
worked on an extension of his famous and extraordinarily highly cited paper on the 
“solvent triangle” by incorporating the newly developed, solvatochromically-based 
empirical solvent strength scales of Mort Kamlet and Bob Taft, plus additional stud-
ies of various aspects of reversed phase separations. Indeed, it is difficult to find an 
area of liquid phase separations to which Lloyd has not made major contributions. He 
was certainly a master of both normal and reversed phase chromatography at both 
the analytical and preparative scales, of column dynamics, of method development 
methods and chromatographic retention modeling, and, of course, gradient elution 
chromatography, on which he did extensive, pioneering work.

I stated above that Lloyd was very generous. Indeed, I vividly recall a conversa-
tion in which he said (I paraphrase just a bit), “On a paper with five co-authors, 
everyone gets one-third of the credit.” That is the spirit in which Lloyd worked. 
Anyone with whom Lloyd worked, especially when he was one of the US editors of 
the Journal of Chromatography, knows that he reached out repeatedly to established 
scientists to invite them to assist less-experienced newbies. In every sense Lloyd was 
a great editor, teacher, and mentor.

Since his passing, I cannot count the many times I have wanted to call or email 
Lloyd about a scientific puzzle, recommend a book on history (which was a second 
common interest), or simply share some thoughts. I, along with the entire chromato-
graphic community, miss Lloyd’s presence tremendously.

Peter W. Carr
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1.1 � INTRODUCTION

The ultimate target of high-performance liquid chromatography (HPLC), like of 
other analytical separation techniques, is the resolution and determination of sample 
components. Retention, separation selectivity and chromatographic efficiency con-
trol the resolution and separation quality in liquid chromatography (LC). The devel-
opment of efficient chromatographic columns has experienced remarkable success 
in the last two decades. Some of the modern types of efficient stationary phases, 
including the sub-2 µm particle, core-shell, monolithic and micropillar-array col-
umns, challenge the correct definition of the volumes of the stationary and mobile 
phases, between which the solute distributes during the migration along the column. 
Adopting a phase volume convention can mitigate the problems caused by the pos-
sible mixing of the adsorption and partition mechanism and by the selective prefer-
ential adsorption of mobile phase components in the stationary phase.

The retention and resolution on even the most efficient LC column results from 
the interactions between the solute, the stationary phase and the mobile phase, the 
cocktail of which characterizes different LC separation modes. Non-polar interac-
tions are the predominant (but not the only) forces controlling the separation mech-
anism in reversed-phase (RP) systems employing low-polarity columns and polar 
aqueous-organic mobile phases. In contemporary HPLC, most frequently used are 
the reversed-phase separation systems. However, many polar compounds elute too 
early in RP LC. Hydrophilic interaction liquid chromatography (HILIC) is becom-
ing increasingly popular, as it often provides significant improvement in the retention 
and separation efficiency for the separation of polar and weakly ionic compounds 
[1]. HILIC is essentially a normal-phase (NP) mode employing a polar column, like 
classical adsorption chromatography with a mixed organic solvent mobile phase. 
However, HILIC employs an aqueous-organic mobile phase with a high concen-
tration of the organic solvent; it is therefore also known as aqueous normal-phase 
(ANP) liquid chromatography. There are a plethora of polar columns suitable for 
HILIC separations, including silica gel, bare or with various bonded polar ligands, 
and polar organic polymers [2], showing different properties such as chromato-
graphic selectivity and water adsorption [3]. The adsorbed water forms a part of a 
HILIC stationary phase, and therefore the appropriate convention defining the vol-
umes of the stationary and mobile phases is especially important for the quantitative 
description of retention.

In both reversed-phase and HILIC systems, the mobile phase is a very active – but 
often underestimated – player affecting the retention, separation selectivity and ulti-
mately the sample resolution in HPLC. The present work focuses on the role of the 
mobile phase in RP LC and in HILIC. It compares several two- and three-parameter 
models describing the effects of the mobile phase on the separation, dating from the 
early days of HPLC, with the ABM three-parameter model, which does not presume 
either adsorption or partition retention mechanisms [4]. In gradient elution, increas-
ing (in RP LC) or decreasing (in HILIC) the concentration of the organic solvent in 
water accelerates the elution of strongly retained compounds and improves the reso-
lution of complex samples. The retention models allow a prediction of the retention 
data in gradient LC from the isocratic experiments [5].
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Several theoretical models correlate the contributions of various interactions 
characterized by structural parameters to the retention. The linear solvation energy 
relationships (LSER) model applies in HILIC, like in RP LC [6]. The mixed-mode 
columns improve separation of ionic (ionizable) compounds combining ion exchange 
with either RP or HILIC retention mechanisms. A single polar column often shows a 
dual HILIC/RP retention mechanism, depending on the mobile phase. In the organic 
solvent-rich mobile phase, polar interactions control the retention (HILIC or ANP 
mode), whereas in more aqueous mobile phases the column shows essentially reversed-
phase behavior with hydrophobic interactions playing a major role. Alternating RP and 
HILIC runs may provide different (even orthogonal) separation selectivity on a single 
column and complementary information on the sample composition [7].

1.2 � STATIONARY PHASES IN LIQUID CHROMATOGRAPHY

1.2.1 � Sample Distribution in Liquid Chromatography

In high-performance liquid chromatography, the stationary phase is usually a bed of 
fine solid particles with narrow size distribution, densely packed in a metal, glass or 
plastic tube – a chromatographic column. The particles may be either fully or only 
partially porous, such as core-shell columns with a layer of the stationary phase 
chemically bonded to a support material. On the contrary, monolithic columns do 
not contain particles; instead, a continuous chromatographic bed fills the full inner 
column volume. The mobile phase (eluent) is a liquid, usually a mixture of two or 
more solvents (often containing suitable additives) forced through the column by 
applying elevated pressure in HPLC. The sample compounds move at different 
velocities along the column, together with – but more slowly than – the mobile phase. 
The elution process ideally leads to the eventual sample separation. The separated 
compounds appear at different times at the outlet from the column as the elution 
waves (peaks) monitored by a detector attached to the outlet of the column. The elu-
tion (retention) time, tR, of the peak maximum is a characteristic property of each 
sample compound, depending on the distribution constant between the stationary 
and the mobile phases in the chromatographic column. Hence, the tR, or the retention 
volume VR, is a useful tool for solute identification.

HPLC has become one of the most powerful tools for the separation and determi-
nation of even very complex samples containing non-polar, moderately or strongly 
polar, and ionic compounds, either simple species or high-molecular synthetic poly-
mers or biopolymers. These features are especially useful in pharmaceutical, bio-
medical and clinical analyses.

In an ideal chromatographic process, the equilibrium distribution of the sample 
compounds between the stationary and the mobile phases establish at any time in 
any part of the chromatographic bed. The changes in the partial molar Gibbs free 
energy, ΔG, of the solute transfer from the mobile to the stationary phase control the 
thermodynamics of the chromatographic process [8]. For strongly diluted samples:

	 DG RT K RT
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c
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s

m

= - × = - ×ln ln 	 (1.1)
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R is the gas constant, T is the temperature (in Kelvins) and KD is the distribution 
(partition) constant, which gives the equilibrium ratio of the concentrations of the 
solute in the stationary, cs, and in the mobile, cm, phases, respectively. The velocity 
of a solute moving along the column is controlled by the ratio of the time spent by 
the solute in the stationary phase, ts, to the time spent in the mobile phase, tm. This 
ratio, the retention factor k, is equal to the ratio of the masses of the solute in the 
stationary, ms, and in the mobile, mm, phases, respectively, in the column it is directly 
proportional to the distribution constant of the solute, KD, between the stationary and 
the mobile phase:
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The proportionality constant Φ in Equation (1.2) is the phase ratio, i.e., the ratio of 
the volumes of the stationary, Vs, and of the mobile, Vm, phases in the column. From 
Equation (1.2) it follows that [9]:

	 t t k
L

u
k V V k t F kR m R m m= +( ) = +( ) = +( ) = × +( )1 1 1 1; 	 (1.3; 1.4)

tm and Vm are also known as the column hold-up time and hold-up volume, respec-
tively. The terms t0, and V0 are sometimes used instead of tm and Vm. tm (t0) is equal 
to the ratio of the column length, L, and the linear velocity of the mobile phase along 
the column, u. F is the flow rate of the mobile phase, a simple conversion factor 
between the retention times and retention volumes. The retention factor, k, depends 
on the nature of the solute, on the character of the stationary and the mobile phases, 
and on temperature, but is independent of the flow rate of the mobile phase, the 
dimensions of the column (provided that the density of packing is uniform, i.e., a 
constant phase ratio along the column). Hence, k is a fundamental parameter in the 
method development and optimization of HPLC separations. Theoretically, k is suit-
able for measuring thermodynamic quantities by chromatography, such as the Gibbs 
free energy, enthalpy or entropy. Unfortunately, the retention factors determined 
from the experimental retention data – Equation (1.2) – do not provide reliable infor-
mation on the presumed mechanism of retention, as several different mechanisms 
may contribute to the actual k.

1.2.2 � Stationary and Mobile Phase Volumes in 
Column Liquid Chromatography

The retention factors depend on the ratio of the volumes of the stationary and mobile 
phases in the column, i.e., on the column phase ratio, Φ = Vs /Vm. In spite of continu-
ing research, we still lack a reliable universal method for the determination of the 
phase volumes in liquid chromatography.

A simple, but questionable, method for the estimation of the column hold-up 
time is the time of the appearance of the first base line disturbation peak on the 
detector baseline. The thermodynamic void volume of the column can be obtained 
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by integrating the plot of the retention times of the perturbation peaks from 0% to 
100% of the organic modifier [10]. This approach is time-consuming, however, and 
the peak is not always very apparent or may not even appear, due to the impurities 
excluded, before the real column hold-up time.

Most frequently, the void volume is set equal to the elution volume of an “inert” 
compound, which does not interact with the solid phase (after the correction for extra-
column volumes). The selection of a suitable marker compound is generally pragmatic 
and may not always yield the exact Vm values. Small polar molecules such as uracil 
or thiourea are often used since the column markers in reversed-phase chromatogra-
phy do not guarantee 100% accurate thermodynamic data in all particular separation 
systems. Benzene or toluene are more suitable column hold-up volume markers in 
acetonitrile-rich mobile phases (used in the HILIC systems) [11]. However, the elution 
times of benzene and toluene on silica gel columns may slightly increase when the 
mobile phase reaches concentrations of 30% water. This means that the water amount 
adsorbed close to the polar adsorbent surface depends on the water concentration in 
the bulk mobile phase [12]. Even the retention time of a component of the mobile 
phase or of a monovalent salt may not provide 100% accurate Vm values [13].

Static methods of the determination of the column hold-up volume, such as the 
subsequent weighing of the column filled with two solvents of different densities (e.g., 
tetrachloromethane and methanol) [13] do not rely on the elution volume of an “inert” 
marker. McCalley and Neue recommended filling the column alternatively with water 
and methanol by flushing thoroughly with the solvent. After each flushing and cap-
ping the column ends, the excess solvents are wiped off and the column is weighed. 
Combining the weights of the liquid-filled columns and the solvent densities allows 
one to estimate the volume of the mobile phase in the column. However, this method 
cannot account for the preferential solvation of the stationary phase. The presence 
of the ions in the mobile phase may also strongly affect the phase volumes in the 
column, either inducing the exclusion or promoting the adsorption in the column [14].

Linearization of the logarithmic net retention times of the members of a homolo-
gous series was also suggested for the determination of Vm, but is lengthy and pre-
sumes the validity of the ideal reversed-phase model [14]. A more recent approach 
for the calculation of the phase ratio in reversed-phase chromatography from the 
measurements of retention factors k for two hydrocarbons, for which the octanol/
water partition coefficients, log Kow, are known, yields results strongly depending on 
the mobile phase composition [15].

The determination of the volume of the stationary phase or the interfacial area 
is even more difficult and usually requires a presumption of a particular retention 
model. The assignment of the solvent adsorbed on the solid phase surface either to 
the stationary phase or to the mobile phase volume is still controversial [16]. Further, 
the exact position of the boundary (dividing plane) between the bulk mobile phase 
and the liquid occluded on the stationary phase is difficult, if possible at all [17]. 
Hence, the phase ratio employed in the calculations of the distribution constants in 
LC depends on the retention mode and – deliberately or unintentionally – adopts a 
phase definition convention.

Convention 1 (classical). VS is the column volume inaccessible to a non-retained 
marker compound, i.e., the empty column inner volume, Vcolumn, minus the total pore 
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volume, VT (the inner pores, Vi, plus the inter-particle pores, V0): Vs = Vcolumn – Vi – V0. 
This is the standard convention used in the traditional determination of the reten-
tion factors in LC. The volume of the mobile phase in reversed-phase LC is usually 
estimated as the elution volume of uracil or thiourea in 80–100% acetonitrile/water: 
Vm = Vi + V0. In the normal-phase and HILIC, a small non-polar molecule (benzene, 
toluene) is the most frequent Vm marker. However, the phase volumes determined 
using the “inert” markers might be subject to errors.

Convention 2 (core-shell). Some columns contain “inert” parts, which do not 
take part in the retention process, as they are inaccessible to the sample and to the 
mobile phase, such as the solid non-porous core in superficially porous columns, 
Vcore. Including the inactive part of the particles in the stationary phase yields over-
estimated retention factors in comparison to the thermodynamic k, considering only 
the active stationary phase (Equation (1.2)) [18]. Phase volumes are determined 
according to convention 1, after subtracting Vcore (obtained from the manufacturer’s 
data) not included in the stationary phase: Vs = Vcolumn – Vi – V0 – Vcore.

Convention 3 (inner pore). In the (idealized) size-exclusion chromatography 
(SEC), the solid particle skeleton, Vskelet, is inert and does not participate in the dis-
tribution process, like the solid non-porous core. The full volume of the inner pores 
contains the liquid stationary phase, Vs = Vi, which has the same composition as the 
mobile phase in the inter-particle volume (such as tetrahydrofuran), Vm = V0. The mol-
ecules of the solute distribute between Vi and V0, based on their size, which controls 
the proportion of the accessible pore volume. The elution volume of a high-molecular 
weight standard for which the inner pores are inaccessible, (e.g., polystyrene with 
Mr ≥ 106), estimates the volume of the mobile phase, Vm; the elution volume of a 
small hydrophobic molecule (benzene, toluene) is equal to the sum of the volumes of 
the inner pores and of the inter-particle space, Vi + V0.

In the liquid–liquid (partition) LC, the liquid stationary phase volume, Vs, may 
fill only a part of the inner pore volume, but it differs from the bulk liquid mobile 
phase. The mobile phase is contained in the inter-particle volume, and in a part of 
the inner pores. This situation is typical for hydrophilic interaction liquid chroma-
tography (HILIC), where, according to the original model, the sample distributes 
between the bulk organic solvent-rich mobile phase and water adsorbed on the polar 
solid surface [1]. The amount of the adsorbed water strongly depends on the compo-
sition of the bulk mobile phase, which makes the exact determination of the volume 
of the stationary phase difficult. Convention 3, setting the whole inner pore volume 
equal to the volume of the stationary phase in the column, Vs ≈ Vi = Vcolumn – Vskelet – V

0, overcomes this inconvenience, but does not provide the true volume of the station-
ary phase. Rather, it can be useful as a constant reference value independent of the 
mobile phase composition. The solid particle skeleton contributes to the retention 
mainly by the surface adsorption and we can neglect the contribution of its volume, 
Vskelet, to a first approximation.

1.2.2.1 � Fully Porous Packing Particles
For rapid and efficient separations, the migration path of sample compounds to the 
active interaction sites should be as short as possible to minimize band-broadening 
by diffusion and to provide narrow peaks and high sample resolution. Since the 
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advent of HPLC, there has been a continuing advancement in the reduction of par-
ticle size, dp, to allow faster separations and higher separation efficiency in the terms 
of theoretical plate counts, N [19].

The length of the column needed to obtain the required number of theoretical 
plates, Nr, in the shortest separation time, depends on the optimum mobile phase flow 
velocity [20]. As a rule, 3–5 μm porous particles are used in conventional analyti-
cal columns and 2–3 μm porous particles in short (3–5 cm) columns for fast simple 
separations. Cheaper 10 μm or larger diameter particles are used for preparative 
separations in large columns.

Very fine particles (sub-2 µm in diameter) produce narrow peaks and allow very 
fast efficient separations at very high pressures (over 1,000 bar). Utilizing these 
advantages in practice requires minimizing extra-column dispersion. The ultrahigh-
performance (UHPLC) technique requires special instrumentation with minimized 
extra-column flow-through volumes [21], for which various commercial UHPLC 
systems with pressure capabilities over 1,000 bar have been introduced [22]. Due 
to a very high operating pressure, UHPLC columns may show a short service life.

The mechanical friction between very small particles and the mobile phase flow-
ing through the bed creates heat, which increases the temperature in the column. The 
heat generation is directly proportional to the pressure drop across the column and 
to the flow rate of the mobile phase; hence it increases with finer particles. As the 
heat generation is more significant in the center of the column than near the column 
wall through which the heat is dissipated, a radial temperature gradient forms in 
the column so that the viscosity and the flow characteristics change across the col-
umn cross-section. The retention factor and the diffusion coefficient of sample com-
pounds depend on temperature, so that the solute migrates faster along the column 
at the center than near the walls. These effects cause additional band-broadening, 
which decreases the column efficiency and the beneficial effect of small particle 
size on the plate height. Hence, there are ultimate limits under which the diameter 
of fully porous particles cannot decrease unless deterioration rather than improve-
ment in the column efficiency occurs [19]. With conventional-diameter analytical 
columns, these limits are close to dp ≈ 1.5–1.7 μm [23]. In the columns of a smaller 
internal diameter, the radial temperature gradient is less significant due to a faster 
heat dissipation through the column walls, especially with efficient capillary col-
umns of a diameter of 0.5 mm or less. The heat formation is also less important with 
non-porous particles due to the readily accessible adsorption centers on the surface. 
For example, fast separation (<1 min) of small molecules (barbiturates) on a capil-
lary column packed with 1 μm non-porous C18 silica particles at 2,400 bar column 
pressure was reported [24].

1.2.2.2 � Core-Shell Columns
The controlled surface porosity (CSP) materials, developed originally in the late six-
ties, represent a moderate-pressure alternative to UHPLC. The modern CSP (core-
shell) particles consist of a thin (sub-1 µm) outer porous layer of an active stationary 
phase deposited on a solid inert impervious spherical fused-core sphere (1.5 to 5 μm) 
(Figure 1.1). Core-shell materials provide reduced band-broadening and outstand-
ing efficiency, while preserving sufficient particle size to allow acceptable operation 
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pressure [25]. A short diffusion path in a thin porous shell layer provides fast mass 
transfer kinetics and reduced band-broadening due to the shallow pores of the thin 
active adsorbent layer. The non-porous inner core of the shell particles represents 
between 25% and 36% of the particle volume, which is not accessible to any solute. 
For more details on the fabrication and the properties of the core-shell columns see, 
e.g., the review [26].

Not including the core volume, Vcore, in the stationary phase, we can define the 
“thermodynamic” shell retention factor, kshell = kexp · fcor, considering only the volume 
of the active shell stationary phase that really participates in the chromatographic 
distribution process: Vs,shell = VC – VM – Vcore = Vs. (convention 2). The shell correction 
factor, fcor, accounts for the ratio of the thickness of the shell layer, dshell, and the mean 
particle radius, rpartic, ρ = dshell/rpartic [18]:
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Figures 1.2 and 1.3 illustrate the effects of the three stationary phase conventions 
(classical, core-shell and inner pore) on retention and selectivity in the example 
of two short core-shell columns (30 × 3 mm i.d.), 2.7 µm particle diameter, 1.7 µm 

FIGURE 1.1  Structure of a core-shell particle with a solid core surrounded by a porous 
active layer.
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core diameter and 0.5 µm porous shell layer thickness. Uracil is the Vm marker for 
the Ascentis Express C18 column in the reversed-phase mode; for a polar Ascentis 
Express HILIC column, toluene is the Vm marker in the HILIC mode. Table 1.1 illus-
trates the differences in the stationary and mobile phase column volumes according 
to the classical, core-shell and inner pore conventions in the example of two core-
shell columns in the aqueous acetonitrile mobile phases: A: Ascentis Express C18 
(reversed-phase mode, uracil as the column hold-up volume marker); B: Ascentis 
Express HILIC column (HILIC mode, toluene as the column hold-up volume 
marker). The retention factors of hesperidine (k1), hesperetine (k2) in the RP sys-
tem and of quercetin (k3), esculin (k4) in the HILIC system depend on the phase 
ratio convention, and are higher with convention 3 than with convention 2; however, 
their relative retention (the selectivity factor) is independent of the phase-adopted 
convention.

FIGURE 1.2  The three conventions defining the stationary phase. The Ascentis Express 
C18 (30 × 3 mm, particle i.d. 2.7 μm, solid core i.d. 1.7 μm) core-shell column (reversed-phase 
system). Vi – inner pore volume (32 µL), V0 – interstitial volume (109 µL), Vcore – volume of 
core in the particles (26 µL), Vskelet – volume of the solid shell skelet (45 µL).

FIGURE 1.3  The three conventions defining the stationary phase. The Ascentis Express 
HILIC (30 × 3 mm, particle i.d. 2.7 μm, solid core i.d. 1.7 μm) core core-shell column 
(aqueous normal-phase system). Vi – inner pore volume (44.5 µL), V0 – interstitial volume 
(82.7 µL), Vcore – volume of core in the particles (32.5 µL), Vskelet – volume of the solid shell 
skelet (52.5 µL).
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Figure 1.4 shows the effect of the volume fraction of acetonitrile on the reten-
tion of two flavonoid compounds over a broader mobile phase composition range 
(0–30% acetonitrile in water) on an Ascentis C18 column. Figure 1.5 illustrates 
the analogous effects of the water concentration on the retention of another pair 
of compounds on an Ascentis HILIC column in the RP system (in 0–10% water in 
acetonitrile).

Convention 2 (core-shell), not including the core volume, Vcore, in the stationary 
phase provides theoretically more correct retention data. The distribution constant, 
KD,core-shell, which decreases proportionally to the core correction factor, fcor, KD,core-

shell = KD · fcor. The main advantage of convention 3 (inner pore) is that the volume of 
the stationary phase does not depend on the solvation of the solid phase skeleton, but 
rather necessitates the determination of the inner pore volume using a large molecule 

TABLE 1.1
Distribution of the Column Volume, Vcolumn, among the Solid Core, Vcore, the 
Shell Solid Skeleton, Vskelet, the Inner Pores, Vi, and the Inter-Particle Space, 
V0, in the Superficially Porous (core-shell) Columns Using Three Different 
Conventions 

A – Ascentis Express C18

Vcolumn (μl) Vm (μl) VS (μl) k1 k2 α = k2/k1

convention I 212 V0 + Vi Vcore + Vskelet 2.5 14.6 5.7

(classical) 141 (uracil) 71 (33.5% Vcolumn)

convention II 212 V0 + Vi Vskelet 1.6 9.3 5.7

(core-shell) 141 (uracil) 45 (24.3% Vcolumn)

convention III 212 V0 Vi 1.5 8.5 5.7

(inner pores) 109 32 (22.7% Vcolumn)

B – Ascentis Express HILIC
Vcolumn (μl) Vm (μl) VS (μl) k3 k4 α = k4/k3

convention I 212 V0 + Vi Vcore + Vskelet 7.8 11.3 1.44

(classical) 127 (toluene) 85 (40.0% Vcolumn)

convention II 212 V0 + Vi Vskelet 4.9 7.0 1.44

(core-shell) 141 (toluene) 52.5 (29.2% Vcolumn)

convention III 212 V0 Vi 6.3 9.1 1.44

(inner pores) 82.7 44.5 (35.0% Vcolumn)

A – Ascentis Express C18 (30 × 3 mm, particle i.d. 2.7 μm), k1 = Hesperidin, k2 = Hesperetin (19% aceto-
nitrile/water – RP mode). B – Ascentis Express HILIC (30 × 3 mm, particle i.d. 2.7 μm), k3 = Quercetine, 
k4 = Esculine (4% water/acetonitrile – HILIC mode). Vcolumn – empty column inner volume; Vm – volume 
of the mobile phase in the column; Vs – volume of the stationary phase in the column; (A: Vi = Vskelet + Ve,uracil 
– Ve,PS1 800 000; B: Vi = Vskelet + Ve,toluen – Ve,PS1 800 000), skelet; VPS – elution volume of polystyrene, Mr = 1 800 
000); k1,3 – retention factor of the less retained compounds; k2,4 – retention factor of the more retained 
compounds; α – selectivity factor.
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(such as polystyrene with Mr ≥ 106). Convention 3 (inner pores), considering prin-
cipally a liquid stationary phase, is potentially useful in HILIC and in dual-mode 
HILIC/RP separation systems. Hence, various conventions are suitable for method 
development and optimization, if consequently used, but the specification of the con-
vention used for the calculation of the phase volumes in the column is recommended.

1.2.2.3 � Monolithic Columns
Monolithic columns for HPLC do not contain particles, but rather consist of a single 
piece of continuous separation media (rods) with dual pore morphology: a network 
of small pores interconnected by large flow-through pores, providing a good bed 
permeability and a low flow resistance. Approximately three-times faster analyses 
are possible in comparison to the particulate packed columns of the same length at 
the same operating pressure [27]. Two types of monolithic columns with different 
skeletons and pore morphologies are suitable for LC separations: silica gel-based 
monoliths [28, 29] and organic polymer monoliths [30]; see Figure 1.6A and B.

Co-polymerization of tetramethylsiloxane and methyltrimethoxysiloxane is the 
usual technique for preparation of silica monolithic columns [31].

FIGURE 1.4  The effects of the volume fraction of acetonitrile on the retention factors of 
hesperidine, k1, and hesperetine, k2, on the Ascentis Express C18 column (30 × 3 mm, particle 
i.d. 2.7 μm, solid core i.d. 1.7 μm), calculated using different phase volume conventions; α – 
selectivity factor (k2/k1). Reversed-phase system.

FIGURE 1.5  The effects of the volume fraction of water on the retention factors of esculin, 
k3, and quercetin, k4, on the Ascentis Express HILIC column (30 × 3 mm, particle i.d. 2.7 μm, 
solid core i.d. 1.7 μm), calculated using different phase volume conventions; α – selectivity 
factor (k4/k3). HILIC system.
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Direct in situ polymerization in fused silica capillaries is possible for preparing 
micro-columns with inner diameters of 0.5 mm or less. Synchronizing phase sepa-
ration and gelation prevents polymer skeleton shrinkage and the formation of void 
volumes between the silica monolith and the chromatographic column walls during 
polymerization, which would destroy the column performance [32]. However, it is 
difficult to achieve this effect during polymerization in wider tubes used as the tra-
ditional HPLC formats. To solve this issue, the manufacturers fabricate polymeric 
monolithic rods, which they firmly stick inside dual-wall organic polymer stainless 
steel tubes.

More recently, a group of Korean researchers prepared hybrid monolithic–par-
ticulate stationary phases from ground silica monoliths, chemically modified and 
then slurry-packed into stainless steel tubes, like classical column particles [33]. The 
packed bed has a partially monolithic structure enabling fast slurry-packing and, in 
spite of using column frits, the permeability of the column based on the ground silica 
monolithic particles is better than that of the column based on the spherical silica 
particles at similar column efficiencies.

Silica gel monoliths (Figure 1.6A) have a bimodal pore structure with significant 
representation of 7–12 nm mesopores (~13%). The specific surface area is in the 
range of several hundred m2/g and the silica monoliths are suitable for the separa-
tions of small molecules, as the mesopore size allows fast diffusion and easy sol-
ute penetration of the adsorption sites, which results in an efficiency of separation 
comparable to 5 μm particles [34]. Monolithic silica rods with chemically bonded 
alkyl or other functionalities allow fast separations of low-molecular samples, with 
column efficiencies up to 100,000 theoretical plates/m [29]. Unfortunately, silica 
monoliths generally show less good performance for separations of macromolecu-
lar compounds such as proteins and other biopolymers. Further, limited stability at 
temperatures higher than 60°C and pH > 8.5, similar to silica particles, might affect 
their performance for the analysis of polar – especially basic – compounds.

Organic polymer monoliths are usually prepared by in situ radical polymerization 
of monovinyl and cross-linking divinyl monomers in the presence of pore-form-
ing solvents, typically alcohols [35, 36]. The polymerization provides microglob-
ules resembling cauliflower, interconnected by large through-pores (15–100 nm) 

FIGURE 1.6  The internal structures of a silica-based monolith (A) and a polymer-based 
monolith (B).
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(Figure 1.6B). A relatively low specific surface area (10–150 m2/g) is more suitable 
for the separation of large biopolymers, retained on the organic polymer monoliths 
due to the convection rather than to the diffusion [30].

Organic polymer monoliths include polystyrene-, polymethacrylate-, polyacryl-
amide- and other matrices, which offer a variety of stationary phases by selecting 
the components of polymerization mixture or by post-polymerization modification. 
Their advantage is a simple preparation in various column diameters, high tempera-
ture and pH stability [37].

Organic polymer monoliths provide relatively low separation efficiency for small 
molecules, which is due to a restricted mesopore size, causing slow diffusion [38]. 
Increasing the proportion of mesopores with larger diameter improves the diffusion 
and efficiency of organic polymer monoliths for small molecules [39]. Optimizing 
a single-step polymerization by adjusting the polymerization time, temperature and 
composition of the polymerization mixture, or a post-polymerization modification of 
the monoliths, can be applied for this purpose [30].

The independent control of the pore size distribution of both large flow-through 
pores and small mesopores in the organic polymer monoliths during a single-step 
polymerization is a challenge [11]. Terminating the polymerization reaction at an 
early stage is a simple way to control both the porosity and the related efficiency of 
polymer monoliths [40]; however, the repeatability depends on the exact control of 
the polymerization time.

Another approach for controlling the pore morphology is optimizing the tempera-
ture or (and) the composition of the polymerization mixture. The polarity and the size 
of both the functional monomer and of the cross-linker, and their respective concen-
trations in the polymerization mixture, affect the early stages of the polymerization, 
where the phase separation and formation of the first cross-linked polymeric nuclei 
occur. The efficiency of the poly(methacrylate) monolithic columns for low-molec-
ular compounds improves with increasing the chain length of the poly(methylene) 
dimethacrylate cross-linkers, decreasing the proportion of the large through-pores 
(>50 nm) and increasing the proportion of smaller mesopores (1–50 nm) [41].

The proportion of the large through-pores decreases and the separation effi-
ciency for small polar molecules significantly improves when substituting non-polar 
poly(methylene dimethacrylates) with more polar poly(oxyethylene) dimethacrylate 
cross-linkers with surface-active properties, potentially affecting the gel solvation 
of the monoliths. Columns prepared with tetraoxyethylene dimethacrylate cross-
linkers show high permeability, excellent reproducibility and long-term stability at 
elevated temperatures, with high efficiencies of up to 70,000 theoretical plates/m 
for the separations of both biopolymers and small polar molecules in the reversed-
phase [41] or HILIC systems [42]. Using living radical polymerization instead of free 
radical polymerization could possibly improve the band-broadening and separation 
efficiency, leading to more homogenous monolithic stationary phases [39].

Another approach to improving the efficiency of the separation of small mol-
ecules is the two-step post-polymerization modification of polymeric monolithic 
columns [43]. The approaches employed to this aim include the reaction of the pre-
existing surface groups, the addition of polymeric chains, the addition of novel, 
highly ordered nanomaterials [44] or, finally, photo-grafting, which forms a dense 
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polymeric network with a separate zwitterionic functionality at the hydrophobic scaf-
fold, shifting the proportion of flow-through pores in favor of inner pores <50 nm 
due to the additional cross-linker in the zwitterionic layer (Figure 1.7) [45].

Hyper-cross-linking surface modification in the second step is a useful tool for 
adjusting the density of monolithic micro-columns. Generally, the polymerization 
mixtures based on monomers such as styrene or vinylbenzyl chloride, and divi-
nybenzene as a cross-linker, provide monolithic stationary phases suitable for a 
hyper-cross-linking modification. Because of its higher reactivity, divinylbenzene 
participates dominantly at the beginning of the polymerization reaction, but its con-
centration in the polymerization mixture rapidly decreases as the polymerization 
proceeds. At the end of the first-step polymerization reaction, the polymer chains at 
the surface of the monolith are only lightly cross-linked with a layer rich in monovi-
nyl monomers with chloromethyl functionalities. Then, the Friedel–Crafts alkylation 
reaction modifies the surface of the polymer monolith, increasing the cross-linking 
density of the monolithic stationary phase [46].

1.2.2.4 � Micro-Pillar Array Columns
Micro-pillar arrays are a powerful alternative for classical packed bed columns and 
monoliths, especially for separations of complex samples requiring a high number 
of theoretical plates, such as in the analysis of proteomes and peptidomes [47]. Free-
standing micro-pillars on a thin silicon wafer are produced by a lithographic etching 
process (Figure 1.8). The accurately positioned arrangement of micro-pillars forms 
a perfectly ordered separation bed with reduced sample dispersion, as all molecules 
follow identical paths through the column. In comparison to a column densely 
packed with particles of the same size, the flow resistance of pillar columns drops by 
approximately 32%. High permeability allows for the operating of long columns at 
moderate pressures and for the generating of highly efficient peptide maps, compar-
ing favorably to the particulate or monolithic nano-columns. To arrange a micro-
pillar column several meters long on the surface of a silicon wafer of only several 

FIGURE 1.7  Schematic of single step photo-grafting of a zwitterionic zone upon a mono-
lithic hydrophobic scaffold column.
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centimeters, the channel design must include a large number of turns to connect the 
different bed segments of a limited length (e.g., up to 5 cm) to minimize variations in 
packing dimensions across the column length. The connecting turns slightly affect 
the efficiency of the micro-pillar array arrangement.

A 3-m-long column with micro-pillars, 5 μm in diameter, 20 μm high (posi-
tioned at a distance of 2.5 μm from each other), covered with a 300 nm surface 
porous layer and chemically modified with C18 ligands allowed achievement of the 
efficiency of one million theoretical plates in the relatively short time of 20 minutes 
at 350 bar [48].

1.3 � PHASE SYSTEMS AND SEPARATION MODES IN HPLC

The differences in the LC separation of non-ionic compounds depend mainly on 
the differences in their polarities. In normal-phase separation systems (NP), the 
stationary phase is more polar than the mobile phase, and the retention increases 

FIGURE 1.8  A micro-pillar stationary phase array. A – micro-pillar arrangement detail; 
B – a silicon wafer carrying a folded 150 cm-long folded pillar array column.
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proportionally to the solute polarity and decreases with increasing mobile phase 
polarity, opposite to what happens in reversed-phase (RP) chromatography. Many 
ionizable compounds are difficult to separate in the RP systems because of too low a 
retention. Ionic additives to the mobile phase often suppress the ionization of weakly 
basic or weakly acidic compounds, increasing their retention and enabling the sepa-
ration. Ion exchange chromatography (IEC), a traditional technique for the separa-
tion of small organic ionic compounds, nowadays serves mainly for the analysis of 
small inorganic ions or of ionic biopolymers, because of a relatively low separation 
efficiency for small organic molecules.

In the real world, pure separation modes rarely control the separations of both 
ionic and non-ionic compounds in the NP and RP systems. Most often, polar and 
non-polar (and possibly ion exchange or steric) interactions participate in the sepa-
ration mechanism. It is very important to note that the relative contribution of the 
individual retention mechanisms depends not only on the chemistry of the stationary 
phase, but also on the mobile phase, which has a strong effect on the retention.

1.3.1 �O rganic Solvent Normal-Phase (Adsorption) Chromatography

Normal-phase chromatography (NPC), known also as adsorption liquid chromatog-
raphy, is the oldest liquid chromatographic mode, having been already employed 
more than 100 years ago by M.S. Tswett. The stationary phase in NPC is a polar 
adsorbent, most often silica gel, either bare or chemically modified by bonding 
amino, diol, etc. groups, more polar in comparison to the mobile phase, which is 
usually a mixture of two or more organic solvents of different polarities. Alumina, 
zirconium dioxide or titanium dioxide are relatively rarely used. The adsorption sites 
occupy fixed positions on the surface of a polar adsorbent. The molecules with the 
polar functional groups in the positions fitting the location of the adsorption cen-
ters show a stronger retention in comparison to the molecules with another geom-
etry, which is the reason of excellent isomer separation selectivity of the NPC. The 
polarity and the elution strength, i.e. the ability to enhance the elution, generally 
increases in the following order of the most common solvents: hexane ≈ heptane ≈ 
octane < methylene chloride < methyl-t-butyl ether < ethyl acetate < dioxane < ace-
tonitrile ≈ tetrahydrofuran < 1- or 2-propanol < methanol < water. The preferen-
tial adsorption of polar solvents, especially water, often causes long equilibration 
times when changing the separation conditions. Further, the poor solubility of polar 
samples in non-polar solvents seriously limits the application possibilities of NPC 
separations in purely organic mobile phases.

1.3.2 �R eversed-Phase Chromatography

Reversed-phase chromatography (RPC), even though introduced later than NPC, 
is nowadays widely used in more than 90% of HPLC applications. The RPC is the 
first choice among the LC separation modes, because even minute structural differ-
ences in the non-polar hydrocarbon part of the molecules often allow for success-
ful separation of a great variety of samples, containing non-polar, polar and even 
ionic compounds. In contrast to NPC, the majority of stationary phases in RPC are 
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hydrophobic, whereas the mobile phase is usually an aqueous solution of one or more 
polar organic solvents (usually methanol or acetonitrile, but other solvents may be 
also used, if compatible with the detection). The solute polarity decreases its reten-
tion, which also drops as the concentration of the organic solvent in the aqueous-
organic mobile phase increases. In RPC, the ionic forms of weak acids or bases elute 
very early; ionic additives to the mobile phase (buffers, neutral salts, weak acids or 
ionic surfactants) usually enhance the retention and improve the separation.

The stationary phases for RPC are usually prepared by covalently bonding 
organo-silane reagents on the silanol (Si-OH) groups of the from spherical silica gel 
particles. A plethora of columns with bonded siloxane Si-O-Si-R groups is available 
for RPC. The bonded ligand R is usually an alkyl, most often C8 or C18, but many 
other bonded phases are available. Theoretically, the alkylsilica stationary phases 
are similar to liquid alkanes immobilized on a solid support, but the bonded alkyl 
chains differ from the free molecules of liquid hydrocarbons in terms of their lim-
ited mobility. The organic solvents used as the components of the mobile phases 
preferentially solvate the stationary phase and modify its properties [49, 50]. Finally, 
the attractive specific polar interactions with the stationary phase may more or less 
contribute to the retention.

For steric reasons, at least 50% of the original silanol groups of the silica gel 
remain unreacted after chemical modification. The residual silanols may give rise 
to unwanted interactions with polar (especially basic) solutes, which results in their 
poor and irreproducible separation, band-tailing or distorted peak shape. Many RP 
stationary phases are stable only up to pH 8–9 and at temperatures up to 60°C. To 
improve the chemical and temperature stability of the RP columns, “endcapping” 
reactions with a small molecule of trimethylchlorosilane or hexamethyldisilazane 
bond some residual silanol groups. This approach improves the stability of the sta-
tionary phases. Diisopropyl- or diisobutyl-alkylchlorosilanes utilize the branched 
side alkyls to shield the Si–O–Si bonds. Some fully endcapped alkyl bonded phases 
are claimed to resist the mobile phases up to pH 11. The stationary phases with an 
embedded amide or carbamate group in the bonded chain close to the silica gel 
surface provide polar interactions with the residual silanols on the surface of the 
chemically bonded stationary phase, which decrease the silanol activity toward the 
sample compounds. Moreover, the embedded groups improve the “wettability” of 
the stationary phase surface in water-rich mobile phases to avoid the collapse of the 
non-polar alkyl chains.

Materials made up of ethylene-bridged hybrid porous silica particles exhibit high 
stability even at the eluent temperatures higher than 100°C in an enlarged pH range. 
The superior mechanical stability allows their use in the UHPLC up to 1,000 bars [51].

Type C silica, i.e., the “hydride silica,” has up to 95% of the original silanol surface 
groups replaced by the non-polar silicon hydride Si–H groups during the hydrosila-
tion process (Figure 1.9), which changes the fundamental properties of the original 
silica gel type B. The surface of the silica hydride materials populated with the Si–H 
groups does not significantly attract water, which results in improved reproducibility 
of retention [52]. Hydrosilated silica gel chemically modified by low-polarity bonded 
groups, such as bidentate undecyl silica or cholesterol, provides improved selectivity 
for the separations of weakly polar compounds [53].
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The chemistry of the bonded ligand, the amount and type of residual silan-
ols, “endcapping” and pore size, among other factors, affect the chromatographic 
properties. Generally, the retention in RP LC increases with increasing content of 
carbon atoms in the chemically bonded phase, i.e., with increasing the length of 
the bonded alkyl chains. The individual columns can exhibit unique characteristics 
due to specific polar and ionic properties responsible for secondary intermolecu-
lar interaction mechanisms, providing advantages for specific separation cases. 
A recently published review [54] provides a comprehensive survey of the silica 
bonded stationary phases (not only) for RP LC and presents useful hints for their 
selection.

The exact retention mechanism in reversed-phase chromatography is still con-
troversial [50]. The retention of a solute may result from the partitioning between 
the layer of the solvated bonded non-polar groups of the stationary phase, from the 
adsorption or from their combination [55]. In a first approximation, the interactions 
in the non-polar stationary phase are less significant than the polar interactions in the 
mobile phase, which are the main factor controlling the retention.

According to the solvophobic partitioning model, the transition of a solute mol-
ecule from the bulk mobile phase to the surface of the stationary phase results from 
a decrease in the contact area of the solute with the mobile phase. Replacement of 
weaker interactions between a moderately polar solute and a strongly polar mobile 
phase with mutual interactions between strongly polar molecules of the mobile phase 
in the space originally occupied by a solute molecule results in an overall energy 
decrease in the system. The solvophobic interactions are the driving force of the 
retention in the absence of strong (polar) interactions of the solute with the station-
ary phase [56].

A modified partitioning model proposed a three-step process involving the cre-
ation of an appropriate sized cavity in the stationary phase, the transfer of the solute 
from the mobile phase to the stationary phase and the closing of the solute-sized 
cavity in the mobile phase. The solute penetrates in between the stationary-phase 
chains [57].

The interphase model attributes the retention to the active region on the sur-
face of stationary phase, but does not allow quantitative predictions. A thin diffuse 
interphase region between the bonded alkyl chains and the bulk mobile phase is 

FIGURE 1.9  Hydrosilation of silica (type B) surface to a silica hydride stationary phase.
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heterogeneous and its thickness depends on the character of the bonded ligands, the 
composition of the mobile phase and other factors [58].

1.3.3 �H ydrophilic Interaction Liquid Chromatography (HILIC)

Very hydrophilic samples such as carbohydrates or small polar compounds usually 
elute close to the column hold-up volume in RPC, so that their separation from one 
another and from polar matrix interferences may be difficult to accomplish, even 
in highly aqueous mobile phases [59]. On the other hand, some polar compounds 
elute late, if at all, in organic solvent normal-phase systems. The separation on polar 
stationary phases often improves after adding water to the mobile phase. Alpert 
introduced the name “hydrophilic interaction liquid chromatography” (HILIC) for 
the separation mode employing a “normal phase column” in combination with a 
“reversed-phase mobile phase,” containing less than 50% water [1]. The term “hydro-
philic” refers to the affinity to water. The HILIC technique provides appropriate 
retention and resolution for many polar compounds, often with better separation effi-
ciency in comparison to RP chromatography. The diffusion coefficients of ionized 
basic compounds in less viscous organic-rich mobile phases under HILIC conditions 
are approximately twice those under RP conditions, leading to improved separation 
efficiency (lower height equivalent of a theoretical plate, H) [60]. Further, the peak 
symmetry of basic compounds in the HILIC mobile phases (acetonitrile – ammo-
nium acetate or formate buffers) often improves in comparison to reversed-phase 
HPLC [61]. HILIC separation of ionic/ionizable compounds needs ionic additives to 
aqueous-organic mobile phases [62].

Finally yet importantly, the popularity of HILIC is due to the excellent suitability 
of the technique for coupling to mass spectrometry (LC/MS) [63].

The quality of HILIC separations strongly depends on both the stationary phase and 
on the composition of the mobile phase [64]. Bare silica gel is frequently used as the 
stationary phase in HILIC applications. The low viscosity of acetonitrile-rich (75–95%) 
mobile phases allows operating columns packed with sub-2 μm particles at moderate 
pressures, providing fast (< 1 min) separations of polar drugs with conventional HPLC 
instrumentation. 1.7 μm ethylene-bridged hybrid organic-silica (BEH) particles show an 
improved chemical resistance at pH < 5 with respect to the bare silica in HILIC [65].

Silica gel chemically modified with polar functionalities such as diol-, amino-, 
amide-, cyclodextrin, ion exchange, zwitterionic, poly(2-hydroxyethyl aspartamide) 
or poly(succinimide) show improved retention and separation selectivity for various 
sample types in aqueous-organic mobile phases [66, 67]. Sufoalkylbetaine station-
ary phases are especially suitable for HILIC separations [68]. The active zwitter-
ionic layer grafted onto a wide-pore silica gel or on a polymer support contains 
both strongly acidic sulphonic acid groups and strongly basic quaternary ammo-
nium groups, separated from each other by a short alkyl spacer. The two oppositely 
charged groups are present in a 1:1 molar ratio, so that there is only a very low net 
negative surface charge of the bonded layer, attributed to the larger distance of the 
sulphonic groups from the silica gel surface [69].

The HILIC retention mechanism is obviously complex; the solid adsorbent is not 
just an inert support for the adsorbed water layer which, as a liquid stationary phase, 
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is in the partition equilibria with the bulk aqueous-organic mobile phase. Obviously, 
adsorption of polar compounds on the solid phase may participate in the HILIC 
retention mechanism, due to hydrogen-bonding, ionic and other interactions with 
bonded polar functional groups, or residual silanols on the silica-based polar bonded 
phases. Ion exchange or ion repulsion may be also involved in the distribution of 
partially ionized analytes [70].

The water adsorbed on a polar column is probably the most important factor con-
trolling the retention [71]. The ion exchange interactions obviously contribute more 
or less to the retention of ionizable compounds, often giving rise to a mixed retention 
mechanism [2]. Obviously, adsorption and partition actually coexist in HILIC and 
the contribution of each mechanism depends on the solute, the hydration and the 
charge of the stationary phase polar functional groups and on the eluting conditions.

Silica hydride (silica gel type C) shows low attraction for water; hence, Pesek and 
Matyska [52] claim that the predominant role of the adsorption mechanism in the 
HILIC is played by hydrosilated silica, which they prefer to call “aqueous normal 
phase chromatography” (ANPC).

In non-aqueous HILIC chromatography (NA-HILIC), water is replaced by a 
polar organic solvent, an organic “protic modifier” such as ethylene diol, methanol 
or ethanol (with the elution strength decreasing in this order). NA-HILIC covers the 
gap between the non-aqueous NP and the aqueous-organic HILIC of polar samples 
and is helpful in the analysis of some poorly soluble oligomers or weakly polar 
compounds, which may precipitate in water-containing HILIC mobile phases. On 
the bare silica, diol, thioglycerol and oxidized thioglycerol polar bonded phases, the 
retention and separation selectivity of nucleic bases, nucleosides and deoxynucleo-
tides depends on the type of protic solvent added to acetonitrile [72]. Methanol is 
the first choice protic solvent for NA-HILIC. A change in the concentration of meth-
anol in the polar organic mobile phases affects the retention more significantly than 
a change in the concentration of water in the HILIC mode. The retention of phenolic 
acids on the hydrosilated silica bonded columns is very weak in mobile phases 
containing more than 20% methanol in acetonitrile. Resolution and selectivity are 
generally better in the aqueous systems. At increased temperatures, the retention 
factors and peak widths decrease in both ANP and NANP (non-aqueous normal 
phase), showing linear ln k versus 1/T plots, due to a single retention mechanism 
over the temperature range from 25°C up to the column stability limit; however, 
low temperatures improve the resolution. The differences between the aqueous and 
non-aqueous modes are possibly due to the absence of the adsorbed water layer in 
NANP [73].

1.4 � MOBILE PHASE EFFECTS ON RETENTION

A single solvent only rarely provides suitable separation selectivity and retention 
in LC. The mobile phase in the classical adsorption chromatography is a mixture 
of two (or more) organic solvents and a non-polar one, e.g., n-hexane and 2-propa-
nol. Selecting appropriate concentration ratios of the organic solvents in a two- or 
a multi-component mobile phase is an efficient tool for adjusting the retention in 
the NPC.
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The mobile phase in RP LC contains water and one or more polar organic sol-
vents. The most useful are, in order of decreasing polarities, acetonitrile, methanol, 
dioxan, tetrahydrofuran and propanol. By the choice of the type of organic solvent, 
selective dipole–dipole, proton-donor or proton-acceptor, polar interactions with 
the analytes can be enhanced or suppressed, to adjust chromatographic separation. 
Binary mobile phases often make the adequate separation of various samples pos-
sible. Ternary or, less often, quaternary mobile phases offer the advantage of fine-
tuning the optimum selectivity of more difficult separations [74].

The mobile phase in HILIC systems contains 5–40% water in a polar organic sol-
vent. Protic solvents (lower alcohols) are more similar to water in providing proton 
donor-acceptor interactions. Consequently, they show lower retention and selectivity 
in HILIC in comparison to the aprotic acetonitrile, which is the most frequently used 
organic solvent in HILIC [72].

1.4.1 � Solvent Adsorption in the Stationary Phase

As a rule, HPLC employs mixed mobile phases, comprising solvents showing dif-
ferent affinities to the stationary phases. The composition of the mobile phase at the 
solid phase surface is different from its bulk composition due to the selective solva-
tion of the stationary phase by the molecules of the solvent with a higher affinity to 
the stationary phase [75, 49]. The solvation changes the properties of the stationary 
phase and affects the distribution equilibrium of the analytes.

Polar adsorbents preferentially take up polar solvents, especially water, from 
mixed mobile phases. In adsorption NPC, fully organic mobile phases may con-
tain different levels of trace water concentrations. A compact water layer forms on 
the adsorbent surface. When adjusting the proportion of the organic solvents in the 
binary mobile phases, the trace concentration of water changes, too, sometimes with 
unexpected effects on the separation.

Water does not adsorb significantly on the non-polar phases with chemically 
bonded alkyl or other non-polar ligands used in reversed-phase chromatography. 
These phases usually show preferential adsorption of the organic components from 
the mixed aqueous-organic mobile phases [76]. The adsorption of the organic sol-
vents affects the hydrophobicity and polarity of the stationary phase surface. [50] The 
surface coverage of the endcapped C18-silica materials affects the excess adsorption 
of commonly used organic solvents from water [77].

The polar stationary phases show large variability in the water amount adsorbed 
from the aqueous-organic mobile phases. Various, fully porous, core-shell silica gel, 
hybrid organic-silica and hydrosilated silica, bare and silica bonded polar station-
ary phases with bonded cholesteryl, phenyl, nitrile, pentafluorophenylpropyl, diol, 
zwitterionic sulfobetaine, phosphorylcholine and other ligands take up water from 
aqueous-organic mobile phases. The adsorbed water layer participates in the reten-
tion mechanism. Water is miscible at any proportion with acetonitrile, acetone, 
methanol or other polar organic solvents used in the HILIC mode. Consequently, 
the water adsorbed from aqueous-organic mobile phases forms a diffuse layer lack-
ing fixed boundaries. Hydrogen bonds of water to silanol or other polar groups 
almost immobilize water molecules close to the surface of the bare silica or to the 
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bonded zwitterionic sulphobetaine groups. The concentration of water progressively 
decreases from the polar solid surface toward the bulk organic-rich mobile phase 
outside (possibly, even partly inside) the pores of the stationary phase [2].

Computer molecular dynamics simulation studies indicate that the relative pro-
portion of the amount of water contained in the pores of silica-based phases to the 
water concentration in the bulk mobile phase increases at low total water concentra-
tions in the column [78]. This may be the reason why the LC separations are often 
irreproducible or fail in mobile phases containing less than 2% water in acetonitrile. 
The water molecules close to the silica surface strongly adhere to the silanol groups 
by the hydrogen bonds. Three types of water molecules coexist inside the 6–10 nm 
pores: free water molecules, “freezable” bound water and bound water that does not 
freeze at the regular water freezing temperature [79].

Because of the diffuse character of the adsorbed water layer, it is not possible to 
determine its thickness exactly, but we can measure the amount of adsorbed water. 
In the acetonitrile-water mobile phases the elution time of toluene slightly decreases 
as the water content increases, even though the non-polar toluene cannot penetrate 
inside the water layer [80, 81]. This behavior indicates an increasingly thick water-
rich liquid layer on the stationary phase and allows for an estimation of the volume 
of the water-rich liquid layer as the difference between the toluene elution volume in 
a mobile phase containing a specific volume fraction of acetonitrile and its elution 
volume in the pure acetonitrile [82].

The amount of water taken up by the column depends on the distribution iso-
therm of water between the stationary and mobile phases. The static method of the 
isotherm measurement employs several vials containing small amounts of the dry 
column packing material in solvent mixtures containing varying water concentra-
tions in an organic solvent. After equilibration, the supernatant solution in each vial 
is subject to direct analysis, best by Karl–Fisher titration, to acquire the data for the 
construction of the excess water isotherm [71].

The water isotherm data can also be acquired using dynamic methods not need-
ing the bulk column packing material, which may not be readily available. The most 
frequently used dynamic methods measure the non-adsorbed amount of a com-
ponent of the mobile phase continuously introduced onto the column, monitoring 
the column effluent using a non-specific (refractive index or low-wavelength UV) 
detector [83].

Direct methods of water determination are also suitable for a dynamic frontal 
analysis technique. The analyzed aqueous-organic solvent mixture continuously 
flows through the column and water in the collected small effluent fractions are 
determined by the Karl–Fischer titration. The difference between the water amount 
fed onto the column and the residual water amount determined by the Karl–Fischer 
titration in the effluent fractions corresponds to the adsorbed amount of water in the 
individual fractions [3].

The Langmuir model Equation (1.6) describes the water isotherms satisfactorily [84]:
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qi is the concentration of adsorbed water, cm is the concentration of water in the bulk 
mobile phase and a is the distribution constant of water in the pores of the stationary 
phase at very low cm. qs in Equation (1.6) gives the maximum (saturation) column adsorp-
tion capacity for water. Figure 1.10 compares three water isotherms on a zwitterionic 
ZIC-HILIC, a polymeric TSKGel Amide and a hydrosilated Cogent Silica C column [3].

There are large differences in water uptake between the individual stationary 
phases (Figure 1.11). Less than 9% v/v water in the mobile phase is sufficient for 
the full water saturation of porous, core-shell and hybrid ethylene-bridged silica gel 
columns. On the other hand, the water adsorption isotherms on the ZIC-HILIC and 
TSK gel amide 80 columns are shallow (Figure 1.10); even in 20% water in acetoni-
trile the columns are not fully saturated with water. The columns with bonded polar 
ligands (hydroxyl, diol, nitrile, pentafluorophenylpropyl, diol, zwitterionic sulphobe-
taine and phosphorylcholine) show stronger water adsorption in comparison to bare 
silica. At full column saturation, the excess adsorbed water, Vex, fills up to 45% of 
the pore volume of silica-based columns. This corresponds to 6–9 monomolecular 
water layer equivalents for the ZIC-cHILIC and ZIC-HILIC zwitterionic stationary 
phases, to 3–5 monomolecular water layer equivalents for the stationary phases with 
bonded hydroxyl groups (Luna HILIC, YMC Triart diol and Ascentis Express OH5) 
and to 1–2 water layer equivalents for the XBridge HILIC and Atlantis HILIC col-
umns (Figure 1.11). Due to low affinity to water, the silica hydride-based stationary 
phases adsorb less than one monomolecular water layer equivalent (full horizontal 
line), corresponding to 0.2–0.4% water in the 2.6–5.5% of the inner pore volume [3].

A hydrosilated Cogent Silica C column shows a steep isotherm with a low plateau 
water concentration (water uptake of 2.6% inner pore volume, i.e., 0.45 water mono-
layer on the adsorbent surface – Figure 1.10).

The presence of electrolytes in the mobile phase usually increases the adsorption 
of water and consequently the retention of non-polar compounds [12].

A sub-monomolecular layer of adsorbed water does not provide enough space 
for a sample partition. Hence, competition between the surface-adsorbed water and 
polar solutes controls the retention [85]. A low number of the adsorbed monomo-
lecular equivalents may distinguish the aqueous normal-phase (ANP) from the tra-
ditional HILIC systems [3].

1.4.2 �T he Mobile Phase-Retention Models

Some of the retention models describing the theoretical effects of the mobile phase 
on retention date from the early days of HPLC, such as the Snyder–Soczewinski 
displacement model of retention in normal-phase adsorption chromatography [86]. 
Retention results from the competition between the molecules of the solute and of 
the strong solvent for the active sites on the adsorbent surface. In a two-component 
mobile phase comprised of a stronger (more polar) solvent B and a weak (less polar) 
solvent A, the solute retention factor, kab, depends on the specific adsorbent surface, 
As, the adsorbent activity, α′, and the solvent strength of the mixed mobile phase, εab.

	 log logk k Aab a s a ab= + ¢ × -( )a e e 	 (1.7)
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FIGURE 1.10  The Langmuir isotherms of water adsorbed on a Cogent Silica C silica 
hydride, a zwitterionic sulfobetaine (ZIC-HILIC) and an amide (TSkgel Amide 80) silica 
bonded stationary phases. cs – the volume fraction of excess water contained in the pores of 
the stationary phase; cm – the volume fraction of water in the mobile phase in equilibrium 
with the stationary phase; Nw – number of monomolecular water layer equivalent. Based on 
the data in [2].
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The solvent strength εab of a mixed binary phase that results from the solvent strengths 
of the stronger (more polar) solvent B, εb, and a less polar solvent A, εa, depends on 
the molar fraction, xb, of the strong solvent B in the mobile phase:
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With some simplification, the displacement adsorption model yields the simple 
Equation (1.9) describing the retention factor, k, as a function of the volume fraction 
of the strong solvent B, φ, in the binary mobile phase [87, 88].

	 log logk a m= - × j 	 (1.9)

a = log kb, where kb is the solute retention factor in the pure polar solvent B; the 
parameter m characterizes the number of molecules of the strong solvent B neces-
sary to displace one adsorbed molecule of the solute.

Snyder introduced the linear solvent strength model (LSS) to describe the effects 
of the volume fraction of the strong (polar organic) solvent, φ, on the retention in 
binary aqueous-organic mobile phases in reversed-phase chromatography [89]:

	 log logk a m= ¢ - ¢ ×j	 (1.10)

FIGURE 1.11  The equivalent number of the adsorbed monomolecular water layers, Nw, per 
the inner pore surface unit at the full saturation capacity on different stationary phases. The hor-
izontal line denotes the hypothetical monomolecular water adsorption. Based on the data in [3].
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a′ = kw, i.e., the solute retention factor in the weak solvent A (water) and m′ (S in 
the original Snyder work), characterizes the organic solvent elution strength. Some 
compounds may show the LSS behavior in the NP or ion exchange (IEX) separation 
modes. Equation (1.9), originally derived for the adsorption-displacement model of 
NPC chromatography, provides a better fit for some RP experimental data in com-
parison to the LSS equation (Equation (1.10)). This is understandable as in the real 
separation systems a pure separation mechanism is an exception rather than a rule 
and both partition and adsorption may participate in the retention mechanism [55].

The two-parameter equations, Equation (1.9) and Equation (1.10), often do not 
satisfactorily describe the experimental data. Several three- or more parameter mod-
els often provide an improvement in the data fit. A formal extension of Equation 
(1.10) to Equation (1.11) by adding a quadratic term dφ2 to characterize the curvature 
of the log k versus φ plots sometimes improves the model fit [90]:

	 log k a m d= - × + ×j j2 	 (1.11)

However, the physical meaning of the second-order term is not clear enough and 
even the quadratic model usually does not allow an accurate description of the RP 
retention over the full range of aqueous-organic mobile phases [91].

To account for possible combination of the adsorption and partition effects, Jin 
et al. presented a three-parameter mixed-mode retention model, which combines 
Equation (1.7) and Equation (1.9) to yield Equation (1.12) [92]:

	 ln lnk a b c= + + - ×j jH O H O2 2 	 (1.12)

Neue and Kuss introduced a more complex empirical model using three parameters 
(k0, b, m) [93]:

	 k k b e m b= + ×( ) × - × + ×( )
0

2 11 j j j/ 	 (1.13)

k0 is k in pure water. For a very low parameter b, Equation (1.13) becomes identical 
to the LSS Equation (1.10).

The comparison of the prediction errors of the two-parameter and more complex 
retention models in HILIC LC yielded ambiguous results [94, 95].

Usually, the three- or more parameter models fit the data better than the two-
parameter models do. However, a good fit alone does not prove the validity of the 
underlying model. If the amount of experimental data is too low relative to a high 
number of parameters, “over-fitting” of an equation due to a low number of degrees 
of freedom may result in a close fit to the biased data subject to experimental errors 
[96]. For the sake of model robustness, the model-based retention equation should be 
as simple as possible and include the smallest number of meaningful parameters that 
provide a good fit for the experimental data.

The two-parameter model equations, Equation (1.9) and Equation (1.10), and some 
three-parameter equations fail to describe the retention at very low concentrations of 
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the strong solvent, φ, in the mobile phase. The term b, introduced into Equation (1.9), 
corrects for possible retention in a pure weak solvent, k0 = 1/(b)m, in the ABM model 
Equation (1.14) [97]:

	 ¢ = + ×( )- ¢
k b a

m
j 	 (1.14)

When the retention in the pure strong solvent is small enough, the parameter b is 
negligible and Equation (1.14) becomes formally identical to Equation (1.9).

The ABM model does not strictly distinguish between the adsorption and the 
partition retention mechanisms. It describes retention in the organic NP chromatog-
raphy very well, however, where φ stands for the volume fraction of the polar solvent 
in the non-polar one [98]. The model is suitable also for RP chromatography, where 
φ denotes the volume fraction of the organic solvent; or in HILIC systems where φ 
denotes the volume fraction of water or of an aqueous buffer. For example, in the 
reversed-phase LC on core-shell columns the ABM Equation (1.14) fits the experi-
mental data better in comparison to the two-parameter equations (Figure 1.12). 
Equation (1.9) shows a slight systematic positive and Equation (1.10) slight system-
atic negative deviations from the experimental data (points) at lower acetonitrile con-
centrations in the mobile phase [18].

Rearranging the ABM model Equation (1.14) to Equation (1.15) reveals the rela-
tion of the parameters a, b to the retention factors in the pure weak solvent, k0, and 
in the pure strong solvent, k1, in the mobile phase. Hence, estimating the retention 
factors k0 and k1 from the experimental elution data is principally possible [4]:
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k
bm0
1= ¢  is the retention factor in the pure weak solvent A, k b a

m
1 = +( )- ¢

 is the 

retention factor in the pure strong solvent B and φ is the concentration of the strong 
solvent; m′ is proportional to the area of the solid surface occupied by one molecule 
of the solvent B. The strong solvent can be either water (aqueous buffer) in HILIC, 
or a polar organic solvent (acetonitrile) in RP LC. Table 1.2 shows a few examples of 
the experimentally evaluated parameters a, b, m′ of the ABM equation for benzene 
and a few alkylbenzenes, phenolic acids and flavones on two core-shell columns, 
Kinetex EVO C18 and Ascenti Express Phenyl-Hexyl, in acetonitrile-water mobile 
phases. The table also shows the estimated retention factors in the pure aqueous 
buffer, k0, and in the pure acetonitrile, k1. The parameter b decreases with increas-
ing analyte lipophilicity and is almost insignificant for pentylbenzene and higher 
alkylbenzenes, so that Equation (1.15) eventually becomes identical to Equation 
(1.9). In spite of the relatively low accuracy of the estimated k0 and k1 values, which 
are not accessible to direct determination, the data calculated from the parame-
ters a, b, m′ may illustrate some trends in retention in reversed-phase and HILIC 
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systems. The retention factors, k1, in pure acetonitrile are low (0.1–0.4). On the other 
hand, the term b is important with phenolic acids and flavones. All compounds, 
except for phenolic acids (k0 = 43–220), show very high retention in pure water, 
(k0 ≥ 104). For polar flavones and phenolic acids, the estimated k1 in acetonitrile are 
very low, in the range 10−5–10−3. The Phenyl-Hexyl siloxane bonded phase shows 
some preference for flavones in pure acetonitrile with respect to the octadecyl silox-
ane bonded phase.

FIGURE 1.12  Effects of the volume fraction of acetonitrile, φACN, on the retention factors, 
k, of biochanin A, hesperidin and hesperetin for LSS (A, Equation (1.10)), NP (B, Equation 
(1.9)) and ABM (C, Equation (1.14)) retention models on a Kinetex BiPhenyl column.
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TABLE 1.2
Experimental Values of the Parameters a, b and m′ of the ABM Retention 
Model, Equation (1.14), for Alkybenzenes, Phenolic Acids and Flavones on 
the Kinetex EVO C18 and Ascentis Express Phenyl-Hexyl Columns

Equation (1.14) Equation (1.15)

Comp. b a m′ D2 k0 k1

Kinetex EVO C18

Alkylbenzenes (30–70% acetonitrile/water)
B 0.40 ± 0.02 1.06 ± 0.03 5.34 ± 0.21 1.0000 1.3·102 0.13

EB 0.14 ± 0.02 1.23 ± 0.02 4.80 ± 0.14 1.0000 1.5·104 0.22

PeB 0.01 ± 0.01 1.16 ± 0.00 5.44 ± 0.01 1.0000 2.1·1016 0.44

Phenolic acids (3–13% acetonitrile/water)
SYR 0.41 ± 0.07 3.65 ± 0.33 4.31 ± 0.77 0.9998 44.9 2.4·10−3

HPA 0.59 ± 0.12 2.77 ± 0.71 5.17 ± 1.85 0.9996 15.8 1.9·10−3

SIN 0.42 ± 0.11 2.86 ± 0.35 6.18 ± 1.75 0.9998 221.8 6.5·10−4

Flavones (10–30% acetonitrile/water)
LUT 0.10 ± 0.01 2.83 ± 0.02 5.00 ± 0.11 1.0000 9.2·104 4.6·10−3

NGI 0.24 ± 0.01 3.48 ± 0.05 6.64 ± 0.15 1.0000 1.3·104 1.6·10−4

HED 0.10 ± 0.02 4.03 ± 0.08 5.61 ± 0.23 1.0000 4.0·105 3.5·10−4

Ascentis Express Phenyl-Hexyl

Alkylbenzenes (30–70% acetonitrile/water)
B 0.52 ± 0.01 0.87 ± 0.03 6.68 ± 0.23 1.0000 8.0·101 0.11

EB 0.22 ± 0.02 1.20 ± 0.03 5.31 ± 0.21 1.0000 3.5·103 0.16

PeB 0.04 ± 0.03 1.25 ± 0.02 5.65 ± 0.30 1.0000 1.6·108 0.24

Phenolic acids (5–13% acetonitrile/water)
SYR 0.27 ± 0.02 3.99 ± 0.10 2.87 ± 0.16 1.0000 43.4 1.6·10−2

HPA 0.31 ± 0.02 4.22 ± 0.13 2.49 ± 0.11 1.0000 17.6 2.3·10−2

SIN 0.22 ± 0.02 3.12 ± 0.03 3.48 ± 0.13 1.0000 203.6 1.5·10−2

Flavones (15–30% acetonitrile/water)
LUT 0.09 ± 0.05 2.70 ± 0.12 4.70 ± 0.44 1.0000 9.3·104 8.0·10−3

NGI 0.14 ± 0.01 3.51 ± 0.03 5.98 ± 0.06 1.0000 9.0·104 4.3·10−4

HED 0.11 ± 0.01 3.60 ± 0.05 5.83 ± 0.11 1.0000 4.4·105 4.9·10−4

k0  – Retention Factor in Pure Water; k1 – Retention Factor in Pure Acetonitrile, Equation (1.15);  
D2 – Coefficient of Determination.
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1.4.3 �M odeling Gradient-Elution Liquid Chromatography

In the course of gradient elution, the composition of the mobile phase changes by the 
mixing of two or more components, according to a pre-set program. A weaker mobile 
phase used in the initial part of the gradient elution provides adequate retention of 
weakly retained compounds, while increasing the concentration of the strong eluting 
component gradually decreases the retention of late-eluting compounds. Eventually, 
the retention of the too early eluting compounds increases and the strongly retained 
solutes elute faster in comparison to the isocratic elution. In addition to improved 
resolution, the gradient elution provides narrower bandwidths, increased peak capac-
ity and shorter separation time with respect to the isocratic separations.

In the reversed-phase gradient systems, the proportion of a polar organic sol-
vent in the aqueous-organic mobile phase increases with time. On the contrary, in 
the HILIC gradients, the retention of polar compounds decreases by increasing the 
water proportion in the mobile phase. The theory of gradient-elution chromatogra-
phy allows one to predict the gradient-elution retention times and bandwidths and to 
optimize gradients in various reversed-phase, normal-phase and ion exchange sys-
tems. This is important for compound identification and for setting the time windows 
for peak integration, and in fundamental studies of retention [99].

Unlike isocratic elution, the retention factors ki during gradient elution can be 
considered constant only within a very small (differential) time interval dt, in which 
the sample zone migrates a very short distance along the column, corresponding to 
the differential of the column hold-up time, dtm. The solute migration during the 
interval dt corresponds to an increase in the final net retention time, ¢tR , by the dif-

ferential increment d tR( )¢ :

	 d t k d tR i m¢( ) = × ( )	 (1.16)

The solution of Equation (1.16) enables calculations of the gradient retention data 
in various LC systems. The integration of the equation requires the combining of 
the equation controlling the gradient program with the appropriate model retention 
equation (such as Equation (1.9), Equation (1.10) or Equation (1.14)). The regression 
analysis of the experimental isocratic or independent gradient retention data pro-
vides the necessary retention equation parameters [100].

In linear gradient elution, the volume fraction of the strong solvent B, φ increases 
proportionally to the volume of the mobile phase passed through the column, V, 
from the initial concentration, A, to the φG at the end of the gradient: φ = A + B⋅V. The 
effects of the gradient ramp (B) and gradient range (φG – A) on the elution volumes, 
VR(g), can be predicted from the parameters of the isocratic model equations, assum-
ing that the column hold-up volume, Vm, does not change significantly in the gradient 
range [101, 5]. Only a few retention equations (such as Equation (1.9), Equation (1.10), 
Equation (1.13) and Equation (1.14)) allow a direct analytical solution; other models 
require numerical integration. The reversed-phase Equation (1.10) yields the gradient 
Equation (1.17), identical to the solution of the Snyder LSS gradient model [102–105]:
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The isocratic NP Equation (1.9) provides the gradient equation, Equation (1.18) [102, 106]:
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The three-parameter isocratic Equation (1.14), applied to the gradient elution, yields 
Equation (1.19) [100]:
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Vm is the column hold-up volume, A and B are the parameters of the linear gradi-
ent (φ = A + B·V). V = t·Fm is the volume of the mobile phase that has flown through 
the column in the time, t, that has elapsed since the start of gradient elution at the 
mobile phase flow rate Fm. a, b, k0, m and m′ are the best-fit regression parameters 
of Equation (1.9), Equation (1.10) and Equation (1.14), respectively. VD is the instru-
mental dwell volume (i.e., the volume of the gradient mixer and of the connecting 
tubing between the mixer and the column inlet) containing the starting mobile phase 
in which less retained compounds may move some distance along the column under 
isocratic conditions, before the front of the gradient program.

Like the ABM model, the Neue–Kuss three-parameter model equation, Equation 
(1.13), also allows for direct analytical calculations of the gradient retention times 
from the isocratic equation parameters, yielding Equation (1.20) [93]:
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In Equation (1.17)–Equation (1.20), tR(g) = VR(g)/Fm is the gradient retention time, 
tm = Vm/Fm is the column hold-up time and tD is the gradient delay time due to the 
instrumental gradient dwell volume between the injection port and the gradient 
mixer. Equation (1.20) is more complex in comparison with the ABM gradient 
Equation (1.19), hence is more sensitive to calculation errors.

Equation (1.17) is formally identical with the LSS gradient equation introduced 
by Snyder et al. [89], widely applied in RP systems. In some RP systems, the gradi-
ent elution volumes predicted from Equation (1.18), Equation (1.19) and Equation 
(1.20) provide comparable or even better agreement with the experimental data, 
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for example, fast (1–2 min) gradients in the second dimension of comprehensive 
two-dimensional chromatography [107] using short packed [108], core-shell [109] 
or silica monolithic columns [110]. Figure 1.13 compares the prediction errors of the 
two-parameter displacement and LSS models and the three-parameter ABM model 
on short 5 cm C18 and Phenyl-Hexyl core-shell columns for 1–5 min acetonitrile-
water gradients run at 2 mL/min and 4.5 ml/min [4]. The errors in the gradient 
retention volumes of alkylbenzenes and flavones predicted with the best-fit model 
parameters determined by the regression analysis of the isocratic and gradient input 
data decrease in the order: LSS > displacement > ABM models. The parameters 
of the ABM model acquired under gradient conditions provide prediction errors in 
the gradient elution volumes of alkylbenzenes (≤ 0.4% ) and flavones, (≤ 1.2%), 
in agreement with the results reported earlier [111]. The computation is relatively 
easy with the generally available statistical software. The strategy of the commercial 
DryLab gradient optimization software employs the LSS model and the experimen-
tal data acquired in two scouting gradient experiments [112, 113].

In the HILIC gradient elution, the concentration of water (or an aqueous buf-
fer) increases. For the prediction of the HILIC gradient retention data, Pirok et al., 
employing the model parameters acquired in two scouting gradient runs, find the 
two-parameter displacement NP model, Equation (1.9), more accurate in comparison 
to the two-parameter LSS model, Equation (1.10), the mixed-mode three-parame-
ter model, Equation (1.12), the quadratic model, Equation (1.11), or the Neue–Kuss 
model, Equation (1.13). The prediction accuracies depended on the analyte class and 
on the stationary phase, with better results for a diol column than for an amide col-
umn [114].

In a similar comparison study, Tyteca et al. [115] found the mixed model (Equation 
(1.12)) most suitable for describing and predicting the gradient data for twelve 
nucleobases and nucleosides, while the quadratic relationship (Equation (1.11)) was 
the worst. The empirical Neue-model (Equation (1.13)) provided predictions close 
to those of the mixed model. However, since the mixed model cannot be integrated 
analytically the authors recommend the empirical Neue-model (Equation (1.20)) for 
the prediction of the gradient retention in the HILIC.

The gradient retention models assume that the phase ratio remains constant dur-
ing gradient elution. This is not the case in HILIC, where the gradients of increas-
ing water concentration continuously increase the thickness of the adsorbed water 
layer. As the adsorbed water layer forms a part of the stationary phase in HILIC, the 
continuously increasing water adsorption may affect the gradient prediction errors 
even more than the retention model equation employed. The hydrosilated silica gel 
columns with less than a monomolecular layer of adsorbed water (already 58–78% 
saturated at the gradient starting at water concentrations as low as 2%) showed 
excessively high errors in the predicted gradient retention volumes, which could be 
suppressed to 5% or less by correcting the actual gradient profile for the increas-
ing amount of adsorbed water [116]. On the other hand, the TSK gel Amide-80 and 
YMC Triart Diol columns strongly adsorbing water are obviously less sensitive to 
the water uptake during the gradient elution and provide the low uncorrected HILIC 
gradient prediction errors of Equation (1.19), 1.2–1.5% for gradients in the range of 
96–70% water [117].
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A numerical approach based on a targeted trial-and-error search allowed the 
(approximate) prediction of the retention of the first and the last peak in the HILIC 
gradient chromatogram [95]. The gradient modeling based on the non-linear Neue–
Kuss model applied to the coupled column systems with different stationary phase 
chemistries (an amide and a pentahydroxy functionalized silica gel) with a gradient 
from 95% to 85% acetonitrile was claimed to provide prediction errors of less than 
2% [115].

1.4.4 � Structural Retention Correlations

The stationary phases used in HPLC contain various chemical moieties, which pro-
vide different interactions with the individual sample classes. The phases chemically 
bonded on silica gel used in reversed-phase and HILIC separations contain residual 
silanol groups providing selective dipole–dipole, proton-donor, proton-acceptor, π–π 
electron and electrostatic interactions, in addition to the lipophilic interactions of the 
bonded moieties (such as the alkyl chains). The linear solvation energy relationships 
(LSER) model quantitatively describes the structural contributions to retention in 
liquid chromatography, employing multiple linear correlations between the retention 
and the molecular structural of a solute [118, 119]. The original model considering 
only the non-ionic compounds was later enlarged by including the solvation param-
eters describing the ionic interaction [120, 6]:

	 log k c v V s S a A b B d D d D= + × + × + × + × + × + ×- - + + 	 (1.21)

V, S, A, B, D− and D+ are the structural descriptors characterizing the sample: the 
molar volume of the solute, V, the dipole–dipole interactions, S, the hydrogen-bond-
ing acidity, A, and the hydrogen-bonding basicity, B. D− represents the negative 
charge carried by anionic species, and D+ represents the positive charge carried by 
cationic species. The coefficients v, s, a, b, d− and d+ of Equation (1.21) provide a 
measure of the response of the separation system (the stationary and the mobile 
phase) to the selective properties of the analytes obtained using multivariate simul-
taneous least-squares regression of the experimental retention data. The products 
of the system parameters and the corresponding molecular structural descriptors in 
Equation (1.21) characterize the contributions of the selective interactions to reten-
tion in particular separation systems.

The LSER model, intended for the classification of the column for RP HPLC, pro-
vides a good data fit in the HILIC LC (up to 95% acetonitrile) for the silica hydride, 
bonded polyethylene glycol, diol and zwitterionic sulfobetaine columns. The model 
is a useful tool in column design for verifying the expected effects on the retention 
of various ligands immobilized on the silica surface [72].

1.4.5 � Combined-Retention-Mechanism LC Systems

Polar and ion-exchange stationary phases contain some hydrocarbon moieties, which 
can give rise to non-polar (solvophobic) interactions. The classical ion-exchange res-
ins, which contain cation- or anion-exchange groups bonded on organic polymer 
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matrices with lipophilic properties, were used for the (essentially reversed-phase) 
separations of small non-ionic molecules long before the advent of silica bonded 
stationary phases [121].

The electrostatic-repulsion hydrophilic-interaction chromatography (ERLIC) on 
ion exchangers in highly organic mobile phases offers possibilities for the indepen-
dent adjusting of the HILIC and the ion-exchange selectivities. The anionic solutes 
retained via hydrophilic interactions are subject to the electrostatic repulsion, which 
decreases the retention of basic peptides [70].

1.4.5.1 � Mixed-Mode and Zwitterionic Stationary Phases
The mixed-mode retention mechanism is due to a cocktail of different solute / sta-
tionary phase / mobile phase interactions, largely independent of the mobile phase 
composition, such as solvophobic, polar, attractive or repulsive electrostatic effects 
[122, 123]. The LSER model (Equation (1.21)) in fact characterizes a mixed mode 
RP NP behavior, of course, with a dominant RP contribution and the possible par-
ticipation of the ion-exchange/repulsion effects.

Mixed-mode HILIC/ion-exchange stationary phases with a long-alkyl chain 
ligand and a hydrophilic polar terminal ion-exchange group bonded on the silica gel 
support have been designed to improve the separation selectivity for a wide range 
of polar and non-polar compounds in organic-rich mobile phases by combining the 
HILIC partition and ion exchange mechanisms [124–127].

The Acclaim mixed-mode WAX-1 and WCX-1 columns, or a weak anion 
exchanger, the PolyWAX LP column, prepared by modifying silica gel with a cross-
linked coating of linear poly(ethyleneimine), Figure 1.14 [128], offer complemen-
tary application possibilities to the typical HILIC stationary phases such as TSKGel 
Amide-80, ZIC-HILIC or polysulfoethyl A [129]. At high concentrations of aceto-
nitrile, the separating of basic and acidic peptides is possible in a single run, either 
on a strong anion exchange (SAX) or on a weak anion exchange (WAX) column. At 
a low pH, the HILIC and electrostatic repulsion retention mechanisms superimpose 
in the ERLIC mode. This enables the HILIC and the ion-exchange selectivities to be 
adjusted independently in highly organic mobile phases [130].

More recently reported mixed-mode HILIC/ion-exchange columns include, for 
example, a glutamine silica bonded stationary phase containing an amino alcohol 
group and two different amide groups, one a polar head and the other embedded into 
an aromatic phenyl ring [131]. A glutathione mixed-mode HILIC/cation-exchange 
stationary phase enables separations of peptides varying in both hydrophobicity/
hydrophilicity and charge [132], probably by the combined electrostatic repulsion 
and HILIC mechanisms [70].

Thiol-ene click chemistry, based on the reactions between a thiol and an alkene 
group, provides useful mixed-mode columns [133], for example, a thiol-Click-COOH 
column (thioglycolic acid bonded onto vinyl-bonded silica, Figure 1.14G), which 
provides selective separations of nucleosides, bases and water-soluble vitamins due 
to the combined HILIC–ion exchange mechanism [134]. Neomycin, a hydrophilic 
aminoglycoside containing six amino groups, seven hydroxyl groups and six glyco-
sidic oxygen functions, grafted onto silica gel, enables separations of organic acids 
by mixed-mode hydrophilic/ion-exchange interactions [135].
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A trimodal stationary phase prepared by coating porous spherical silica particles 
with charged organic polymer nano-beads (0.1 µm), covalently modifying the inner-
pore area with an organic layer, and the outer surface being modified with strong 
cation-exchange groups, shows both reversed-phase and weak anion-exchange prop-
erties. The spatial separation of the anion exchange and cation-exchange regions 
provides possibilities for simultaneous separations of acids, bases and neutral com-
pounds. At high acetonitrile concentrations, the material exhibits a mixed HILIC/
ion-exchange retention mechanism enabling simultaneous separation of ionized 
hydrophilic drugs and their counter-ions (e.g., penicillin G potassium salt) [136].

Zwitterionic stationary phases also contain spatially separated positively and 
negatively charged moieties. The sulfobetaine stationary phases contain the active 
zwitterionic layer grafted either on a silica gel or on a polymer support [137, 138]. 
An alkyl chain separates the strongly acidic sulfonic acid group at the end of the 
ligand from a strongly basic quaternary ammonium group closer to the silica gel 
support. The two oppositely charged groups are present in a 1:1 molar ratio, so that 
there is only a very low net negative surface charge of the bonded layer [69]. Polar 
(hydrogen-bonding and dipole–dipole) interactions are of primary importance, even 

FIGURE 1.14  Structures of some zwitterionic and mixed-mode HILIC–ion-exchange sta-
tionary phases.
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though weak electrostatic interactions may affect the separation of partially ionized 
analytes, too. The sulfobetaine-bonded ZIC-HILIC silica (Figure 1.14A) is suitable 
for HILIC separations of a wide range of small polar metabolomes [139], gluco-
sinolates [140], aminoglycosides [141], peptides, purine and pyrimidine bases and 
nucleosides [142], or glycopeptides [143, 144]. The HILIC separation of peptides on 
ZIC-HILIC columns at pH = 3 resembles the separations on strong cation exchangers 
(SCX), but improves at a higher pH (7–8) [145].

Capillary sulfobetaine organic polymer monolithic columns prepared by co-
polymerization of methacryloxyethyl-N-(3-sulfopropyl) ammonium betaine 
(MEDSA) with ethylene dimethacrylate (EDMA) are suitable for separations of 
nucleic bases and other neutral, basic and acidic polar analytes in aqueous-organic 
mobile phases containing 60% or more acetonitrile [42] or with 1.2-bis(p-vinylphenyl) 
ethane (BVPE) [146].

Phosphorylcholine stationary phases (Figure 1.14B) prepared by graft polymer-
ization of 2-methacryloyloxyethyl phosphorylcholine onto the surface of silica gel 
support differ from the sulfobetaine ZIC-HILIC material not only by the nature of 
the negatively charged group, but also by the charge arrangement, causing signifi-
cantly different separation selectivity for peptides, free amino acids and carboxylic 
acids [68]. HILIC on a capillary zwitterionic ZIC-cHILIC column enabled the sepa-
ration and identification of more than 100 N-glycopeptides and O-glycopeptides in 
a single run [147].

An amino-phosphate zwitterionic stationary phase containing a negatively 
charged phosphate group bonded via an ester spacer and a positively charged quater-
nary amine group (Figure 1.14F) can separate vitamins, nucleosides, deoxynucleo-
sides, nucleobases and aromatic acids under HILIC conditions [148].

1.4.5.2 � Serially Coupled HILIC/RP Columns
The on-line coupling of two columns with different polarities allows the simul-
taneous separation and determination of polar, moderately polar and non-polar 
compounds in complex samples. A set of serially coupled columns containing 
different stationary phases behaves like a new column with a modified selec-
tivity [149]. For example, serially coupled ZIC-HILIC sulfobetaine and amide 
columns allowed simultaneous separations of polar and non-polar metabolites 
in a mouse serum sample with a HILIC gradient from 95% to 35% acetonitrile 
in an aqueous buffer [150]. A single gradient of simultaneously increasing the 
concentration of acetonitrile and decreasing the salt concentration separated 
polar and non-polar phenolic compounds in wine on serially coupled C18 and 
zwitterionic columns [151].

Unfortunately, the on-line combinations of HILIC and reversed-phase HPLC 
are often subject to compatibility problems originating from the differences in the 
mobile phase elution strengths in the HILIC and in the RP modes. High concentra-
tions of the organic solvents used for the HILIC separations usually provide a weak 
retention in the RP systems, whereas the mobile phases rich in water used in RP 
HPLC are usually excessively strong HILIC eluents. This may significantly decrease 
the retention; un-symmetric or even split peaks may appear, with detrimental effects 
on the separation [152, 153].
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To mitigate the problem, a C18 reversed-phase column serially coupled via 
a T-capillary piece with a (polyhydroxyethyl aspartamide) HILIC column was 
employed for separation of quaternary ammonium compounds in brain extracts, 
including acylcarnitines of low polarity. The addition of the make-up flow of 95% 
acetonitrile to the effluent from the RP column improved the retention of the polar 
compounds transferred onto the HILIC column [154].

A column-switching setup with a HILIC BEH micro-column serially coupled with 
a Phenyl-Hexyl reversed-phase micro-column via a switching valve allowed separa-
tions of compounds widely differing in polarities. A trapping RP column retained a 
plug of weakly polar compounds eluting early from the tandem columns, until the 
separation of polar compounds on the HILIC column had been finished. Then the 
connecting valve was switched to redirect the weakly polar compounds onto the RP 
column for separation by a gradient of increasing acetonitrile concentration in 0.02% 
aqueous formic acid [155]. Without a column-switching approach, the mobile phase 
incompatibility is a major challenge when using a broad range of decreasing acetoni-
trile concentration on the RP and HILIC serially coupled columns.

1.4.5.3 � Dual-Mode Retention Mechanism on a Single Column
Some polar columns containing significant non-polar structural moieties usually 
provide both polar and non-polar interactions, with the role of the individual separa-
tion mechanisms being predominant in limited mobile phase composition ranges. 
In this aspect, the dual-mode retention mechanism on a single column differs from 
the common mixed-mode mechanism, less affected by the mobile phase range. The 
dual-mode HILIC/RP retention mechanism results in the predominating HILIC 
(ANP) mode at the high organic solvent concentrations (>60%) in the aqueous-
organic mobile phases; the RP mode primarily controls the retention in the highly 
aqueous mobile phase range [117].

The dual-mode HILIC/RP behavior depends on the column type and on the 
nature of the analytes. With ionic compounds, the dual-mode mechanism may 
include the RP/IEX or the HILIC/IEX mixed-modes. The separation selectivity in 
the HILIC mobile phase range largely differs from the RP range. Such a single polar 
column provides useful information on the sample by combining the data obtained 
in the acetonitrile-rich (HILIC) and in the highly aqueous (RP) mobile phases (often 
orthogonal) [156].

Some columns may provide practically useful separations only in either high 
organic solvent concentrations (HILIC) or highly aqueous mobile phases (RP), 
depending both on the stationary phase and on the analyte. In a major part of 
the medium mobile phase composition range, the retention of polar compounds is 
too low. On aminopropyl, amide, diol and cyanopropyl bonded stationary phases, 
many acidic and neutral pharmaceutically important compounds show stronger 
retention under RP conditions than in the HILIC range of the aqueous-organic 
mobile phase [157].

A Discovery HS PEG column with bonded poly(oxyethylene) groups, a LiChrocart 
100 DIOL column with bonded glycerol groups and a Luna HILIC 200A with diol 
stationary phase bonded via cross‐linked oxyethylene bridges all show a dual-mode 
retention mechanism for phenolic compounds. The Luna HILIC column retains the 
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phenolic acids and flavone compounds more strongly in both the HILIC and the RP 
modes in comparison to the PEG and DIOL columns [158].

In spite of a very low affinity to water, the silica hydride columns with bidentate 
C18, cholesterol, undecanoic acid (UDA), perfluorinated phenyl and other non-polar 
surface-bonded ligands show dual retention mechanisms, HILIC in buffered mobile 
phases containing more than 50–70% acetonitrile and RP at higher concentrations 
of water [159]. The unmodified hydrosilated columns do not show significant reten-
tion in the reversed-phase mode. The UDA silica hydride stationary phase shows 
increased separation selectivity for mono-, di- and tri-phosphate nucleotides with 
respect to the unmodified silica hydride column [160]. At increasing temperature, 
the retention factors and peak widths decrease both in the aqueous normal phase and 
in the reversed phase mobile phase range. In agreement with the van ’t Hoff model, 
linear ln k versus 1/T plots indicate a predominating single retention mechanism for 
each mobile phase range (k is the solute retention factor and T is the thermodynamic 
temperature in Kelvins). The Cogent UDC cholesterol column is stable up to 100°C 
and provides selective and efficient separations of flavones [161] and phenolic acids 
[53], both in the ANP and in the RP modes, with the (almost) reversed elution order.

Depending on the mobile phase composition, the zwitterionic silica bonded col-
umns often show a dual HILIC/RP retention mechanism [145, 68]. The retention 
on a ZIC‐HILIC column with sulfobetaine stationary phase bonded on silica gel is 
relatively weak in the RP mode. On the other hand, the organic polymer zwitter-
ionic columns offer relatively broad mobile phase ranges both for the HILIC and the 
RP separation modes and provide excellent separations of flavonoids, phenolic acids 
and other polar analytes in the two retention modes [162, 163]. Various functional 
monomers and cross-linkers provide useful dual-mode zwitterionic polymethacry-
late monolithic columns; longer-chain cross-linking agents improve the inner pore 
morphology and enhance chromatographic selectivity [41].

In situ (co)polymerization of [2-(methacryloyloxy)ethyl]-dimethyl-(3-sulfopropyl)-
ammonium hydroxide (MEDSA) zwitterionic monomer and bisphenol A glycerolate 
dimetacrylate (BiGDMA), or dioxyethylene dimethacrylate (DiEDMA), cross-link-
ing monomers in fused silica capillaries, yields efficient monolithic micro-columns, 
providing adequate retention of various polar compounds, such as nucleic bases, 
nucleosides, sulphonamides, heterocycles, aromatic acids, polyphenolic compounds, 
etc., both in the HILIC mode and in the RP mode [164].

Some chiral columns show a dual-mode HILIC/RP mechanism, in addition to 
enantiomeric selectivity. For example, after the separation of aqueous plant extracts 
into fractions on a beta-cyclodextrin bonded phase in the RP conditions, the same 
column allows later separation of the individual fractions in the HILIC mode [165].

In the presence of a dual HILIC/RP mechanism, the graphs of the sample reten-
tion factors, k, versus the volume fraction of water, jH O2 , in binary aqueous-organic 
mobile phases including the HILIC and the RP ranges (jH O2  > 0.02), show char-
acteristic U-profiles. The four-parameter Equation (1.22) often can describe these 
profiles [156]:

	 log logk a m m b= + - + ×( )× ×RP H O HILIC H O2 2j j1 	 (1.22)
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The parameter mRP characterizes the effect of the increasing concentration of water 
in the mobile phase on retention due to the RP mechanism in water-rich mobile 
phases, whereas the parameter mHILIC is a measure of the water contribution to the 
decrease of retention in the HILIC range. Equation (1.22) accounts for a low, but 
finite, retention at very low water concentrations [158]. Figure 1.15A and B show 
examples of the dual-mode U-shape graphs described by Equation (1.22) for sev-
eral sulfonamides on the MEDSA-BiGDMA and the MEDSA-DiEDMA monolithic 
capillary polymethacrylate zwitterionic columns [163]; Figure 1.15C illustrates this 
behavior for several flavonoids on a commercial Luna HILIC column [117].

Equation (1.22) employs fitting parameters determined using the retention factors, 
k, determined separately in the RP and HILIC ranges of the organic solvent–water 
mobile phase. In between the two ranges, around the (hypothetical) minimum on the 
U-shape graph, φmin, there is a more or less broad intermediate aqueous-organic mobile 
phase range, where the HILIC/RP retention mode transition occurs (Figure 1.15). The 
width and the position of the transition mobile phase area, providing very low reten-
tion, which generally increases with the solute polarity and depends on the stationary 
phase; for example, 70–90% acetonitrile for bonded polyethylene glycol columns in 
comparison to 40–70% acetonitrile for more polar diol and zwitterionic columns. The 
Luna HILIC column with significant proton-donor and proton-acceptor properties 
provides the mode transition for sugar-containing glycosides at higher water concen-
trations with respect to the corresponding aglycones [156].

The HILIC/RP transition range of the mobile phase practically rules out the usage 
of a dual-mode column for the simultaneous separation of non-polar and polar sam-
ples in a single broad range gradient run. The continuously increasing concentration 
of the organic solvent would elute all polar compounds when the gradient mobile 
phase composition meets the transition mobile phase range; this also applies for non-
polar compounds with the HILIC water gradients starting in a highly organic mobile 
phase. Hence, the separations of broad-polarity-range samples on dual-mode col-
umns need two independent subsequent sample injections, one in the HILIC range 
mobile phase and the other in the RP mobile phase range.

The exact application of Equation (1.22) needs different Vm values for the RP and 
the HILIC range, determined with the marker compounds appropriate for the indi-
vidual retention modes (e.g., uracil in the RP range and toluene in the HILIC range, 
respectively).

Table 1.3 lists the best-fit parameters of Equation (1.14) for several sulfonamides 
on the MEDSA-DiEDMA micro-column determined with Vm = 8.1 µL (toluene) in 
the HILIC range, 90–98% acetonitrile/water and Vm = 8.8 µL (uracil) in the RP range, 
20–40% acetonitrile/water). The difference of approximately 10% is probably due 
to different solvation of the zwitterionic polymethacrylate stationary phase in the 
acetonitrile-rich and in the highly aqueous mobile phases [4].

Defining the volume of the stationary phase, Vs, as the volume of the inner pores, 
V, (convention 3) avoids this inconvenience; Vm, determined as the retention volume 
of a large molecule, of polystyrene with Mr = 1,800,000, on the MEDSA-DiEDMA 
micro-column, Vm = 6.7 µL, is equal in the HILIC and the RP mobile phase ranges 
(see Figures 1.2 and 1.3). The numerical values of the best-fit parameters of Equation 
(1.22), determined with convention 3, differ from the parameters determined 
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FIGURE 1.15  Effect of the volume fraction of the water, jH O2 , in buffered aqueous-organic 
mobile phases on the retention factors, k, of sulfonamides on monolithic MEDSA-DiEDMA 
(A) and MEDSA-BiGDMA (B) dual-mode micro-columns, and of flavones on a Luna HILIC 
(C) column. Based on the data in [7].
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according to the classical convention 1, with different values of Vm in the HILIC 
and RP mobile phase ranges. However, both conventions yield similar fitting qual-
ity and standard deviations of the parameters of the retention equations (Table 1.4). 
The retention factors predicted using Equation (1.22) with convention 3 are slightly 
higher in comparison to the data predicted with convention 1 (Figure 1.16). The 
results demonstrate that selection of the convention is not critical for the method 
development and optimization of the separation on the dual-mode HILIC/RP col-
umns. Anyway, convention 3 (inner pores) is more consistent as it employs a single 
Vm value for a dual-mode column over the full mobile phase range.

The LSER model (Equation (1.21)) fits the retention data measured on various 
dual-mode columns in the HILIC mode and in the RP mode. Different interactions 

TABLE 1.3
Experimental Values of the Parameters a, b and m′ for Retention Models of 
Equation (1.14) Sulfonamides and Derivatives of Benzoic Acids on the 
MEDSA-DiEDMA Monolithic Micro-Column 

Comp. b a m′ D2

Sulfonamides

HILIC (2–10% water/acetonitrile), ¢ = + ×( )- ¢
k b a

m
jjH O2 , Vm = Vr,toluene = 8.1 µL

SDD 0.91 ± 0.04 12.06 ± 3.63 2.16 ± 0.47 0.9998

SNA 0.01 ± 0.03 13.54 ± 0.69 1.13 ± 0.05 0.9978

SAA 0.37 ± 0.06 6.02 ± 0.46 3.68 ± 0.54 0.9999

STZ 0.00 ± 0.00 10.22 ± 0.02 1.83 ± 0.01 1.0000

HILIC (2–10% water/acetonitrile), ¢ = + ×( )- ¢
k b a

m
jjH O2 , Vm = Vr,polystyrene, Mw = 1 800 000 = 6.7 µL

SDD 0.57 ± 0.10 19.64 ± 4.80 0.98 ± 0.17 0.9997

SNA 0.00 ± 0.00 10.21 ± 0.75 1.05 ± 0.05 0.9965

SAA 0.29 ± 0.04 5.96 ± 0.25 3.11 ± 0.33 0.9999

STZ 0.00 ± 0.00 8.88 ± 0.12 1.78 ± 0.01 0.9999

RP (20–40% acetonitrile/water), ¢ = + ×( )- ¢
k b a

m
jjACN , Vm = Vr,uracil = 8.8 µL

SDD 0.69 ± 0.15 0.99 ± 0.47 8.61 ± 4.37 0.9999

SNA 0.71 ± 0.03 0.75 ± 0.07 7.23 ± 0.69 1.0000

SAA 0.62 ± 0.10 1.19 ± 0.30 6.73 ± 1.83 0.9999

STZ 0.29 ± 0.02 1.89 ± 0.06 3.83 ± 0.17 1.0000

RP (20–40% acetonitrile/water), ¢ = + ×( )- ¢
k b a

m
jjACN , Vm = Vr,polystyrene, Mw = 1 800 000 = 6.7 µL

SDD 0.23 ± 0.07 1.90 ± 0.16 2.94 ± 0.36 0.9999

SNA 0.41 ± 0.00 1.15 ± 0.01 3.24 ± 0.03 1.0000

SAA 0.20 ± 0.03 1.95 ± 0.07 2.64 ± 0.15 1.0000

STZ 0.05 ± 0.01 1.99 ± 0.01 2.39 ± 0.04 1.0000

Sulfonamides: SDD – Sulfadimidine, SNA – Sulfanilamide, SAA – Sulfacetamide, STZ – Sulfathiazole. 
D2 – coefficient of determination.
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and consequently different system response parameters apply in the two modes, and 
hence the dual-mode systems need separate treatment of the retention data in the 
RP and in the HILIC mobile phase ranges. The mobile phase composition affects 
the LSER characteristics of the separation phase systems (Equation (1.21)) more 
significantly in the HILIC mode than in the RP mode, as illustrated by the data for 
phenolic acids on three diol and amide columns in Table 1.5 [117]. The basicity of 
the stationary phase, including the adsorbed water layer (proton-acceptor interac-
tions, parameter b) and, to a lesser extent, dipole–dipole interactions (parameter s), 
enhances the retention of phenolic acids in the HILIC mode range (4–10% water 
in acetonitrile). On the other hand, increasing molar volume (parameter v) and the 

TABLE 1.4
Experimental Values of the Parameters a1, mRP, mHILIC and b1 for the  
HILIC/RP Dual-Mechanism Retention Model of Equation (1.22) for 
Sulfonamides and Aromatic Acids on the MEDSA-DiEDMA Monolithic 
Micro-Column

Comp. a1 mRP mHILIC b1 D2 φmin

Sulfonamides

Vm,HILIC = Vr,toluene = 8.1 µL, Vm,RP = Vr,uracil = 8.8 µL
SDD 0.10 ± 0.01 7.27 ± 0.19 6.72 ± 0.34 6.85 ± 0.40 0.9998 0.26

SAA 1.57 ± 0.01 7.99 ± 0.12 8.18 ± 0.20 9.12 ± 0.30 0.9999 0.33

Vm,HILIC = Vr,polystyrene Mw = 1 800 000 = 6.7 µL, Vm,RP = Vr,polystyrene Mw = 1 800 000 = 6.7 µL
SDD 0.18 ± 0.02 5.71 ± 0.28 5.12 ± 0.51 6.75 ± 0.78 0.9995 0.24

SAA 1.73 ± 0.05 5.86 ± 0.36 5.05 ± 0.46 16.46 ± 2.41 0.9983 0.31

Aromatic acids

Vm,HILIC = Vr,toluene = 8.1 µL, Vm,RP = Vr,uracil = 8.8 µL
HMB 1.91 ± 0.08 9.08 ± 0.62 10.40 ± 1.22 7.79 ± 1.28 0.9987 0.37

FMA 1.76 ± 0.06 8.59 ± 0.41 8.89 ± 0.75 8.79 ± 1.06 0.9984 0.34

PTA 0.68 ± 0.05 8.17 ± 0.33 6.89 ± 0.60 9.07 ± 1.16 0.9997 0.26

PHT 1.58 ± 0.04 8.00 ± 0.59 10.87 ± 1.40 5.01 ± 0.75 0.9986 0.39

Vm,HILIC = Vr,polystyrene Mw = 1 800 000 = 6.7 µL, Vm,RP = Vr,polystyrene Mw = 1 800 000 = 6.7 µL
HMB 2.20 ± 0.20 6.37 ± 0.78 5.96 ± 1.12 16.56 ± 6.00 0.9933 0.37

FMA 1.96 ± 0.06 7.34 ± 0.37 7.02 ± 0.60 11.12 ± 1.52 0.9982 0.34

PTA 0.68 ± 0.05 8.31 ± 0.57 8.20 ± 1.22 6.09 ± 1.13 0.9992 0.26

PHT 1.70 ± 0.05 6.24 ± 0.42 7.41 ± 0.83 7.20 ± 1.07 0.9985 0.39

φmin – the Volume Fraction of the Aqueous Part of the Mobile Phase at the Transition between the 
HILIC and RP Mechanisms. SDD – Sulfadimidine, SAA – Sulfacetamide. Aromatic Benzoic Acids: 
HMB – 4-(hydroxymethyl)benzoic Acid, FMA – 4-Formylbenzoic Acid, PTA – p-Toluic Acid, 
PHT – Phthalic Acid. D2 – Coefficient of Determination.
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acidity of the stationary phase (parameter a) decreases retention in the HILIC mode, 
but increases retention in the RP mode range (95% water), where the dipole–dipole 
(s) and hydrogen-bonding interactions between the stationary phase and the sol-
utes (b) decrease the retention. The differences in the values of the parameters for 
the individual columns depend on the polarity, cohesiveness and concentration of 

FIGURE 1.16  Effect of the phase volume convention on the U-shape graph of the volume 
fraction of water, jH O2 , in buffered aqueous–acetonitrile mobile phases versus the reten-
tion factors, k, of aromatic benzoic acids on a monolithic MEDSA-DiEDMA micro-column.  
(A) – convention 1, Vm,HILIC = Vr,toluene = 8.1 µL, Vm,RP = Vr,uracil = 8.8 µL; (B) – convention 3,  
Vm,HILIC = Vm,RP = Vr,polystyrene Mw = 1 800 000 = 6.7 µL.
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water adsorbed in the pores and on the differences in the structure of the stationary 
phases. Including parameter D−, representing the contribution of ionic (repulsion) 
interactions significantly improves the fit of the LSER Equation (1.21) for phenolic 
acids [158].

Figure 1.17 shows several examples of the separation of phenolic antioxidants 
on a MEDSA-DiEDMA (A, B) and a MEDSA-BiGDMA (C, D) zwitterionic poly-
methacrylate micro-column (0.32 mm i.d.) in the HILIC (A, C) and in the RP (B, D) 
mobile phase ranges [164]. The two columns show the almost reversed elution order 
in the HILIC range (80% acetonitrile) with respect to the RP range (40% acetoni-
trile), but there are significant differences in the retention and elution order, due to 
the different structures of the cross-linking agents (see Figure 1.15A and B).

The dual retention mechanism columns provide complementary selectivities in 
the HILIC and in the RP modes, so that they are suitable for orthogonal two-dimen-
sional (2-D) LC-LC applications [152]. The mobile phase incompatibility challenges 
the possibilities of the on-line coupling of the HILIC and RP systems. However, a 
single dual-mode column offers the possibility for 2-D separations in a sequence of 
alternating sample injections and subsequent HILIC and RP gradients with decreas-
ing and increasing concentrations of acetonitrile, allowing a sufficient equilibration 
time between the alternating runs [156].

Some polar columns showing a dual HILIC/RP mechanism appear useful in 
combined comprehensive two-dimensional (2D) RP × RP and HILIC × RP runs. For 
example, it is possible to run a zwitterionic polymethacrylate MEDSA-BiGDMA 
micro-column in the first dimension (D1), alternating in the RP mode with a highly 
aqueous mobile phase and in the HILIC mode at high acetonitrile concentrations 
[164]. In either alternating modes, an on-line coupled short (3–5 cm) core-shell or 
monolithic silica C18 column provides the second-dimension (D2) separation in the 
comprehensive 2D setup [166]. The HILIC × RP D1 period employed a gradient of 

TABLE 1.5
The System Response Parameters c, v, s, a, b and d− of the Chirita LSER 
Model (Equation (1.21) for Phenolic Acids on the YMC Triart Diol-HILIC, 
Luna HILIC and TSK Gel Amide Columns 

Column Mode jjHH OO22
c v s a b d− R2

YMC-Triart Diol-HILIC HILIC 0.10 0.91 −1.28 0.43 −0.44 0.89 −0.56 0.9935

0.04 1.40 −1.45 0.53 −0.47 0.90 −0.49 0.9920

RP 0.95 −1.57 1.66 −0.39 0.19  −0.53 − 0.9240

Luna HILIC HILIC 0.10 0.91 −1.21 0.37 −0.46 1.49 −0.39 0.9980

0.04 1.23 −1.19 0.43 −0.48 0.67 −0.46 0.8923

RP 0.95 −2.65 2.92 −0.59 0.65 −1.49 − 0.9344

TSK Gel Amide HILIC 0.10 1.51 −1.63 0.45 −0.51 1.10 −0.60 0.9854

0.04 2.45 −2.16 0.57 −0.63 1.40 −0.68 0.9906

RP 0.95 −1.65 3.18 −0.50 0.04 −1.89 −0.50 0.9309

R2 – Multiple Correlation Coefficient.
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decreasing acetonitrile concentration, followed by flushing the micro-column with 
a highly aqueous mobile phase for five minutes. Repeated sample injection followed 
for the separation under reversed-phase gradient conditions with increasing concen-
tration of acetonitrile. Figure 1.18 shows 2D chromatograms of flavones and related 
polyphenolic compounds, acquired with a single first-dimension MEDSA-BiGDMA 
micro-column employing two consecutive injections with alternating decreasing and 
increasing acetonitrile gradients. The dual LC × LC approach can be automated to 
obtain three-dimensional data (zwitterionic HILIC, zwitterionic RP and C18 RP) in 
a relatively short time [167].

1.5 � CONCLUSIONS, FURTHER PERSPECTIVES

The last decade has witnessed the spectacular development of new, highly efficient 
column formats (sub-2 µm and core-shell column packing particles, monolithic and 
recently micro-pillar separation media). A plethora of new stationary phase chemis-
tries have been introduced, such as mixed-mode separation materials and especially 
silica bonded and organic polymer materials for a relatively new HILIC technique, 
employing separation systems with polar columns (NP) and aqueous-organic mobile 

FIGURE 1.17  Dual-mode isocratic separation of flavonoid compounds on DiEDMA 
(179 × 0.32 mm) and BiGDMA (123 × 0.32 mm) MEDSA zwitterionic polymethacrylate 
micro-columns. A – HILIC separation on a MEDSA-DiEDMA (179 × 0.32 mm) column: flow 
rate 2 µL/min; mobile phase 80% acetonitrile + 20% 10 mM ammonium acetate in water; UV 
detection 214 nm. B – RP separation on a MEDSA-DiEDMA (168 × 0.32 mm) column: flow 
rate 5.5 µL/min; mobile phase 40% acetonitrile + 60% 10 mM ammonium acetate in water; 
UV detection 214 nm. C – HILIC separation on a MEDSA-BiGDMA (123 × 0.32 mm) col-
umn: flow rate 2.1 µL/min; mobile phase 80% acetonitrile + 20% 10 mM ammonium acetate 
in water; UV detection 214 nm. D – RP separation on a MEDSA-BiGDMA- (123 × 0.32 mm) 
column: flow rate 3.1 µL/min; mobile phase 40% acetonitrile + 60% 10 mM ammonium ace-
tate in water; UV detection 214 nm. Compounds: 13 – (−)-Epicatechine, 14 – (+)-Catechine, 
15 – Flavone, 16 – 7-Hydroxyflavone, 17 – Apigenine, 18 – Lutheoline, 19 – Quercetine, 
20 – Rutine, 21 – Naringine, 22 – Biochanin A, 23 – Naringenine, 24 – Hesperetine, 25 – 
Hesperidine, 26 – Morine, 27 – Myricetine, 28 – Esculine, 29 – Esculetine, 30 – Scopoletine, 
31 – 4-Hydroxycoumarine, 32 – 7-Hydroxycoumarine. Inserted structure of DiEDMA and 
BiGDMA cross-linkers. Based on the data in [163].
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phases (RP). The mobile phase, an equally important player in the HPLC separation 
systems, has attracted less attention.

Besides the trial-and error approach, the composition of the mobile phase in the 
isocratic LC or the gradient elution program can be adjusted using commercial tools 
such as DryLab optimization software, or by dedicated chemometric approaches. 
The approaches usually depart from a set of experimental data acquired under two 
to six different initial isocratic or gradient conditions with a few pure standards or 
with a sample itself. The optimization process employs the data interpolation or 
extrapolation based on a retention model describing the effects of the mobile phase 
composition on the retention factors, most frequently the Snyder LSS model of 
reversed-phase LC, or the adsorption-displacement (normal-phase) model. Besides 
these two-parameter models, three-parameter or more complex equations may 
provide a better fit for the retention data, such as the quadratic model, the mixed 

FIGURE 1.18  Dual-mode HILIC × RP + RP × RP 2D separation of phenolic acids and fla-
vones on a MEDSA-BiGDMA micro-column (160 × 0.53 mm) in alternating HILIC (left from 
the arrow indicating the second sample injection) and RP (right) modes in the first dimen-
sion; decreasing (HILIC) and increasing (RP) gradient of acetonitrile in water. A Chromolith 
C18 HighResolution column (50 × 4.6 mm) in the second dimension. Fm,D1 = 3 μL/min, 
Fm,D2 = 5 mL/min. 1 – Gallic acid, 2 – Protocatechuic acid, 3 – p-Hydroxybenzoic acid, 4 – 
Salicylic acid, 5 – Vanillic acid, 6 – Syringic acid, 7 – 4-Hydroxyphenylacetic acid, 8 – Caffeic 
acid, 9 – Sinapic acid, 10 – p-Coumaric acid, 12 – Ferulic acid, 12 – Chlorogenic acid, 13 – 
(−)-Epicatechine, 14 – (+)-Catechine, 15 – Flavone, 16 – 7-Hydroxyflavone, 17 – Apigenine, 
18 – Lutheoline, 19 – Quercetine, 20 – Rutine, 21 – Naringine, 22 – Biochanin A, 23 – 
Naringenine, 24 – Hesperetine, 25 – Hesperidine, 26 – Morine, 27 – Myricetine, 28 – Esculine, 
29 – Esculetine, 30 – Scopoletine, 31 – 4-Hydroxycoumarine, 32 – 7-Hydroxycoumarine. 
Based on the data in [167].
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adsorption-partition model or the Neue–Kuss model. The three-parameter ABM 
model employs the parameters related to the retention in the pure weak and the pure 
strong solvent in binary mobile phases, regardless of the adsorption, partition or 
mixed (the most frequent case) retention mechanism. Several models provide equa-
tions enabling explicit calculations of the retention in gradient elution, based on the 
isocratic or gradient input data.

Some columns show a mixed ion-exchange-RP or ion-exchange-HILIC retention 
mechanism, while other polar columns provide largely prevalent RP mechanism in 
water-rich mobile phases with, at the same time, a HILIC mechanism at high con-
centrations of the organic solvent. Such a single dual-mode column often provides 
complementary separation selectivities for the sample repeatedly injected in alter-
nating runs in the two mobile phase ranges, in one-dimensional or two-dimensional 
LC systems.

Modeling the retention, especially but not only on the dual-mode columns, meets 
difficulties in properly defining the ratio of the volumes of the stationary and of the 
mobile phases in the column. Because of the different solvation of the solid phase 
in polar and non-polar solvents, the hold-up volume markers provide slightly differ-
ent Vm values in the HILIC and in the RP ranges. The boundary between the liquid 
stationary phase (adsorbed solvent) and the bulk mobile phase inside the column 
pores is more diffuse rather than clearly fixed, especially in HILIC systems, where 
the adsorbed water forms a part of the stationary phase, changes proportionally 
to the composition of the mobile phase and strongly differs among various polar 
columns. Further, in many experimental phase systems, both the partition and the 
adsorption effects may contribute to the retention in HPLC, which further compli-
cates the situation. On the other hand, we need the phase volumes in the column for 
the thermodynamic interpretation of the chromatographic retention data. Adopting 
a definition of the phase volumes by convention may provide a less ambiguous solu-
tion acceptable in the method development, even though not theoretically fully rig-
orous. Possible conventions of the stationary phase: 1/ The inner volume of the 
column after subtraction of the volumes of the inner pores and of the inter-particle 
volume. 2/ In addition to the volumes of the intra- and inter-particle pore volumes, 
the volume of the inaccessible spaces (such as the volume of the core in superficially 
porous particles) is also subtracted from the column inner volume. 3/ The volume of 
the inner pores, such as in size-exclusion chromatography. The inner pore volume 
can be determined as the difference of the elution volumes of a small molecule (e.g., 
toluene) and of a large one (e.g., the polystyrene standard with Mr > 106). As the 
experimental determination may be inconvenient for a common analytical labora-
tory, the column manufacturer’s information may include the information on the 
pore porosity, εi.

In the future, the development of new stationary phases, based on the silica gel 
or organic polymer supports, will continue, especially in the monolithic and micro-
pillar formats. New stationary phases will provide new separation selectivities, pos-
sibly tailored according to the needs of practical problems. Our understanding of 
the retention models will improve, especially concerning the mixed-mode retention 
mechanisms. We can expect new multi-use columns with separation ranges designed 
for specific applications using optimized mobile phase ranges.
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2.1 � INTRODUCTION

This chapter focuses on recent developments in the use of temperature to improve 
separations by reversed-phase liquid chromatography (RPLC). Lloyd Snyder con-
tributed enormously to chromatography in general, also being among the first to 
recognize and exploit the use of temperature in liquid chromatographic optimiza-
tion. Snyder’s early work in liquid chromatography was in normal phase separations. 
In typical Snyder fashion, he made quantitative comparisons of various chromato-
graphic approaches, viz., solvent programming, temperature programming, flow 
programming, and column coupling, to separations with a large range of retention 
factor (k) values.1 He concluded that temperature programming did not seem very 
useful. By the late 1970s, RPLC was clearly the dominant form of LC being prac-
ticed. While both temperature and mobile phase composition had been investigated 
in RPLC, Snyder was the first to investigate them together.2 He thus proposed a sim-
ple but powerful optimization scheme in which four chromatograms were generated 
at two temperatures and two mobile phase compositions. This matured into a suc-
cessful commercial product, Drylab.3,4 Snyder was a champion of gradient elution, 
and here temperature was also central to optimization. He and his group found that 
the effects of the gradient slope, (b) (or gradient time, tG), and column temperature 
were complementary and highly effective in protein and peptide separations.5,6 A 
very thorough analysis ensued7–10 which included the effects of temperature on sol-
ute type. In particular, the latter work took advantage of Snyder’s insight published 
nearly two decades earlier in which he put solutes into two categories: “regular” 
and “irregular,”11 based on the linear relationship between lnk and ΔHo. Strategies 
for optimization were refined and applied to a variety of solute classes.12–17 Later he 
invoked similar concepts related to solute type to explain the effects of temperature 
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on structural isomer separations in RPLC.18 His contribution to chromatographic 
optimization, particularly related to selectivity and the very practical matter of get-
ting a good separation in a reasonable time, cannot be overstated.

Solute retention behavior as a function of temperature has been important in 
helping to define how reversed-phase LC works.19–24 In a more practical vein, the 
Greibrokk group25–27 and others,12,28–31 starting about 20 years ago, showed how to 
control temperature in capillary columns and demonstrated high-temperature sepa-
rations, and programmed temperature. Horvath’s group also demonstrated tempera-
ture programming32, and described a now oft-cited rule of thumb that a ~5° change 
in column temperature has about the same effect on retention in reversed-phase LC 
as a 1% change in the mobile phase content of the organic modifier. Importantly, the 
Greibrokk group also demonstrated significant benefits of on-column focusing with 
thermal control of the column.26,27,33 Temperature has an effect on pKas, so control-
ling the temperature can often be used to control the retention of weak acid/base 
solutes.34

Thanks to the basic understanding described in the work cited above, the use of 
temperature has expanded in scope. Carr35–37 used temperature control of two col-
umns in a series to adjust the relative roles of each column in determining retention 
in a process called the thermally tuned tandem column approach. Teutenberg38 and 
Carr39–41 pushed the boundaries of high flow rate and high temperatures to achieve 
high speed. Low temperature42 and negative temperature gradients43 can have advan-
tages in particular circumstances. More recently, we44–47 and the Desmet group48 
have advanced the instrumentation used for temperature-assisted solute focusing. 
Temperature continues to be an element of liquid chromatographic performance 
optimization for overall separation goals like speed and separation capacity49–59 and 
for method development.16,14,60

In this chapter we will review work of ours and of others related to on-column 
solute focusing, stable stationary phases, and retention equations that include a tem-
perature dependence.

2.2 � ON-COLUMN SOLUTE FOCUSING

2.2.1 �O verview

Solute focusing during injection results in the solute’s occupying a smaller volume 
on column than the volume injected. Minimizing the volume on column requires 
the solute to have a high retention factor, k, during the injection. Further, it is also 
wise to avoid larger diameter columns. Capillary-scale columns are often essential 
for the analysis of low volume, low concentration samples because they avoid radial 
dilution of the sample.61 Both temperature and solvent composition during the injec-
tion can be manipulated to temporarily increase solute retention during injection. It 
is this concentration enhancement effect that has made capillary-scale columns such 
an invaluable tool when applied to the fields of metabolomics,62–64 proteomics,65,66 
and online monitoring of neurotransmitters.67–69 However, the enhancement from 
decreasing the column diameter may not be observed if the analyte retention during 
injection is low or if injection volume is large in relation to the total column fluid 
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volume.70,71 In these cases, injecting more sample only results in a broader peak at 
a constant peak height. This effect is known as volume overload.72 To maximize 
the concentration sensitivity of a method, inject the largest volume of sample that 
increases the ultimate peak width only marginally given the retention factor, k, of the 
solute under the conditions during the injection and the column radius.

The detrimental effects of volume overload can be countered with on-column 
solute focusing techniques. Commonly, this is achieved by so-called solvent 
focusing in which samples are injected in weak solvents, such as aqueous solu-
tions for reversed-phase separations.73–77 For a short time during injection the 
sample solvent becomes the mobile phase, temporarily generating high reten-
tion for hydrophobic solutes and a compression of the solute band relative to the 
volume of sample injected. Sample concentration using solvent has been quite 
useful particularly in coupling 2D-LC separations through active modulation. In 
2017, the Stoll group developed active solvent modulation to dilute the strong 
1D solvent, now the injection solvent for the second dimension, with the weaker 
2D separation solvent prior to the second injection for improved peak shapes.78 
Stationary-phase-assisted modulation (SPAM)79 utilizes high-retention trapping 
columns between the first and second dimension to concentrate the sample before 
eluting with the 2D eluent allowing for improved sensitivity, smaller 2D injec-
tion volumes, and faster 2D separations.80,81 Temperature-assisted solute focusing 
(TASF) can also be used to induce focusing effects alone33,44,47,82–88 or in com-
bination with solvent focusing46 by manipulating column temperature. Rapid, 
controlled temperature changes can be realized due to the low thermal mass of 
capillary-scale columns89 without the unfavorable radial temperature gradients 
observed in larger column diameters.90–92

2.2.2 � Solute Band Focusing Theory

During the injection of a volume of solution, any solute with a non-zero retention 
factor will be found in a length of column that is smaller than the length occupied 
by the injection solvent. When the sample volume is injected, the front of the solute 
band travels at a velocity given by Equation (2.1) where uave is the average velocity of 
the mobile phase and kinj is the retention factor of the solute during injection.
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The length of the resulting solute band following injection (Liso) is given by the prod-
uct of solute band velocity and injection time shown in Equation (2.2). The length of 
the solute band contributes to the magnitude of band broadening and thus volume 
overload, an effect that worsens with large injection volumes, smaller column diam-
eters, and less analyte retention.
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As retention factors depend upon both solvent and temperature, each of these 
parameters can induce a focusing effect through temporarily increasing solute reten-
tion during the injection process. Solute retention generally decreases with increas-
ing temperature and organic modifier content for reversed-phase systems. In both 
cases, it is paramount that the leading edge of the solute band spends more time in 
high retention conditions than the trailing edge. By maintaining a low temperature 
at the head of the column during injection or injecting in a weak solvent, solute 
retention is increased and kinj is replaced with kfoc. Following injection, the band is 
released by a rapid step increase in temperature or strong elution solvent, reducing 
the solute retention to a value of ksep. Solute band length immediately after injection 
is reduced from isothermal/isocratic conditions and given by Equation (2.3).
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The resulting focusing effect can be stated quantitatively as Equation (2.4).
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Solvent focusing benefits from an additional solute band compression step following 
injection that is analogous to the gradient compression described by Snyder.75,76 The 
effect is caused by the strong elution solvent reaching the trailing edge of the solute 
band before the leading edge. Several groups studied this phenomenon including 
Poppe,93 Desmet,94,95 de Jong,96 and Weber,84 deriving the simple expression for the 
observed peak following elution given by Equation (2.5).
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Thus, the greatest focusing effect during injection is observed when kfoc >> kiso. The 
maximum effect achievable from weakening the solvent for a given solute is typically 
much greater than that achieved by reducing the temperature.97 In regard to TASF, 
there are also limitations to the maximum separation temperature and the minimum 
focusing temperature that can be used for a given separation. While continuing to 
decrease temperature results in higher retention and stronger focusing capabilities, 
temperature’s effect on mobile phase viscosity becomes significant.98 High back 
pressures can result from cooling even a short column segment to sub-ambient tem-
peratures, making the upper pressure limit of the high performance liquid chroma-
tography (HPLC) pump the limiting factor for how low the focusing temperature 
can be. However, unlike solvent focusing, temperature focusing is not limited to one 
focusing event. The ability to change temperature in discrete regions along a column 
rapidly and easily leads to new possibilities for the use of temperature changes for 
focusing that would be difficult to do with solvent focusing. Thermoelectric cooling 
elements (TECs or Peltier devices) are an important element of the instrumentation 
to actively change temperature.
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2.2.3 � Capillary-Scale TASF

2.2.3.1 � Overview
TECs or Peltier devices are capable of achieving rapid, programmed changes in tem-
perature,33,44–47,85,87,99–101 so they are ideally suited to controlling low thermal mass col-
umn temperature. Early work using temperature as a focusing mechanism included 
Holm et al.33 and Eghbali et al.82 who focused solute bands at the column inlet and 
outlet respectively. This work was followed by the Weber group utilizing one TEC 
to induce focusing immediately after injection at the head of the column.44,45 This 
methodology successfully focused peptides47 but was limited to one band focusing 
step with a dynamic temperature zone of 1 cm. Advancements in hardware and soft-
ware design have led to improved TASF instruments with arrays of independently 
controlled TECs to expand the versatility and level of control available over column 
temperature.46 Band compression can take place in multiple trap-and-release stages 
because the focusing effect of TASF is multiplicative. The array design allows for 
larger injections of more poorly retained analytes.

When being focused, the entire solute band must lie within the length of the tem-
perature focusing zone in order to achieve the maximum focusing effect. If the solute 
begins to bleed off the zone, the leading edge of the solute band will experience a 
decrease in retention in the downstream hotter segment resulting in bandspreading. 
Therefore, the upper limit for Vinj for an analyte with a retention factor during injec-
tion of kfoc is given by Equation (2.6) where F is the separation flow rate, εT is the total 
column porosity, and rcol is the column radius:
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Equation (2.6) states that the focusing effect is larger the longer the focusing length. 
However, there is a limit to how long a cooled section of a column can be. For exam-
ple, imagine operating a 10-cm-long column at 80°C at 85% of maximum pump 
pressure. Cooling one 1-cm TEC to 20°C increases the viscosity of the 20% acetoni-
trile (80% water) mobile phase by more than 2.7 times, but only for one centimeter. 
The pressure required when cooling one centimeter becomes 99% of the pump’s 
capacity. To lower the temperature of the full 10-cm-long column to the same 20°C 
without exceeding the pump’s maximum pressure would require operating at only 
about 40% of the pump’s capacity at 80°C. The 10 TEC TASF device solves this 
problem by allowing for focusing zones of increased and variable lengths, permitting 
larger injection volumes of more poorly retained analytes, while also allowing for 
multiple independent focusing stages. Thus, focusing can be achieved multiplica-
tively rather than in one single step, eliminating the need to focus at extremely low 
temperature or at extended lengths that significantly increase column back pressure.

2.2.3.2 � Multiplicative TASF
Recently, we85 illustrated this idea by resolving the volume overload effects of a test 
mixture in a targeted and multiplicative fashion. A 4 µL sample was injected onto a 
121 × 0.150 mm column. The injected volume was 3.3 times greater than the column 
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void volume. The first seven TECs were operated as three independent focusing 
zones for solute band compression. The first zone comprised the first four TECs, the 
second comprised the next two, and the third was the last of the seven TECs used. 
All three zones were cooled upon injection and were heated sequentially to release 
each focused solute band into the next focusing zone to demonstrate selectivity. The 
timing of these trap-and-release stages was chosen to focus ethyl paraben (PB2, 
k = 3.38 at 70°C) selectively in three stages while propyl paraben (PB3, k = 9.98) was 
compressed only during the first focusing stage. A visual representation of PB2 and 
PB3 solute band widths under isothermal conditions at each focusing stage is shown 
in Figure 2.1A to illustrate the band compression each focusing stage provides. A 
20.5-fold increase in PB2 peak height was achieved for the three-stage focusing rela-
tive to the isothermal run. Simulations to predict peak shape based on the Neue–Kuss 
equation102 were also employed to provide fast screening of temperature conditions 
and timing for method development as well as validation of the experimental results. 
The comparison of the experimental results in Figure 2.1B and predictions based on 
simulations in Figure 2.1C shows excellent similarity in both peak shape and reten-
tion time, demonstrating the accuracy of these simulations.

FIGURE 2.1  The experimental design and a summary of the results from the multiplicative 
focusing experiment using the 10 TEC TASF device are shown. In A, a visual representation 
of the PB2 (blue) and PB3 (orange) solute bands in space on the column are shown under iso-
thermal conditions and during each stage of focusing. Focusing stages are shown immediately 
before the step increase in temperature releases the compressed band from the cooled trap-
ping zone. Cooled (blue) and heated (red) zones were operated at 5°C and 70°C respectively 
for each of the independently controlled TECs labeled A–J. The overlaid chromatograms B 
for one- (black), two- (red), and three-stage (blue) focusing, obtained experimentally, dis-
play the peak height enhancement and selectivity for PB2 through the multiplicative focusing 
approach. Comparison of the experimental results to the simulation results C demonstrates 
the accuracy of the simulated predictions used to screen for experimental conditions during 
method development. (Reprinted (adapted) with permission from Analytical Chemistry, M. 
T. Rerick, S. R. Groskreutz, and S. G. Weber, “Multiplicative On-Column Solute Focusing 
Using Spatially Dependent Temperature Programming for Capillary HPLC,” Anal Chem, 91, 
(2019), 2854–2860. Copyright 2019 American Chemical Society.)
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2.2.4 �A nalytical Scale TASF

2.2.4.1 � The Effect of Column Diameter
We expanded the capabilities of TASF to an analytical scale to accommodate com-
mercially available columns and larger sample volumes.101 Actively changing the 
temperature outside a column leads to radial temperature gradients within the col-
umn. Band broadening is induced by radial temperature gradients as retention factor 
and viscosity are both temperature-dependent. Higher temperatures near the column 
wall decrease viscosity and typically decrease retention compared with the center of 
the column. Thus, it is imperative to avoid inducing radial temperature gradients in 
significant lengths of a column. The thermal entrance length, the distance required 
for the temperature of a flowing mobile phase to reach 99% of the wall temperature 
with a constant wall temperature, was used to characterize precolumn diameters 
that would be suitable for TASF. The small diameter of a capillary column leads 
to a very small thermal entrance length of 46 µm at 1.5 cm/s mobile phase veloc-
ity (150 µm inside diameter, 10 µL/min). For a 2.1 mm ID precolumn, the thermal 
entrance length is 9.0 mm at the same velocity. For a 1.0 mm ID precolumn, the ther-
mal entrance length is much more acceptable at 2.0 mm. Based on this information, 
a 20-mm-long, 1 mm ID column should be effective as a precolumn for a 2.1 mm 
ID column.

2.2.4.2 � Precolumn Design
The major design challenge relates to the need for rapid changes in column tempera-
ture. TECs are capable of a certain maximum power (Watts = Joules). The elements of 
the column each have a certain specific heat (Joule/g*K). In order to achieve a target 
rate of temperature change, K/s, for a given object, a certain number of TECs, each 
rated at a certain power, will be needed. The stainless steel portions of a 1 mm ID 
column dominate the heat capacity of the whole object. In our case, the calculations 
specified a need for eight 1-cm2 TECs (accounting for heat loss through the fittings 
as well as heating the column). Peltier devices are flat and cannot be wrapped around 
the column. Therefore, we designed a column with 8 cm2 of flat surface for attaching 
Peltier devices with minimal added mass, as shown in Figure 2.2A. Theoretically the 
column’s temperature can be changed at a maximum rate of 27.8 K/s.

We built a 3D model in Comsol and calculated both the temperature and solute 
concentration within the device/column following a 50 µL injection of butylparaben 
onto the precolumn. Figure 2.2B shows the profiles taken 7 s after heating. The ana-
lyte band is curved because the analyte in the center of the column is cooler and thus 
more retained than the analyte at the walls. The second profile was taken 41 s after 
heating. The concentration distribution has less radial dependence but is dispersed 
more axially. It is important to note that the injection volume is five times the column 
volume.

2.2.4.3 � Experimental Results
Experimentally, changes in back pressure demonstrated that the full temperature 
transient from 5°C (focus) to 80°C (release) takes about 10 s. Experimental van 
Deemter curves indicate that the reduced velocity in the precolumn at 250 µL/min 
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flow rate is about 50. Nonetheless, about 1,000 theoretical plates are generated. 
When operating as a precolumn to a 50 × 2.1 mm column, clear advantages are seen 
in the chromatograms from solutes across a range of modest k values (2.2–23.4 at the 
separation conditions at 65°C) as demonstrated in Figure 2.3. The effects of focusing 
are most significant for the ethylparaben and propylparaben peaks.

2.3 � STABLE STATIONARY PHASES

2.3.1 �O verview

The use of high temperature and extremes of pH require stationary phases that are 
stable under these conditions. This section provides a review of the materials and 
approaches that have been used. We have begun to use the thiol-yne reaction for 
modifying silica. Our results are also described.

2.3.2 � Silica Supports

Silica, SiO2, and silicates not only make up the majority of the earth’s crust, but 
also account for over 90% of HPLC columns’ stationary phase supports.103 Creating 
stable, silica-based RPLC stationary phases has been a major focus in chromatog-
raphy for over 40 years, led by Unger,104,105 Kirkland,106–112 Carr,113–115 and many 
others. Silica particles have many advantages over other types of stationary phase 
supports. They are rigid and able to withstand high pressures and flow rates, can 
be synthesized with a variety of diameters, pore sizes, and pore volumes, and can 
be covalently modified to give a variety of potential column chemistries.103,116–118 
However, silica does possess some drawbacks. The siloxane bond, Si–O–Si, can 

FIGURE 2.2  A. shows a SolidWorks rendering of the precolumn (gray). Peltier elements are 
shown in gold; Thermo nanoViper™ capillaries, used for fluidic connections, are shown in 
red and black. B. shows a cross section of a column simulation at different time points after 
injection of a 50 µL n-butylparaben solution. The transient heating step occurs at t = 0 s. The 
two solute zones are shown 7 s and 41 s after heating. The view corresponds to a cross section 
where the Peltier elements are on top and bottom, and fluid flow is to the right. (Reprinted 
from Journal of Chromatography A, 1523, Groskreutz, Stephen R., Horner, Anthony R., and 
Weber, Stephen G., “Development of a 1.0 mm inside diameter temperature-assisted focusing 
precolumn for use with 2.1 mm inside diameter columns,” 193–203, Copyright (2017), with 
permission from Elsevier.)
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be hydrolyzed. Increased temperature increases the hydrolysis rate,109,119 so silica-
based stationary phases degrade faster at higher temperatures. The hydrolysis is also 
increased in acidic or basic environments, limiting the pH range of early stationary 
phases to pH 4–7 at temperatures less than 60°C.103,109,116,117 The silanols are mostly 
deprotonated at these pHs, so a pH below 3 is needed to help reduce poor separation 
of cations. This creates the need for more pH-resistant robust silica supports to allow 
separations of bases with silica-based stationary phases.103,117

There are three main approaches to creating stable silica stationary phases: slow-
ing hydrolysis by sterically protecting the ligand’s siloxane bond, limiting access to 
the silica surface with polymers, and increasing the silica’s resistance to hydrolysis.

2.3.2.1 � Sterically Protected Stationary Phases
Sterically protected stationary phases are the most common stable stationary phases. 
Steric hindrance slows reactions by restricting access to the reactive site. This idea 
has been used to make stationary phases more resistant to hydrolysis since the late 
1980s. Kirkland and others at DuPont developed a sterically protected phase that 
consisted of diisopropylalkylsilane or a diisobutylalkylsilane that showed little deg-
radation over time at pH < 3.109 These phases provide high stability from pH 2–8 and 
are still sold and used today.

Bidentate ligand stationary phases were first developed concurrently with Glajch, 
Farlee, and Kirkland’s sterically hindered phases in the late 1980s,109 but were not 

FIGURE 2.3  Example isocratic chromatograms from 50 µL injections of uracil, ethyl, pro-
pyl, and butylparaben dissolved in mobile phase. The upper trace shows a separation carried 
out on a TASF precolumn interfaced with a 2.1 × 50 mm i.d. column. The 5°C focusing tem-
perature was held in the precolumn for 25 s during injection before heating to 80°C. The lower 
trace shows a separation where an injection is made directly into the 2.1 × 50 mm i.d. analytical 
column maintained at 80°C (i.e., no precolumn). (Reprinted from Journal of Chromatography 
A, 1523, Groskreutz, Stephen R., Horner, Anthony R., and Weber, Stephen G., “Development 
of a 1.0 mm inside diameter temperature-assisted focusing precolumn for use with 2.1 mm 
inside diameter columns,” 193–203, Copyright (2017), with permission from Elsevier.)
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pursued further until the late 1990s.108 Steric hindrance and increased ligand densi-
ties, compared to the sterically hindered phases, can be achieved by using bidentate 
silanes, consisting of two silicon atoms usually joined by an ethyl or propyl linker 
chain.108 These stationary phases exhibited reasonable stability at pH < 2 and high 
stability at pH 11. This allows the silica-based stationary phase to be used from 
pH 2–11, allowing for the analysis of many types of molecules, including neutral 
amines.112 By their nature, sterically hindered phases have a reduced ligand density 
compared to other alkylsilane phases and endcapping is required if separations are 
to be carried out at high pH.

2.3.2.2 � Polymer Modified Silica
For over 50 years silica particles have been modified with a polymeric layer to cre-
ate chromatographic stationary phases. A polymer coating on silica particles helps 
prevent hydrolysis at the silica surface, increasing the stability. The layer shields the 
surface from acidic and basic mobile phases, extending the operable pH range of the 
silica particle. The polymer can adsorb onto the surface or the layer can be covalently 
attached to the surface. Both types of modification can be created both by growing 
the polymer in situ or by adsorbing/reacting a polymeric ligand.120,121

Horvath was first to protect the surface of silica particles by polymerizing divi-
nylbenzene and styrene on the surface of the particles. This resulted in a thick poly-
mer layer that filled pores and decreased chromatographic performance.122 Besides 
solution-based polymerization, more recent techniques involve adsorbing the mono-
mers and radical initiator to the surface and polymerizing the dried mixture.123 This 
reduces some of the negative aspects, but still results in decreased performance. The 
poor performance of these techniques has shifted the research focus to other meth-
ods of polymer modification.120

The adsorption of preformed polymers to the silica surface can help reduce the 
problems of polymer thickness and clogged pores that plague the surface polymer-
ization techniques. The preformed polymer stationary phases are usually made by 
mixing the polymers with the silica particles and causing adsorption by evaporat-
ing the solvent. Often these polymers are then crosslinked to create a more stable 
surface.121 The main polymers used for this technique include polybutadiene,105,124 
polystyrene-divinylbenzene,125 and polymethacrylates.126,127 The adsorption of poly-
mers generally creates a patchwork covering of the silica particle. This can result in 
poor performance by the solutes that interact with the silica surface,124 and this limits 
their effectiveness in creating a highly stable silica stationary phase. The technique 
is still in use and is especially important for coating other metal oxide particles, 
which will be discussed later.

Covalently attached polymer coatings can also increase silica stability. In the 
mid-1970s, Wheals used vinylsilane-modified silica to covalently build various 
acrylate-based polymeric layers from the surface-bound vinyl groups.128 He noted 
reduced silanol activity and increased stability with multiple mobile phases, and that 
the polymer adhered to the particle longer than an adsorbed polymer. Others have 
built polymeric coatings from the surface,126 but without controlled reactions the 
pores can clog and thick polymer layers can form reducing the performance of the 
stationary phases.120
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Most procedures for a chemically bonded, polymer-coated stationary phase work 
by grafting the preformed polymer to the surface of the silica. This technique gives 
reproducible polymer layers that provide an abundance of column chemistries and 
increases the stability of the silica support.116,120,121 In 1983, Kurganov first reported 
use of a chiral polystyrene copolymerized with vinyltriethoxysilane covalently 
attached to a silica particle.129 The vinylsilane anchor is common for the many 
alkene-based polymers used, like styrene- or methacrylate-based polymers.130,131 
Chlorophenylsilanes were used in Carr’s hypercrosslinked stationary phases to 
anchor the polymer to the surface.113,132–134

The foregoing examples illustrate that post-polymerization modification or graft-
ing polymers to the surface of silica particles can lead to a large variety of column 
chemistries. Polymers made with peptides, polysaccharides, ethers, sulfonate, or 
amine groups, along with styrene, butadiene, and divinylbenzene, have all been used 
to create unique and stable stationary phases.135

Crosslinking the polymers is not always needed. Ihara has covalently attached 
poly(4-vinylpyridine)136 and poly(2-N-carbazolylethyl acrylate)137 to silica. They 
adhere to the silica surface with hydrogen bonding and greatly reduce the mobile 
phase’s and solutes’ interaction with the silica. This helps increase the silica’s 
stability.

Polymers based on poly(alkylsiloxanes) are also used to coat silica particles and 
enhance their stability. An early commercial phase used poly(dimethylsiloxane)-
coated particles to reduce the silanol activity and the rate of hydrolysis.131 The use 
of longer chain alkyl groups, like methyloctyl138 and methyloctadecyl139 siloxane, 
helped to create stationary phases with similar chromatographic behavior to tra-
ditional RPLC columns. Polysiloxanes can be created in situ by using either tri-
chloro- or trialkoxysilanes. In the presence of a small amount of water the silanes 
will polymerize, forming a high surface coverage phase, over 4 μmol/m2, while 
increasing the stability of the RPLC stationary phase.116,140

2.3.2.3 � Robust Silica Particles
Over 50 years ago, Stöber introduced a process to synthesize monodisperse non-
porous silica particles with diameters from 50 nm to 2.0 μm.141 Shortly thereafter, 
methods were found to create monodisperse porous particles 2.0–10 μm in diameter 
by coalescing the small 10–300 nm sols made by the Stöber process into larger 
porous particles.142,143 The methods and chemicals used then improved,144 giving the 
highly pure silica supports used today.

The surface area and porosity of the silica particle impacts the stability of the sta-
tionary phase. Silica particles that have a high surface area (over 300 m2/g) and high 
porosity are less hydrolytically stable than those with lower surface areas and porosi-
ties. Particles made to have a very high surface area are usually made by coalescing 
soluble or fumed silicates. This results in thin pore walls are prone to dissolution. 
The lower surface area and lower porosity silicas are made using larger, more insol-
uble sols and have thicker more uniform pore walls, creating a support that is more 
resistant to dissolution.110,111

Reactions with silica are slowed by the addition of carbon substituents to a silicon 
atom. The silicon atom has more electron density when bonded to carbon versus a 
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silicon atom bonded to oxygen. The increased electron density reduces electrophilic-
ity of the silicon atom, slowing hydrolysis and other reactions. The carbon substitu-
ents also sterically hinder a nucleophile’s attack on the silicon atom. This is evident 
in the evolution of chemically bonded reversed-phase stationary phases, with alkyl-
silanes, Si–C, instead of the silicic esters, Si–O–R, originally used for stationary 
phases.145,146 In the mid-1970s, Unger helped develop organosilica hybrid particles 
that were synthesized using the standard tetraethoxysilane and an organotriethoxysi-
lane, with benzyl- or 1,2-diol-3-propoxypropyl organic groups.104 It took nearly 25 
years for an organosilica-based stationary phase to make it to market when Waters 
released their methyltrialkoxysilane hybrid phase, which showed high stability up 
to pH 11.5.147 A few years later, Waters released an ethylene-bridged particle that 
showed even higher base stability and reduced silanol activity.148 Continued research 
into organosilica particles has developed a stable high flow-through phase,149 and 
particles with alkyl ligands, C18, and others mixed into the particle.150

2.3.3 �O ther Stationary Phase Supports

Organic polymer particles are often used as an alternative to silica. They can be 
hydrophilic or hydrophobic and can be functionalized covalently with stable car-
bon–carbon bonds. This gives polymeric phases their main advantage: a very 
broad pH range, generally from pH 1–13, enabling their use for many applications. 
Hydrophobic polymers, like poly(divinylbenzene), poly(styrene-divinylbenzene), 
and poly(alkylmethacrylate), are used as reversed phases or are functionalized to 
have a hydrophilic nature, e.g., for ion exchange. Hydrophilic polymers, such as 
poly(vinylalcohol) or poly(hydroxyalkylmethacrylate),116 or hydrophobic polymers 
functionalized with hydrophilic ligands,151,152 may be used for ion exchange or size 
exclusion chromatography. The hydrophilic surface eliminates any secondary reten-
tion characteristics that may interfere with the techniques.

While polymer-based stationary phases provide excellent pH stability, they have 
many disadvantages that keep them from widespread use. Polymer particles have low 
mechanical strength and deform at high pressures, limiting columns using porous 
polymers to about 400 bar. This limits their use. Polymers have the tendency to swell 
or shrink in various solvents. Hydrophobic polymers swell in nonpolar solvents and 
shrink in more polar solvents, and vice versa with hydrophilic polymers. This can 
cause problems because of the associated change in permeability and in retention 
characteristics with varying mobile phase composition. The particles’ natural pore 
structure decreases their efficiency for some molecules as well. The particles have 
larger pores with smaller pores inside. It has been noted that flat, rigid molecules that 
can fit into the small pores have slow mass transfer in the small pores, decreasing the 
efficiency of the column for those molecules.116,153

Metal oxides other than silica have been used in chromatography for a long time. 
Alumina, Al2O3, zirconia, ZrO2, and titania, TiO2, are the most common metal 
oxides that are in use. The primary benefits of these metal oxides are their high 
mechanical strength with excellent temperature and pH stability. They can be used 
regularly at 200°C and from pH 1–13, conditions much more extreme than those in 
which silica can be used.153,154 Alumina has been used in normal phase TLC and 
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chromatography for decades, but has not been adequately developed for RPLC.153,154 
Titania phases are the least used support mainly due to the lack of availability of par-
ticles that permit their use in HPLC columns.154 Zirconia supports have been studied 
and modified more than the others, and can be found with a variety of particle sizes 
and pore diameters.114,154 The surface chemistries for the metal oxide particles are 
complex with hydroxyls, Lewis acid, and Lewis basic sites.154 The approaches using 
and blocking these active sites are similar for all the metal oxides, so zirconia will 
be the focus below.

Unlike silica, zirconia and the other metal oxides cannot undergo simple cova-
lent modification. There have been a few positive results silanizing the hydroxyl 
groups,155,156 but little has come from them because of the weak Zi–O–Si bond. One 
way to counter this is to polymerize tetraalkoxyzirconium onto the surface of a silica 
particle creating a zirconized silica particle. Then poly(alkylsiloxane) is polymerized 
on the surface to give a reversed-phase, highly pH-resistant stationary phase.157–159 
The polymer coatings increase the binding strength between the zirconium and 
silicon esters, but these phases can still have strong Lewis acid sites and silanols 
exposed, reducing their efficiency and stability.

The most common way to modify metal oxide surfaces is to adsorb polymers 
on the surface,153 much like the adsorption of polymers on silica. Polybutadiene-
modified zirconia is the most common type recorded.153,160 The polymer is adsorbed 
to the surface from solution by evaporation of the solvent and then crosslinked to 
add to the stability.160 This gives the particles a hydrophobic reversed-phase char-
acteristic, but the patchy coverage leaves Lewis acid sites that are detrimental to 
the chromatography of the bases and ionizable analytes. For better separations of 
ions, several ion-exchange phases have been synthesized using a zirconia support. 
Anion exchange phases can be made using a polyethyleneimine coating, allowing 
the controlled separation of anions.161 Likewise, cation exchange phases have been 
made by adsorbing a poly(acrylic acid) anhydride or reacting the polyethyleneimine 
phase with succinic anhydride.162 The versatility of the polymeric coverings and 
improved coverages allow zirconia to be a highly stable useful alternative to silica. 
However, the Lewis acid sites, lack of stable covalent bonds, and lack of availability 
of a wide range of particle size and porosity options keep zirconia and other metal 
oxide phases from dominating the market.

Carbon-based supports offer high pH resistance and unique retention mecha-
nisms. The most common form is a porous graphitic carbon support developed and 
evaluated by Knox in the early 1980s.163 Over the next 30 years, several commer-
cially available stationary phases with a porous graphitic support arose from this 
work.164 The synthesis involved pyrolyzing an organic phenol polymer in a highly 
porous silica particle. The silica was then dissolved, and the porous carbon was 
graphitized in a furnace. This gives a very hydrophobic surface that has strong π–π 
interactions and stereoselectivity.163,164 With stability in a broad pH range, these par-
ticles are often a useful stationary phase. However, they have a pressure limit of 
about 550 bar, can easily be fouled by large molecules, and require high organic 
content mobile phases,116 limiting their usefulness.

Stationary phases have been developed recently that utilize diamonds and nano-
diamonds to help improve the stability of the supports and offer unique selectivities. 
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Polystyrene-divinylbenzene particles were synthesized with oxidized nanodiamonds 
creating a hybrid particle structure. Hybrid particles that withstood higher pressures 
than the pure polymer were used as a reversed phase and were also modified to act 
as an anion exchange phase.165 Core-shell particles were produced by coating a dia-
mond core with alternating layers of polyallylamine and nanodiamonds. The final 
amine-rich layer was functionalized with epoxyoctadecane to create a C18-like sta-
tionary phase that is stable at high pressure and across a wide pH range.166 Another 
application of this process used a carbon core to produce a very stable and efficient 
stationary phase.167 Nanodiamonds have also been used to coat silica particles to 
increase their stability and various column chemistries.168 Both oxidized and hydro-
genated nanodiamonds can be bonded to silica using a radical reaction. The oxidized 
nanodiamonds produce a hydrophilic stationary phase, while the hydrogenated ones 
act like a reversed-phase stationary phase.168

Of particular interest for high-temperature separations on a customizable station-
ary phase is the Carr group’s hypercrosslinked stationary phases, which can be syn-
thesized with a variety of column chemistries and which show excellent stability 
at high temperature and low pH.113,133,169,170 These are crosslinked polystyrene block 
copolymer phases that provide a foundation for the creation of numerous column 
chemistries by adding ligands onto the polymer surface with the Friedel–Crafts 
reaction. However, this is a complex, multi-step reaction that can create active sites 
from adsorbed metal catalysts.

2.3.4 � Stationary Phases Based on the Thiol-yne Reaction

We liked Carr’s hypercrosslinked phase for its stability at extreme conditions, but 
the synthesis is very complex. Thus, we developed a very simple way to create a 
crosslinked phase that has the potential to be an outstanding basis for a wide variety 
of chemistries. Click chemistry is useful for stationary phase production,171 but the 
thiol-yne172 has only been used once, to our knowledge, for modifying particles, by 
Zou’s group.173 It has also been used for monoliths.174–176

We used a simple multi-step process using 1,4-diethynylbenzene (DEB) and 
1,6-hexanedithiol as the monomers to create a crosslinked stationary phase along the 
surface of thiol-functionalized silica. Proposed structures are shown in Figure 2.4. 
The Tanaka characterization177 reveals that the crosslinked phase showed a low 
phase ratio, methylene selectivity typical of a reversed phase, and extremely high 
shape selectivity compared to other commercial phases. The crosslinked phase 
showed good stability in tests at low and high pH. At pH 0.5 and 70°C the phase suf-
fers only about 10% change in k over 144 h, compared to about 25% change with an 
acid-stable SB-C18 phase. At pH 12.0 and 70°C the crosslinked phase showed a very 
small pressure increase and about a 15% increase in the k of butylparaben over three 
hours of exposure, but the SB-C18’s performance dropped significantly and clogged 
two times over the three hours.178

In the process of developing this pH-stable, highly crosslinked stationary phase 
we discovered a new charge transfer stationary phase.179 The first step in the prepara-
tion of the crosslinked phase is to attach 1,4-diethynylbenzene (DEB) to thiol-func-
tionalized silica particles. Upon preparation of that phase, we noticed that the color 
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of the particles was different when the modified particles were wet with aromatic 
solvents compared to nonaromatic solvents. This color change was still apparent 
upon crosslinking the DEB with 1,6-hexanedithiol to create the crosslinked thiol-
yne (CTY) stationary phase. The CTY phase has high shape selectivity as shown by 
the α-value for the flat triphenylene over the bulkier o-terphenyl, αT/OT = 4.91 ± 0.08, 
almost twice that of the most shape-selective reversed-phase column.180 The differ-
ence of the two compounds’ entropy contributions to retention free energy, Δ(TΔSo) 
at 298 K, is only −0.1 ± 0.9 kJ/mol (statistically indistinguishable from zero), leading 
us to believe that the shape selectivity is not consistent with the slot model. To test 
the hypothesis that the DEB–thiol adduct was responsible for the observed behavior, 
we prepared a low coverage DEB phase (< 2 μmol/m2) which, unlike higher den-
sity, crosslinked, or polymeric phases, should not display shape selectivity based on 
“slots.” With the low-coverage DEB phase, the shape selectivity remained with αT/

OT = 3.23 ± 0.01. We discovered further that the DEB ligand, shown with an electron-
rich resonance structure in Figure 2.5, has electron-donating characteristics. The 
selectivity for nitrobenzene compared to benzene on a commercial C18 stationary 
phase is 0.64 ± 0.01, while on the DEB phase it is remarkably higher, 1.83 ± 0.10. 
This shows that the thiol-yne-based DEB phase is an electron-donating charge 
transfer stationary phase.

This is not unprecedented. It turns out that Sander et al. has described an alterna-
tive shape selectivity mechanism based on charge transfer.181 Lucy has attributed at 
least some of the high selectivity seen with a dinitroaniline-based phase in a normal 

FIGURE 2.4  Possible structure of crosslinked stationary phase. A. The bidentate DEB 
ligand that is likely found on the silica. B. Example of the dithiol crosslinker with the majority 
of the DEB only substituted one time. The surface is likely a mixture of A and B. (Reprinted 
from Journal of Chromatography A, 1598, Erin P Shields and Stephen G Weber, “A pH-
stable, crosslinked stationary phase based on the thiol-yne reaction,” 132–140, Copyright 
(2019), with permission from Elsevier.)
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phase determination of αT/OT to charge transfer: the stationary phase is an electron 
acceptor (EA).182 Lindner’s group thoroughly characterized naphthalimide phases 
for shape selectivity.183 Most charge transfer stationary phases have an electron poor 
aromatic system to create an EA stationary phase.181,182,184–186 We are aware of only 
three ED phases – all based on pyrene – that have been examined.181,184,187 The new 
phase we created is unique.

2.4 � THE INFLUENCE OF TEMPERATURE ON RETENTION

2.4.1 �N eutral Analytes

2.4.1.1 � Background on Retention Models for Neutral Analytes
Generally, there are several forms that retention models have taken, namely, ther-
modynamic, empirical, and correlations with experimental or calculated properties 
of an analyte such as linear solvation energy relationships (LSERs) or quantitative 
structure-retention relationships (QSRRs). Thermodynamic models serve to dem-
onstrate how and why chromatography works,21,22,188–191 but are not typically used 
to predict retention, partially due to the difficulty in measuring the phase ratio. 
This is due to the heterogeneous nature of the stationary phase which comprises 
alkyl chains, silanols, organic modifier, water, and buffer components.20,192,193 
The first empirical model, linear solvent strength theory, has been used to model 
retention, typically in gradient separations. However, it does not explicitly include 
temperature dependence. In addition, its simplicity arises from assuming a lin-
ear dependence of retention-free energy on mobile phase composition.194 We have 
investigated other models based at least partly on theoretically defined dependen-
cies that have been developed. Neue improved on linear solvent strength to include 
a nonlinear dependence of ln(k) on mobile phase composition195 and later expanded 
with Kuss to create the Neue–Kuss expression (NK) which includes a temperature 
dependence.102 The Pappa-Louisi group has developed two models, one based on 
partitioning of solute (PL-P) and one based on adsorption of solute (PL-A). Both 
include a temperature and mobile phase composition dependence.196 The last cat-
egory comprises correlations with solvent or solute properties. Correlating proper-
ties of analytes and stationary phases with retention has provided significant insight 
into selectivity. Carr initiated a set of investigations using linear solvent strength 

FIGURE 2.5  The DEB ligand structure with electron-donating resonance structure. 
(Reprinted from Journal of Chromatography A, 1591, Erin P Shields and Stephen G Weber, 
“A liquid chromatographic charge transfer stationary phase based on the thiol-yne reaction,” 
1–6, Copyright (2019), with permission from Elsevier.)
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models.192 The relationship between retention and certain physicochemical proper-
ties has been heavily investigated with QSRRs.197 The latter relate chromatographic 
retention to chemical structure by using experimental or theoretically predicted 
molecular descriptors to predict retention.198 Historically, these relationships have 
been observed between retention factor and nonpolar surface area of solute,190 logP 
and water solubility,199,200 molecular connectivity,201 and the presence/abundance 
of certain chemical moieties: methylene group,202–206 polyethyleneglycol,207,208 and 
aromatic rings.205 The descriptors are then chosen and QSRR can be used to pre-
dict retention times for new analytes and to gain insight into the mechanism of 
retention. Experimentation or computation is required to determine these molecular 
descriptors. Haddad successfully extended the QSRRs for use with the hydrophobic 
subtraction model (HSM). This allowed for this approach to be used with differ-
ent stationary phases198 for which HSM parameters were available. Additionally, 
UNIFAC (UNIQUAC functional-group activity coefficients), a group-contribution 
method typically used to predict activity coefficients in liquid mixtures without 
electrolytes,209,210 has also been invoked in a chromatography context. These cal-
culated activity coefficients have been correlated with retention data in RPLC.211 
They have also been used to calculate activity coefficients in stationary and mobile 
phases, which were subsequently used to calculate partition coefficients.212 Park et 
al. demonstrated that UNIFAC is useful for predicting elution order, relative solvent 
strengths,213 and the effects of methylene contribution,214 but showed the inaccura-
cies in its ability to quantitatively predict retention.213,214

2.4.1.2 � Comparing Retention Models for Neutral Analytes
Knowledge of retention behavior over a wide range of conditions allows for both 
the simulation and optimization of advanced chromatographic techniques including 
gradient separations, TASF, multidimensional liquid chromatography, and solvent 
focusing. Recently, we assessed three retention models for their ability to recapitu-
late experimentally determined retention as a function of temperature and solvent 
composition. We further assessed their ability to predict the retention enthalpy of 
these compounds.215 The first equation (Equation (2.7)) was a four-parameter expres-
sion developed by Neue and Kuss (NK) as a function of temperature (T) and mobile 
phase composition (v/v%, ϕ).102
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This model allows for curvature in a plot of ln(k) vs. mobile phase composition, but 
ln(k) has a linear dependence on the inverse of absolute temperature. The other two 
were developed by Pappa-Louisi. One is based on a partitioning model (PL-P) and 
has six parameters (Equation (2.8)). Note that ln(k) has a quadratic dependence on 
mobile phase composition and a linear dependence on the inverse of temperature.
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The other expression from Pappa-Louisi et al. is based on an adsorption model 
(PL-A) and also has six parameters (Equation (2.9)).
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The dependence of ln(k) on mobile phase composition and temperature in this 
expression is complex.

The derivative of each of these models with respect to the inverse of the absolute 
temperature provides an apparent retention enthalpy as shown in Equation (2.10).
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Apparent enthalpy based on the NK expression (Equation (2.11)) consists of three 
parameters and is only dependent on mobile phase composition.
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Apparent enthalpy from the PL-P expression (Equation (2.12)) also consists of three 
parameters and is quadratically dependent on mobile phase composition.
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Apparent enthalpy from the PL-A expression (Equation (2.13a–c)) is more compli-
cated, containing five parameters and being dependent on both mobile phase com-
position and temperature.
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The dataset used to compare these models consists of retention factors taken at 
different mobile phase compositions and temperatures for 101 compounds con-
taining alkylbenzenes, alkylbenzoates, hydroxyalkylbenzoates, alkylphenones, 
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alkylhydroxyphenones, mono- and disubstituted benzenes, NSAIDs and related 
compounds, polycyclic aromatic hydrocarbons, and polycyclic heterocycles (see 
http://stephen-weber-chemistry.squarespace.com/useful-links/). All measurements 
were done in acid conditions and all solutes were neutral. All experimentally deter-
mined k values were repeated typically four times. The within-day experimental 
uncertainty in ln(k) was 0.2%, and 2.1% for between-day measurements, demon-
strating that this dataset has a small experimental uncertainty, allowing it to be used 
to test these retention models. (“Between day” incorporates a range from next day, 
same column to many months later, different column.)

The residual uncertainty from the fits of ln(k) over the experimental range of T 
and ϕ for the 101 compounds were NK: 3.9%, PL-P: 4.3%, and PL-A: 2.7%. As these 
models have different numbers of parameters, we wanted to be sure that the benefit 
did not come from overfitting. The Akaike information criterion uses the log likeli-
hood function to award a model for a good fit while penalizing for the number of 
parameters. The NK model was the best for one solute, while the PL-P model was 
best for 23 solutes and the PL-A for 77 solutes.

Apparent enthalpy was measured using the slope of the van’t Hoff plots taken within 
a day and compared to that predicted by Equations (2.11–2.13). The NK showed an 
error of 2.01 kJ/mol, which equates to a 21.3% error, while the PL-P showed a 1.42 
kJ/mol error (12.8%) and the PL-A showed a 1.08 kJ/mol error (10.7%).

The PL-A model appears to be the most accurate with a prediction uncertainty at 
the same level as day-to-day reproducibility and the lowest uncertainty in enthalpy 
of retention as well.

2.4.2 �I onizable Analytes

2.4.2.1 � Overview
The temperature dependence of the retention of ionizable analytes is complicated. 
In the following description we consider an ionizable solute. It will be referred to 
as having neutral and ionized forms with a single pKa for simplicity. In a buffered 
solution containing such an ionizable solute several changes occur as temperature 
changes, namely: 1) buffer pKa shifts; 2) solute pKa shifts; and 3) the retention factors 
of the ionized and neutral species change. The buffer pKa shifts to a degree related to 
its enthalpy of ionization when temperature changes. Thus, a change in temperature 
induces a shift in mobile phase pH. Buffer pH determines the relative proportion of 
the acid and base forms of a solute in the chromatographic system, and thus buffer 
pH has a significant effect on ionizable solute retention. This was first observed by 
Horvath et al.,216 who made the important observation that the ionization enthalpy of 
the buffer contributes to the observed enthalpy of a separation. Solute pKa also shifts, 
affecting the distribution of ionized and neutral species at a certain pH. Tran et al.49 
explored the effect of temperature at different pH values, temperatures, mobile phase 
compositions, and stationary phases. While the pH shift with temperature was not 
accounted for and different buffers were used for the pH values tested, they noted 
different selectivity trends with temperature for analytes containing amino groups 
which tend to have large positive ionization enthalpies. McCalley noted unique 
changes in selectivity for amine containing compounds as well.217 The foregoing 

http://stephen-weber-chemistry.squarespace.com
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effects on retention are most significant if the pH is near the pKa of the solute and 
the pKa of the buffer is similar to that of the solute. Finally, retention factors of the 
neutral and ionized forms of the solute shift depending on the apparent enthalpy of 
adsorption/partitioning of each of the neutral and ionized compounds.

2.4.2.2 � Effect of Buffer Ionization Enthalpy
The most interesting aspect of these effects of temperature is that the chromatogra-
pher has some control over the effect of a temperature change by choosing buffers 
with particular properties. We demonstrate the effect of temperature for a represen-
tative solute in three different buffer systems that are effective in the pH range where 
carboxylic acids ionize. We consider a solute with a pKa and ionization enthalpy that 
are representative of a carboxylic acid solute. The pKa is 4.76 (same as acetic acid), 
and the ionization enthalpy is –0.50 kJ/mol. The three buffers represent different 
ionization enthalpies. The enthalpy of ionization of acetic acid in water is small 
(–0.41 kJ/mol), so the pH does not significantly shift with temperature. A buffer 
based on oxalate (HOx− → Ox2−) is representative of a buffer in the desired pKa range 
with an acid having a significant negative enthalpy of dissociation (–7.00 kJ/mol). 
The acid is favored as temperature increases (dissociation is greater at low tempera-
ture and pH increases with increasing temperature). Piperazine (PipH2

2+ → PipH+) 
has a large positive ionization enthalpy (31.11 kJ/mol) so pH decreases with increas-
ing temperature.218 The shifts in buffer pH as temperature is increased from 25°C to 
65°C are shown in Figure 2.6A. The changes in k at different mobile phase pH (25°C) 
as temperature is changed to 65°C are shown in Figure 2.6B. Retention factors of 
the neutral and ionized forms are shown by the arrows at the k axis. The retention 
behavior of the solute at 25°C in all three buffer systems is given by the curve with 
square symbols. It is identical in all cases. (Ion pairing is assumed not to affect reten-
tion.) When the temperature is raised, retention at the high and low ends of the pH 
range is the same in each buffer system because the solute exists in predominantly 
a single form at the extremes of pH. However, the pH dependences of the retention 
of the solute in the three buffers are significantly different. Notably, when the initial 
pH at 25°C is greater than 5, retention increases with increasing temperature in the 
piperazine buffer with its positive enthalpy of ionization.

2.4.2.3 � What Is the pH of a Mobile Phase?
There are challenges in making pH measurements in mobile phases. When the pH 
probe is calibrated in aqueous solutions and measurements are made in aqueous 

solutions, the pH is stated as being the w
w pH. The superscript is for the calibration 

solution (w for water) and the subscript is for the sample. It is common in HPLC 
work to prepare an aqueous buffer at a specific pH, and then combine it with the 
organic portion of the mobile phase. This provides a reproducible mobile phase, 
but the shifts in pKas and pH must be estimated. Equations have been developed to 
predict changes in pKa

219–222 and pH223–226 with the addition of the organic portion of 
the mobile phase; however, these expressions are specific to classes of compounds. 
Measurements can be made directly in the mobile phase with calibration either in 
a mixed solvent or in water-based buffers. To make measurements in a mixed sol-
vent, the calibration standards must be made in the exact mobile phase composition 
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in which the measurements will be made. The result is called s
s pH (s for solvent). 

This is a tedious process and somewhat difficult to work with, but it is the most 
accurate method for measuring the activity of the proton in the solution if liquid 
junction potentials are controlled. A balance of accuracy and ease is found in the 

w
s pH scale, in which pH electrodes are calibrated in aqueous buffers and measure-
ments are made in mobile phase. This procedure is easy to carry out in the lab and 
will work on any compound or class of compounds. Following this measurement, 

s
s pH can be estimated for different buffers at different mobile phase compositions as 
shown by Espinosa et al.,227 who reported “correction factors.” Canals et al. devel-
oped an expression for this correction factor in methanol mobile phase mixtures at 

FIGURE 2.6  A shows the change in pH moving from 25°C to 65°C for each buffer. B shows 
the retention factor as a function of the initial pH at 25°C for neutral forms, ionized forms, 
and the average retention factors in buffered mobile phase at 25°C and 65°C. C shows the 
thermodynamic properties for analyte and buffers.
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room temperature228 and Gagliardi et al. developed the expression for acetonitrile 
mobile phase mixtures ranging from 15°C to 60°C.229 Analyte pKa in mixed solvents 
can be measured using the techniques described above and these methods have been 
automated.230 Mobile phase pH gradients have also been used to estimate analyte 
pKa chromatographically.231

2.4.2.4 � Retention Prediction
As discussed above, analyte pKa, buffer pKa, and mobile phase pH depend on 
organic cosolvent fraction and temperature. Retention factors have been success-
fully predicted using aqueous buffer pH and aqueous solute pKa prior to the addition 
of the organic modifier.232 Mobile phase organic gradients have used pH and pKa 
shifts as another tool in the separation of ionizable solutes.231,233–236 Under conditions 
of constant ϕ (30% ACN, v/v%), the pH and temperature dependence of retention 
was modeled by Gagliardi et al.237 They quantitatively described the response of 
ionizable analytes to temperature changes depending on buffer type. This work was 
extended to include methanol mobile phases, and a simpler expression focusing on 
only the equilibria which significantly affect retention was developed.238 The predic-
tion of analyte retention as a function of mobile phase pH and temperature has been 
extended to include mobile phase composition as well.239–241 Agrafiotou studied 22 
analytes in 12 buffers at a variety of pHs, temperature, and mobile phase composi-
tions. They focused on developing simple models for the prediction of retention and 
ultimately arrived at an eight-parameter expression. Pous-Torres et al. modeled these 
effects using a dataset of 11 analytes and one buffer system, at a range of acetonitrile 
compositions, pHs, and temperatures. They used an eight-parameter expression to 
predict retention and subsequently focused on minimizing the number of experi-
ments required to predict retention as a function of pH, mobile phase composition, 
and temperature.240,241 A unique extension of this work explores the use of 1) pH 
gradients and 2) mobile phase organic and pH gradients in combination. The theory 
is complicated, but could be useful in the fast yet selective separation of medical or 
environmental samples.231

2.4.2.5 � Conclusion
Understanding the effect of temperature changes on the retention of ionizable ana-
lytes where mobile phase pH is near the pKa of the analyte is quite complicated 
because the buffer pKa, analyte pKa, and retention factors of the ionized and neutral 
forms of the solutes are all temperature-dependent. While this leads to complexity, 
as a practical matter, buffer selection allows for an extra parameter of control over 
solute selectivity.

2.4.3 �T emperature-Dependent Changes in Stationary Phases

There have been several publications demonstrating the intriguing properties of 
temperature-dependent stationary phases where the stationary phase itself changes 
at different temperatures. Almost all of these phases are based on poly(isopropyl 
acrylamide)242–250 or related polymers.250–257 The intriguing nature of this system is 
that retention (reversed phase) increases when temperature increases. For example, 
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Cao et al.258 used a traveling cold spot to elute proteins in a preparative separation 
with an N-isopropyl acrylamide-based cation exchange gel (fast protein liquid chro-
matography, FPLC). However, the very poor plate count typically observed makes 
this phase less useful than it might otherwise be.

Pesek et al. demonstrated temperature-dependent retention due to the phase 
transition of a liquid crystalline phase.259 Sander, Wise, and coworkers260–268 have 
convincingly demonstrated the existence of the temperature dependence of shape 
selectivity using polycyclic aromatic hydrocarbon mixtures with reversed phases of 
a particular sort. Phases whose structure allows for self-association of adjacent alkyl 
ligands at low temperatures tend to show shape selectivity.

2.5 � THE EFFECTS OF VISCOUS DISSIPATION

2.5.1 �O verview

Chromatographic efficiency decreases above specific inlet pressures while average 
eluent temperature increases.269 This heating is caused by viscous dissipation, which 
is a process that causes fluid temperature to increase because of shear forces in the 
fluid creating friction. The effects of viscous dissipation are greater for high fluid 
velocities and small fluid through-ways, e.g., narrow ID open tubes or small particle-
packed columns. Heat is generated throughout the column and is lost through the 
column outlet and the walls. Heat loss through the walls creates a radial temperature 
gradient with the center of the column hotter than the walls. This is a problem in 
chromatography as higher temperatures in the center of the column decrease mobile 
phase viscosity and typically decrease the solute retention factor, so the velocity of 
the solute is higher in the center of the column than at the walls. This causes band 
broadening. Approaches to solving this problem are described briefly below. The 
most successful approach is to have column walls that do not conduct heat axially 
or radially. Such an adiabatic column would have no radial temperature gradient.270 
Under adiabatic conditions, the temperature increase is proportional to the pressure 
drop divided by mobile phase heat capacity.271

2.5.2 �T emperature Profiles within a Column

The radial temperature gradient induced by viscous dissipation was first studied in 
chromatographic packed beds by Lin and Horvath.272 They studied thermostatted 
columns and demonstrated that the radial temperature gradients can be softened 
by having the inlet mobile phase temperature lower than the column wall tem-
perature. This increases the thermal entrance length but flattens the radial tempera-
ture profile. They also studied adiabatic columns and demonstrated that a radial 
temperature gradient exists because the steel walls conduct heat. Poppe et al.270,273 
developed a model to predict the temperature profile within a column under viscous 
dissipation effects, which was later extended by Dapremont et al.274 to account for 
different column wall and inlet mobile phase temperatures. Kaczmarski et al. devel-
oped models to predict the heat generated by viscous dissipation and the resulting 
chromatographic effects275– 277 Using a 2.1 mm × 5 cm column packed with 1.7 µm 
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particles C18 particles with pure acetonitrile mobile phase at about 1,000 bar, it was 
shown that the difference between the column wall and column center is about 6 K 
and that the mobile phase temperature increases by about 20 K as it travels down 
the column.276

2.5.3 � Counteracting Band Broadening Caused by Viscous Dissipation

Poppe et al.270 proposed four potential solutions: 1) Adiabatic columns would mini-
mize radial temperature gradients; however, heat will be conducted along the col-
umn wall; he suggested using a chemically inert and mechanically strong material 
with low thermal conductivity for the column wall; 2) the sample could be injected in 
the central region of a column only so that it is not affected by a radial temperature 
gradient; 3) high column pressures could be avoided; however, column performance 
will suffer; 4) thermostatted, smaller-diameter columns could be used.270 It has been 
shown that chromatographic peak shape and band broadening can be improved 
by thermostatting columns and decreasing the inlet temperature,278,279 identical to 
Horvath’s approach to softening the radial temperature gradient.272 Desmet fur-
ther demonstrated that viscous dissipation causes chromatographic plate height to 
increase with column radius to the sixth power.280 A fifth solution was presented 
by Broeckhoven et al.,281 who intermittently cooled the chromatographic system 
by using shorter connected columns of equivalent length to a larger column. This 
proved to be promising as it decreased the maximum temperature reached on the 
column and increased peak resolution.

2.5.4 �A diabatic Columns

The use of adiabatic columns has proven the most successful of all proposed solu-
tions, but the deleterious effect on band spreading still exists at very high pressures. 
Gritti et al.282 developed an adiabatic column using a vacuum jacket and minimized 
thermal radiation by wrapping the column and inner walls of the jacket with alumi-
num tape. This minimized heat leakage to 1%. Use of this column jacket was shown 
to decrease the A term in the van Deemter equation by 0.8 ± 0.1 reduced plate height 
units. In these columns, the temperature at the center of the column is only 0.01 K 
higher than the column walls at about 900 bar, with 1.8 µm particles demonstrating 
that the thermal conductivity along the column wall does not cause a significant 
radial temperature gradient.283 Broeckhoven et al. modeled the effects of viscous 
dissipation, discussed the limitations, and showed that the conducting heat along the 
column wall and the end fittings becomes an issue at pressures over 1,250 bar with 
sub-2 µm particles. He stated that a change in column hardware is needed before 
operating pressures can be increased further for analytical-scale columns.284 An 
additional concern of adiabatic columns is that a steeper axial temperature gradient 
is present when compared with traditional thermostatted columns. Band broadening 
could be caused by higher temperatures downstream causing the front of the peak 
to be moving faster than the tail. This effect was explored by K. Horvath et al., who 
showed that theoretical plates and chromatographic resolution are not significantly 
affected by an axial temperature gradient.285
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3.1 � INTRODUCTION

During the late 1980s and early 1990s, there was a special interest in studying what 
was thought to be the ultimate effort to complete a theoretical and practical under-
standing of the chromatographic separation of proteins. As a result of these studies, 
fundamental achievements in the theory and practice of hydrophobic interaction, ion-
pairing and reversed-phase chromatography were made. This work was conducted 
by various scientists such as Lloyd Snyder, Csaba Horváth, Georges Guiochon, Dan 
Martire, Fred Regnier and Barry Karger, among others. One of the most important 
subjects was an understanding of the practical consequences of the salting out effect.

Salting out is caused by different salts that decrease protein solubility in water. 
Salts that increase protein solubility are said to promote salting in. Salting out is 
a consequence of changes in the structure of proteins in an aqueous solution. It is 
useful in the chromatographic analysis of proteins using aqueous mobile phases and 
hydrophobic stationary phases [1].

Water has a unique, low entropy structure, governed by hydrogen bonding. It is 
known that ions are hydrated in aqueous solutions. Ion hydration causes changes 
in the structure of the aqueous environment. For example, the presence of ions is 
related to protein unfolding and protein separations through salting in and salting 
out processes. Hydrated ions have strong interactions with water molecules, and can 
change the structure of water. When hydrated ions increase the structuring of water, 
they promote protein salting out and are called “order makers” or “kosmotropes.” 
Other ions decrease the structure of water and promote protein salting in. These are 
called “disorder makers” or “chaotropes.” Both terms, “kosmotropes” and “chao-
tropes,” originated from the Hofmeister series, which orders ions in terms of their 
ability to stabilize or destabilize proteins [2].

Kosmotropes are usually small ions with a high charge density. Chaotropes are 
large ions with a lower charge density. A general rule that helps to distinguish one 
type from the other is that kosmotropic ions show radii below 106 pm for monovalent 
cations, and below 178 pm for singly charged anions [2].

This review outlines the main theoretical aspects related to the effect of kosmo-
tropic salts on chromatographic separations. It also describes the relation of the salt-
ing out effect to the Hofmeister series, and some practical high performance liquid 
chromatography (HPLC) applications. This review is intended not to be exhaustive but 
to provide a description of various chromatographic behaviors observed in the hydro-
phobic interaction chromatography (HIC) of proteins; and the most common analyti-
cal strategies for method development are discussed. Exhaustive reviews on specific 
subjects such as electrostatic interactions, Hofmeister effects on biological systems and 
the behavior of non-aqueous systems are available elsewhere [1, 2, 3]. Many publica-
tions on chromatography are related to kosmotropic effects that are applied mainly in 
the pharmaceutical industry [4], but they are omitted here with the explicit intention of 
addressing kosmotropicity as an important phenomenon in protein separations.

The objectives of this work are to review some theoretical models proposed to 
explain the kosmotropic effect, and to describe strategies for method development in 
order to improve kosmotropic chromatography. The amount of literature published 
on this subject is increasing. To date, most models proposed are far from being uni-
fying rationales that explain the results and observations.



103Protein Kosmotropic Chromatography﻿

3.2 � KOSMOTROPICITY IN CHROMATOGRAPHY

“Kosmotropicity” is a term to describe the effect of an aqueous solute capable of 
acting as an agent that increases the structure of water. The opposite effect is termed 
“chaotropicity.” The most common kosmotropic agents are ammonium sulfate, 
potassium phosphate and sodium sulfate. The first attempts to explain kosmotropic-
ity treated the electrostatic interactions between an ionic solute and its hydration 
sphere, mainly the anion. These interactions were supposed to favor an increase 
in water structure. More structured water consequently expelled a non-electrolytic 
analyte from the increasingly organized eluent, thereby decreasing its solubility [5]. 
However, recent evidence indicates that this explanation might be incorrect.

Kosmotropic chromatography, originally referred to as “salting out chromatog-
raphy,” is based on a decreased solubility of an analyte in the mobile phase caused 
by the presence of salts of specific types. The altered analyte solubility also causes 
an increased interaction with the stationary phase by a mechanism that is not fully 
understood, as is discussed in further sections. The salting out effect has hence been 
applied in order to modify the retention factor in separations of small and large 
molecules. Some separations use a single concentration of the salt, whereas others 
implement a salt gradient [5]. Its practical application resides in an empirical rela-
tion between the retention factor and the salt concentration. Salts commonly used as 
kosmotropic agents have been observed to follow a trend known as the Hofmeister 
series [6].

The Hofmeister series is related to kosmotropicity and chaotropicity. Štrop [6] and 
Loeser [7] observed that different salts showed the same tendency as that observed in 
the Hofmeister series in HIC and in reversed-phase liquid chromatography (RPLC), 
respectively. In general, chaotropic salts act by increasing the solubility of proteins 
(salting in), and kosmotropic salts act by decreasing it (salting out) [6, 7].

Several authors have tried to explain kosmotropicity in terms of electrostatic 
interactions [8, 9, 10], thermodynamic considerations [11], quantum-mechanical 
explanations [12, 13] and the simulation through molecular dynamics [14, 15, 16]. 
As evidence subsequently showed, structure-making in aqueous solutions by kos-
motropes is not a consequence of the interactions with water molecules. Several 
results indicate that the main interaction occurs between a salt and an analyte, not 
because of a direct relationship with the hydration sphere of the salt. Anions have 
been observed to interact with proteins more strongly than cations because they are 
more polarizing [15]. This result opens a new way of describing the mechanism of 
interaction of kosmotropes with proteins.

3.3 � KOSMOTROPIC SALTS IN HYDROPHOBIC 
LIQUID CHROMATOGRAPHY

This section addresses three types of chromatographic modes used in protein sepa-
rations with kosmotropic additives: conventional reversed-phase liquid chroma-
tography (RPLC), hydrophobic interaction chromatography (HIC) and ion-pairing 
chromatography (IPC). The use of kosmotropic salts is briefly presented in agree-
ment with the nature of each technique.
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A liquid-chromatographic system has a complication arising from a combination 
of several parameters. In RPLC these parameters include: the sample containing 
the analytes that must be separated, an aqueous solution to which non-ionic organic 
compounds (that can be polar or non-polar) might be added, the various salts that are 
used for the buffer eluent, the hydrophobic or hydrophilic nature of the adsorbate, 
and a variety of their concentrations. This complication has made it extremely dif-
ficult to propose a theoretical framework able to correlate all the experimental obser-
vations, and to make predictions. One such observation yet to be explained is the use 
of salts to modify the retention of the analyte upon a change in the analyte solubility.

The solubility of a non-polar analyte in an aqueous solution of an electrolyte 
might change from the salting effect. If solubility decreases with increasing con-
centration of the electrolyte in the mobile phase, salting out occurs. If solubility 
increases, then the non-polar analyte is said to be salted in [5, 17]. For the purpose 
of the definition, electrolytes and non-polar analytes are compounds that have large 
and small solubilities in water, respectively. The influence of an electrolyte in an 
aqueous solution of a non-polar analyte is expressed mathematically according to the 
Setschenow equation [5, 17]:

	 log log *
s

s
f k cc s

0 = = 	 (3.1)

in which s0 and s are the solubilities of the non-polar analyte in water and the elec-
trolyte in the solution, respectively; cs is the concentration of the electrolyte in moles 
per liter; fc is the activity coefficient of the non-polar analyte; and k is called the 
“salting parameter.” A positive value of k indicates salting out whereas a negative 
value indicates salting in. Because s0 is constant in an aqueous solution, it follows 
from Equation (3.1) that the amount of electrolyte added is directly proportional to 
the amount of non-polar analyte precipitated and vice versa.

The effect predicted by the Setschenow equation is particularly evident when 
kosmotropic salts are used with the specific purpose of salting out proteins in HIC. 
This HPLC mode uses hydrophobicity as a property to purify and to separate macro 
biomolecules. It comprises chromatographic techniques that have in common the 
addition of salts to the mobile phase to help modulate or to modify hydrophobicity, 
and hence the retention of analytes on the hydrophobic sites of the stationary phase. 
The targets might be small molecules, non-ionic or ionic small molecules or biomol-
ecules (proteins and DNA) that differ in their hydrophobicity. These techniques orig-
inated in the 1950s. The mechanism of the loss of solubility has since been related to 
the effects of ions, and was the first to be described as “salting out chromatography.” 
Biomolecules are the target analytes to be salted out from the mobile phase in order 
to modulate their retention on the stationary phase as a function of salt concentration 
[18]. Figure 3.1 shows a classical separation of four biomolecules using HIC. This 
separation uses ammonium sulfate as a salting out additive and ammonium acetate 
as a buffer. The use of ammonium sulfate along with the acetate buffer can increase 
the retention factors, improving resolution and the time for the chromatographic test 
[18]. Figure 3.1 shows the separation of a mixture of biomolecules using 3 M ammo-
nium sulfate [18].
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Figure 3.1 is an example of the role that salting ions play in HIC separations. 
Among possible patterns, ions exhibit attractive forces with water molecules and 
with the organic modifiers added to the mobile phase. They also show adsorption 
on the stationary phase, but their effect is more strongly related to concentration. 
This effect arises from interactions of two types – non-specific [9, 19] and specific 
[4]. At small concentrations, non-specific interactions between the solute and the 
salting out ions are related to the charge of the ions. At any concentration, the ions 
produce double layer shielding [20, 21]. Other effects arise from electrostatic inter-
actions between ions and solute molecules, or between the solute molecules and the 
stationary phases. These effects are independent of the type of salt, but dependent 
on concentration.

Specific effects of non-ionized species, such as hydrophobic interactions, appear 
at concentrations greater than 100 mM [21] and have been related to ions in the 
Hofmeister series through their increasing capacity to salt out proteins from aque-
ous solutions [15]. Other effects are the polarization induced by anions over adja-
cent water molecules, for instance, interference with the hydrophobic hydration of 
macromolecules and direct binding to the macromolecule. At concentrations below 
100 mM in the presence of salts, hydrophobicity is of concern, because at that con-
centration IPC takes place.

IPC is a reversed-phase alternative that uses the addition of an ion-pairing reagent 
(IPR) to the mobile phase. The IPR contributes with counterions to form neutral ion 
pairs with the analyte ions. Ion pairs having a neutral electric charge are attracted 
to the stationary phase, retained and separated [22]. The formation of ion pairs was 

FIGURE 3.1  Hydrophobic interaction chromatogram of a protein mixture in linear gradi-
ent from 3 M ammonium sulfate + 0.5 M ammonium acetate, pH 6.0 to 0.5 M ammonium 
acetate, pH 6.0. Peak 1 corresponds to cytochrome-c, 2 ribunuclease, 3 lysozyme and 4 (α)-
chymotrysinogen A. Reproduced from [18] with permission of the publisher.
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proposed by Manning in 1969 as counterion interaction based on an infinitely long 
charged row. For polyelectrolyte solutions, ion pairs form at a limit of zero con-
centration [23]. Manning’s conclusions support empirical observations in IPC about 
the retention behavior in a reversed-phase mode. In an IPC system at a given ionic 
strength, the addition of an IPR favors counterion interaction. As a consequence, 
the inverse of the product of the charges of the polyion and its counterion remain 
approximately constant. This causes deviations in the order of the salting out of vari-
ous salts observed in RPLC and HIC, as confirmed by Florez and Kazakevich [24].

These authors studied the separation of ionic analytes using RPLC with kosmo-
tropic and chaotropic additives. They observed that, under the conditions of their 
experiments, the salting out effect of a positively charged analyte had no relation 
to the effect of the additives (chaotropic or kosmotropic) on the separation of ionic 
analytes. This is the opposite behavior of that expected in protein separations with 
the same technique [24]. The relation of the salting effect to the Hofmeister series 
is discussed in the next section for RPLC, HIC and IPC. For the lattermost, recent 
evidence shows that salts fail to follow the Hofmeister trend in an IPC regime.

3.4 � KOSMOTROPIC SALTS AND THE HOFMEISTER SERIES 
IN THREE CHROMATOGRAPHIC REGIMES

The effect of kosmotropic salts on the salting out of proteins from the mobile phase 
in RPLC follows the Hofmeister series. This behavior is more evident under HIC 
conditions and not evident in IPC. An important generalization about the behavior of 
kosmotropic salts is that large concentrations are necessary for their retention effects 
to be manifested in the stationary phase. These effects are generally in compliance 
with the salting out or salting in potential of ions. The trend was first described by 
Hofmeister in 1888 and the series contains both chaotropic and kosmotropic ions 
[5]. Here the concept of large concentrations of kosmotropic ions is negligible. It 
has been pointed out that salting out effects arising from Hofmeister behavior are 
observed in biological systems at concentrations of about 100 mM under physiologi-
cal conditions. This opposes chromatographic systems using hydrophobic interac-
tion, where concentrations can, however, be as great as 3 M and even 6 M [18].

A classification between chaotropic (anions) and kosmotropic (cations) ions arose 
initially according to an erroneous belief that anions have no hydration layer. Such 
an absence of a hydration layer allowed anions to affect the structure of the water 
more directly, for example by interrupting the network of hydrogen bonds. Anions 
could also cause protein unfolding and promote salting in effects. In contrast, cat-
ions that have a well-defined hydration layer would help reinforce the structure of 
the water and strengthen and stabilize the salting out effects of proteins and other 
macromolecules [15]. Although these effects occur commonly in multiple processes, 
the mechanisms that explain this behavior are poorly understood [1].

It is accepted that ions exert two opposing effects on proteins and charged macro-
molecules. One effect is the electrostatic interaction between the charges of proteins (or 
macromolecules) and the positive or negative ion. These interactions are non-specific 
in nature and favor a distribution of counterions around or near the surface of proteins 
(or macromolecules). The second effect is the solvation of ions located outside the 
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double electric layer, which is a specific interaction. This solvation favors ion hydration 
in the bulk solvent. Under these solvation conditions, movement of ions from the bulk 
solvent to the surface of the stationary phase is unfavorable. Even though this charge 
distribution decreases the electrostatic interaction of the protein with the stationary 
phase, retention can be modulated by controlling salt type and concentration [1, 25].

During chromatography a protein can exist either in the mobile phase or be 
adsorbed in the stationary phase (folded in the mobile phase or unfolded in the sta-
tionary phase). Differences arise from the surface which the proteins are interacting 
with, and from the presence of salts that can alter the equilibrium in any direction 
(non-specific effects in the mobile phase and specific effects in the stationary phase). 
The way in which the salts displace the solubility equilibrium to favor protein salt-
ing out is not clear. The interaction involved in the solubility (and in the salting out) 
of proteins was studied by Kirkwood [1]. This author proposed that a salt ion has a 
repulsive interaction with a charge inside a low relative permittivity cavity in the pro-
tein. At low salt concentrations, solvation interactions dominate (known as Debye–
Hückel interactions). The salts displace the equilibria toward the dissolution phase, 
causing salting in due to an attractive interaction with the charge inside the cavity. 
At large concentrations, the hydration effect of the ions drives the equilibria toward 
repulsive interaction, causing the protein to be displaced from water to the solid sta-
tionary phase. That is, decreasing the solubility and causing salting out. Kirkwood’s 
findings were studied more rigorously in terms of the work required for the attrac-
tive and repulsive interactions [25]. The chemical potential of the protein depends 
on two kinds of work. One is the amount of work necessary to charge the salt ions 
around the protein’s low dielectric cavity. The other is the work necessary to charge 
the protein in the presence of the electrically charged salt ions [1]. The latter is the 
salting in work. The former is the salting out work, also called the “Kirkwood term” 
[25]. The results allowed the relation of the Kirkwood term (WK) in Equation (3.2) to 
the work of charging the ions around the cavity of small relative permittivity of the 
protein [25]. This term, plus the term corresponding to the Debye–Hückel interac-
tions (ΔGDH), yielded the following expression for the solubility of a protein [25]:
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In Equation (3.2) kB is the Boltzmann constant, T is the temperature in K, S is the 
solubility of the protein in g/L in the presence of the salt, S0 is the solubility of the 
protein in g/L in the absence of the salt, ΔGDH is Gibbs energy of the interactions 
of Debye–Hückel type and Wk is the Kirkwood term. Equation (3.2) describes a 
diphasic behavior with increasing salt concentration. It shows that, initially, increas-
ing the concentration of a salt, measured according to the ionic strength, I, increases 
the solubility of a protein (salting in) favored by the term ΔGDH. Further increasing 
the salt concentration results in the solubility reaching a maximum and beginning 
to decrease, as the term Wk becomes dominant. Most salts at small concentration 
(I < ~ 1 M) have a salting in effect on proteins, consistent with the term ΔGDH, and 
show a salting out behavior as concentration increases [1, 25]. An example of this 
behavior is shown in the next section in Figure 3.3.
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However, Kirkwood’s treatment does not explain observations about the behavior 
of electrolytes with themselves. In order to account for the behavior of electrolytes, 
electrostatic interactions must be considered: for instance, the formation of cation–
anion pairs, and the interaction of the ion pair with the solvent. Although two 1:1 
electrolytes are expected to behave similarly, it is known that the pH or electrolyte 
activity depends on the specific type of cation–anion pair and its interactions [26]. 
An example of such interactions are those of the cation–anion pair with solvent mol-
ecules and also with the adsorbent. Local interactions between an ion and a solute (or 
part of it) are also possible. Another possible interaction is with an interface, which 
means that an ion might be specifically adsorbed. All these possible interactions 
change the surface tension of the solvent. In consequence, surface tension changes 
with the surface concentration of the ion pairs. This has been confirmed by X-ray 
diffraction [26]. At the interface between the liquid and vapor of a saturated solu-
tion, anion and cation concentrations are different from those in the bulk solvent 
[27]. It was observed that there is an excess of anions with respect to cations. X-ray 
experiments with potassium halides showed that the ratio of iodide to potassium was 
greater than the ratio of bromide to potassium, revealing specific effects. This trend 
notably follows the observed effects of the Hofmeister series [27].

Electrostatic theories fail to explain several observations. For example, how the 
salting effects alter when the electrolyte is altered, or how a Born radius varies with 
temperature (a small Born radius is related to weak electrostatic interactions in bulk 
water) [26]. The paradigm used in electrostatic theories fails to take into account the 
existence of dipole–dipole interactions, or the short-range interactions of van der 
Waals forces. In order to take these interactions into account, the following approach 
has been proposed [26].

The solvent is considered to be a continuum that is characterized with a relative 
permittivity and lacks its own structure in the calculations. Short range forces in 
the solvent can be attractive or repulsive and can affect the solution. Calculations 
in a solution phase require a model of many bodies to describe all possible interac-
tions. Among the most relevant interactions are those of Debye (induction), Keesom 
(orientation) and London (dispersion). Debye and Keesom interactions arise from 
interactions between permanent dipoles, ions and induced dipoles. London forces 
are quantum mechanical in nature, and relate to polarizability and ionization energy 
of the ions, reflecting their specific nature. In summary, the problem is manifold 
because of the presence of the structure of the solvent [26].

When the solvent is water, such effects follow the Hofmeister series [26]. Other 
kinds of kosmotropic salts that follow the Hofmeister series include ionic liquids 
[28–35]. In the following sections, we try to present several theories which attempt to 
explain mechanistically the interaction of ions in the Hofmeister series with different 
analytes. This will shed some light on the HIC of macromolecules.

3.4.1 �T hermodynamic Aspects of the Hofmeister Series

Kosmotropic ions are supposed to induce local water structuring through hydra-
tion. This structuring depends on the size of the ions and on electrostatic and 
quantum-mechanical interactions. The short-range interactions involving the ionic 
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species depend on van der Waals forces between the hydrated ions and the sur-
faces (due to the superposition of the hydration layers). The long-range electrostatic 
interactions depend on the nature of the solvent and its interaction with the mol-
ecules that might be present, such as proteins, other biomolecules and impurities 
(dissolved gases) [26, 27].

The efficiency of the most common ions as promoters of salting out (kosmotropic-
ity) follows these decreasing orders of the Hofmeister series [26, 27]:

For anions,
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This order is not rigorous but is subject to variation due to the nature of the system 
and the type of effect studied. A pictorial view of the Hofmeister series for anions 
and cations, adapted from reference [36], appears in Figure 3.2.

Figure 3.2 shows the anions and cations in decreasing order of kosmotropic effect 
from top to bottom. The effect has been studied by several authors [17] and has 
special interest in the effect on protein stability under specific conditions [26]. As an 
example, Figure 3.3 shows the effect of salt concentration on thermal denaturation of 
poly(N-isopropylacrylamide), PNIPAM. The effect is shown on cooling PNIPAM in 
the presence of different salts [37].

The maximum chaotropic effect is shown by SCN−, followed by I−, Br− and 

NO3
-. The kosmotropic ions F−, H PO2 4

- , S O2 3
2- , SO4

2-  and CO3
2-  show an approxi-

mately linear dependence of protein stability versus salt concentration. In the case 
of chaotropes, the stabilization of protein structure shows an increase in tempera-
ture at small salt concentrations. The open circles correspond to biphasic behavior 
points on a temperature gradient [37]. The trends observed are in agreement with 
Equation (3.2).

The terms “kosmotropes” and “chaotrope” conform to a supposition that chao-
tropic ions break the structure of water formed through hydrogen bonds. Chaotropes 
also destabilize the folded proteins promoting salting in. On the other hand, kos-
motropic ions are strongly hydrated. These ions stabilize the folded proteins and 
macromolecules and produce salting out. This presumption is not substantiated, as 
experiments have shown no relation between ions and water structure whatsoever, 
as is discussed below.

As has been shown, ions do not affect the properties of bulk water. Instead, 
their salting effect on the solubilization of proteins seems to be due to specific 
ion–protein interactions, even at small salt concentrations [38]. For example, 
the preferential accumulation of anions around a positively charged protein follows 

the order SO4
2-  > SCN− > I− > Cl−. Except for SO4

2- , the observed order is almost 
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the inverse of the Hofmeister series [38]. These selective effects are observed at 
concentrations of 50 mN and are manifested as dependent on the effective charge 
of the anion–protein interaction, but not on the cation–protein interaction [38]. This 
result demonstrates a progressively greater binding of the monovalent anion to the 

protein. The SO4
2-  ion, despite being strongly hydrated, interacts directly with the 

surface of a protein [38]. Polyvalent cations can bind strongly to acidic residues of 
the protein and reverse the net charge of the protein [39]. Figure 3.4 was adapted 
from reference [14]. It shows a possible mechanism according to which interactions 
of this kind arise between ions and a protein, with no direct interaction affecting 
the structure of water [14].

Figure 3.4 [14] indicates the possible ways in which cations and anions inter-
act with water and protein dipoles. For example, kosmotropic anions polarize 
water molecules that are hydrogen-bonded to proteins on the positive end of the 
dipole. Zhang and Cremer obtained a similar result for the interaction of PNIPAM 
in Figure 3.3 in the presence of kosmotropic anions [15]. Anions polarize the 

FIGURE 3.2  Hofmeister series for anions and cations in aqueous solution. Adapted from 
the scheme by Mazzini et al. [36].
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water molecules hydrogen-bonded to the amide moieties. Conversely, Xie and 
Gao included also the cation interaction with the oxygen atoms in water [14]. 
Experimental results support the possibility that ions do not affect the structural 
properties of the bulk water [14].

The time it takes for water dipoles to change their orientation in ionic solutions 
has been measured by spectroscopic techniques [3]. Measurements showed that, 

FIGURE 3.3  Effect of different sodium salts on the temperature of thermal denaturation 
on cooling of the macromolecule poly(N-isopropylacrylamide). At concentration 0.1 M, the 
specific effects of anions are manifested. For the chaotropic anions I− and SCN−, the charac-
teristic stabilizing effect is manifested. The five kosmotropic ions show a linear dependence 
on the salt concentration. Taken from [37] with permission of the publisher.

FIGURE 3.4  Possible mechanism of ion effects over the primary structure of a protein adapted 
from Xie and Gao [14]. (a) The cation can “solvate” carbonyl directly or indirectly by increasing 
the availability of water hydrogen, and (b) the anion competes with the carbonyl for hydration.
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outside the first solvation shells of ions, there is no influence of the ions on the rota-
tional dynamics of water molecules. The correlation times for the water molecules in 

the first hydration layer of Cl−, Br−, I− and ClO4
- were smaller than for molecules in 

the bulk (in increasing order of ionic radii). These experiments clearly showed that 
these anions have no influence on the water dynamics in the bulk. Such a condition 

holds even at concentrations of both kosmotropic (SO4
2-) and chaotropic (ClO4

-) ions, 
up to 6 M. The conclusion was that ions do not cause a long-range effect of formation 
or destruction of water structure [3, 40].

The thermodynamic aspects of the effects of ions on the structure of water were 
studied by Pielak et al. [41]. The bulk water was considered to be constituted of two 
species that exchange rapidly from one another – one less dense and more structured, 
the other denser and less structured. A structure-making solute, such as a kosmo-
tropic salt, increases the fraction of the less dense species. This occurs at the expense 
of the denser species in the hydration of the solute. A structure-breaking solute has 
the opposite effect. Pielak et al. related this change in density to the change in par-
tial molar thermal capacity with pressure at constant temperature. Table 3.1 shows 
the effect of different solutes on the structure of water, measured in calorimetric 

TABLE 3.1
Solute Effects on Protein Stability and (∂Cp/∂P)T at 25°C 

Compound Effect on stabilitya (∂Cp/∂P)T 10−6 at 25°C/J Pa−1 K−1b

(NH4)2SO4 + + 4.58

NH4Cl + 3.67

guanidinium Cl − − 2.62

guanidinium SCN − − − 2.64

N-methylglycine (sarcosine) + + 1.96

urea − 2.02

glucose + 1.08

N-trimethylglycine (betaine) + + 0.966

trehalose + 0.669

sucrose + 0.710

glycerol +,− 0.694

stachyose + 0.537

melezitose + 0.182

1,3-dimethylurea − −0.131

trimethylamine + + + −0.859

N-oxide dihydrate

1,3-diethylurea − −0.595

2-propanol c −0.268

a	 (+) indicates stabilizing, (−) indicates destabilizing. The number of symbols is related to the magnitude 
of the effect. 

b	 Uncertainty is ±0.02 10−6 J Pa−1 K−1.
c	 Not applicable because 2-propanol is not commonly used to affect protein stability.
Adapted from J. D. Batchelor, A. Olteanu, A. Tripathy, G. J. Pielak, Impact of Protein Denaturants and 
Stabilizers on Water Structure, J. Am. Chem. Soc. 126(7) (2004) 1958–1961. doi:10.1021/ja039335h.
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should provide a direct test of the properties of the known effects of chaotropes and 
kosmotropes. The results obtained for the probe solutes show no obvious correlation 
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. The conclusion is that the 

thermodynamic results do not prove any long-term effects of solutes on bulk water 
[3, 41].

In another set of experiments, Zhang and Cremer [15] followed the influence of 
Hofmeister anions on the phase transition of a surfactant monolayer. The anions’ 
effects on the structure of the surfactant monolayer were followed by observing the 
adjacent water structure. The authors observed that the effect of the anions, from 

most to least ordered monolayer, agreed with the Hofmeister series as: SO4
2-  > Cl− > 

NO3
−

 > Br− > I− > ClO4
− > SCN−. Apparently, this observation is related to the abil-

ity of an individual anion to penetrate the polar region of the monolayer, causing 
hydrocarbon packing to disrupt [15]. These observations shed light on the possible 
mechanisms of protein folding in HIC. They might also explain the changes in 
retention observed in IPC due to ion pairing over the structure of bonded stationary 
phases.

These results (and the distinct effect of each salt) oppose the belief that the salting 
out effect arises from the effect of kosmotropic ions on the structure of water. These 
findings were corroborated by Leontidis et al. [42], who highlighted four key ques-
tions that still lack answers: 1) Is there a concentration threshold at which specific-
ion effects to appear? 2) Are specific-ion effects really an interfacial phenomenon? 
3) Are specific-ion effects based on local or collective interactions? 4) Does a unique 
ion parameter exist to correlate ion effects? [42] The next section outlines some pos-
sible mechanisms that propose different answers.

3.4.2 �O verview of Possible Mechanisms for the 
Hofmeister Series and Salting Out Effects

Several models have been proposed to explain the Hofmeister effect. One model is 
known as water-matching affinities and was proposed by Collins [43]. It establishes 
that two oppositely charged ions with similar strengths in their interaction with water 
can form ion pairs, which dominate the ion-specific interactions. Collins showed that 
many properties of aqueous ionic solutions are a function of the charge density of the 
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ions [44–46]. An example of these is the strength of water–water interactions in bulk 
solution. Water–water interactions serve as a critical reference-energy level, and are 
comparable in strength with ion–water interactions [44].

Another property described by Collins is that chaotropes are monovalent ions of 
small charge density. This means that chaotropes are able to bind the immediately 
adjacent water molecules less strongly than water binds itself [43, 46]. Therefore, the 
polarizability of ions is considered to be important in specific-ion effects. For exam-
ple, it is manifested through the ion dispersion forces, when the dispersion potential 
is treated at the same level as the electrostatic forces [36].

The Hofmeister effect has also been explained through the specific interac-
tions between the ions and various surfaces, for instance, hydrophobic solids−
water and air−water interfaces, in which the kosmotropes are repelled from the 
surfaces but the chaotropes are adsorbed thereon [3, 14, 16, 25, 41, 42, 47, 48]. 
The theoretical approaches that support these possible mechanisms are discussed 
next.

3.4.3 �T heories Proposed to Explain the Hofmeister Series

This following section refers to treatment of the Hofmeister effect based on the 
approaches of Grover and Ryall [17] and of Lo Nostro and Ninham [26].

3.4.3.1 � Hydration Theories
According to hydration theories [49], the salting out of a non-electrolyte by the pres-
ence of a salt is attributed to the preferential movement of water molecules to solvate 
the ions over non-electrolytes. In most cases, cations have a hydration layer greater 
than that of the anions. This suggests that salting out would be a consequence of the 
cations’ solvation. In the same way, salting in would result from the anions’ solva-
tion. The net salting effect of a salt on the non-electrolyte solubility would be the 
result of these two opposing tendencies [49].

In electrolyte solutions, ion–dipole interactions are favored over dipole–dipole 
interactions. Because of this, the addition of a salt to the solution of a non-electro-
lyte causes ions and non-electrolytes to compete for water molecules. The water 
molecules of the hydration layers around the ions are immobilized. Therefore, 
the availability of water molecules to solubilize the non-electrolyte causes salt-
ing out [49]. This theory does not account for other effects, which are important 
when water serves as a solvent. Such effects include hydrophobicity, hydrophilic-
ity and polarizability of the non-electrolyte, as well as the breakdown of the water 
structure.

There are two main drawbacks to the hydration theory. First, the theory 
implies that the predicted number of water molecules surrounding the ion (the 
hydration number) is a fixed number. This number is independent of the nature 
of the non-electrolyte that is being salted out, which contradicts experimental 
findings [50]. Second, these theories do not explain the dependence of the salt-
ing constant k from Equation (3.1) on the size of the non-electrolyte [51]. An 
additional observation is that hydration theories do not provide an explanation 
for salting in [27].
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3.4.3.2 � Dipole Theories of Water
The main idea of these theories is that the solubility of non-electrolytes depends on 
the variations in the specific effects between the salt ions and the water molecules. 
Non-electrolytes’ solubility arises from the orientation of the dipoles of the water 
molecules around the ions. Ions of the same sign will orient water dipoles preferen-
tially around polar non-electrolytes, causing salting in. Ions of the opposite sign will 
cause water dipoles to orient unfavorably, causing salting out [17, 52].

Dipole theories of water give further insight than hydration theories. Dipole theo-
ries take into account two conditions: the polarizability of polar non-electrolytes, 
and the hydrophilic hydration near the ion. Both conditions have been proposed as 
a primary cause of salt effects. Although these explain the effects on polar solutes, 
they do not explain the variation in the effects on various non-polar solutes [17, 52].

3.4.3.3 � Electrostatic Theories
Electrostatic theories are based on the influence of a solute on the relative permit-
tivity of the solvent. The relative permittivity plays a fundamental role in the salting 
effects. Some studies describe how salting out occurs in a saturated solution of a non-
electrolyte, if its relative permittivity is less than that of pure water. If the relative 
permittivity of the solution is higher, then the non-electrolyte is salted in [49]. This 
theory provides an explanation of the interactions and of the extent of salting out and 
sating in. For example, salting out by sodium chloride and potassium chloride have 
been described in terms of their salting parameter (k in Equation (3.1)). Theoretical 
values of k for both salts are in agreement with experimental values when the size 
and polarizability of the non-electrolyte solute are taken into account [50].

Electrostatic models are unable to explain some deviations from the Hofmeister 
series. For example, no explanation is provided for salting in caused by large ions, 
such as tetramethylammonium or naphthene sulfonate or salts of long-chain fatty 
acids [50]. This is to be expected since the theory considers only the attraction of 
water dipoles into the electrical field of the ions, and not the structural changes or the 
displacement of water molecules due to the presence of the ions [50]. A recent review 
stated that the current knowledge of electrostatic effects in complicated systems, 
such as protein clusters or protein aggregation, is deficient, and represents a chal-
lenge to theorists and experimentalists [1]. There is not a unique electrostatic model 
that can explain any experimental observation accurately.

3.4.3.4 � Internal-Pressure Theories
These theories are based on the observation that the volume of a solution var-
ies when a solute dissolves therein. These changes are related to the presence or 
absence of the dissolved salts. For example, the volume of water decreases upon 
dissolution of ethyl acetate. If salts are added, volume contractions are observed 
to increase in the same way as salting out occurs. The theory introduces the con-

cept of an internal pressure, Pint, defined as P
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pressure. The internal pressure modifies the ion–solvent interactions and can pro-
duce a precipitation of a polar solute [26].

A subsequent theory [53] proposed a model that allows an explicit study of salt 
effects. According to this model, the neutral molecules of a solute merely occupy 
a volume in the bulk solution. Their presence exerts a pressure on the solvent mol-
ecules, which in turn modify the solvent–ion interaction. This change causes the 
precipitation of a solute. The degree of salting out or salting in of a non-polar sol-
ute is accordingly determined by the magnitude of the contraction or expansion 
of the solvent when ions are present [53]. As the compressibility of the electrolyte 
solution increases, salting out of the non-electrolyte also increases. The predicted 
and observed salt effects for non-electrolytes correlate well with the corresponding 
changes when salts dissolve in water [26, 50, 53]. But this theory is unable to account 
for the marked variation in the classification of the effects of similar electrolyte salt-
ing, and vice versa. According to this theory, the predicted order of salting out for 
several salts, such as sodium sulfate, sodium chloride, lithium chloride or ammo-
nium nitrate, is almost the same for solutes as different as hydrogen, nitrous oxide 
and benzene [17, 50]. Practice demonstrates this to be untrue. The greatest deficiency 
of this theory is that, although it provides an effective explanation for non-polar 
electrolytes, it provides no explanation for the behavior of polar non-electrolytes [51].

3.4.3.5 � Theories Based on van der Waals Forces
These theories are based on the van der Waals forces, which differ from the electro-
static forces mentioned above. Van der Waals forces might be attractive or dispersive 
[13]. Examples of van der Waals forces include Keesom forces due to the orienta-
tion of permanent dipoles. Another type are Debye forces, also known as induction 
forces because they arise from the interaction between a permanent and a tempo-
rary dipole. Apart from Keesom and Debye forces, there are London forces that 
are quantum-mechanical in nature. London forces consider the interactions between 
two instantaneous dipoles. The standard description of these interactions is based on 
perturbation theory for two bodies; however, it is not applicable in condensed media 
[13]. Although van der Waals forces mostly explain the salting in effect, these theo-
ries fail to explain salting out. For example, there is not yet an explanation for the low 
salting out caused by lithium and hydrogen ions [50].

3.4.3.6 � Ion Pairing
Manning proposed that the attractions among opposite point charges, such as 
counterions, would be manifest to one another along a cylindrical geometry [23]. 
Counterions in such cylindrical geometry are referred to as “condensed.” Ion conden-
sation is a mathematical artefact in Manning’s description. Such physical interaction 
between counterions happens in the local cylindrical geometry, while the relative 
permittivity of the bulk solvent remains constant [54]. Even though the model does 
not take into account the existence of repulsive interactions of short range, it has nev-
ertheless proven to be useful because it defines a critical parameter ξ. This parameter 
corresponds to the minimum charge spacing necessary for counterion attraction, and 
is dependent on the relative permittivity of the solvent [54]. For water ξ=1, the rela-
tive permittivity is 78.5, and the distance between two opposite charges is 7.135 Ǻ. 
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This distance is called the “Bjerrum length” [54, 55], which is the separation at 
which two elementary charges are attracted to one another by an electrostatic energy 
comparable in strength to the thermal energy scale [56].

According to this model, the presence of polyions in a solution contributes to 
deviations in the system from that of the bulk solvent, thus increasing the value of ξ. 
But the ions tend to condense so as to decrease the charge density in order to main-
tain ξ=1 [23, 54, 55]. In consequence, condensation also refers to a physical mecha-
nism of attraction between ions that leads to aggregation. Manning demonstrated ion 
condensation by studying the variation of some colligative properties with increasing 
salt concentration. Condensation occurs between ions to maintain ξ=1 through the 
formation of ion pairs, as colligative experiments show [23].

Recent evidence in ion-pairing interactions confirm the Hofmeister behavior of 
added salts in RPLC and HIC [57]. However, in IPC there is no appreciable differ-
ence between kosmotropic or chaotropic agents. Cecchi emphasized that no existing 
theory (i.e. stoichiometric or electrostatic or thermodynamic) can explain all experi-
mental observations. To encompass all possible phenomena, Cecchi proposed an 
extended thermodynamic approach, extended meaning that it considers all possible 
equilibria in the mobile and stationary phases, including electrostatic interactions 
(see Figure 3.5) [57].

Figure 3.5 has been adapted from reference [57]. It shows all the possible ion 
pair equilibria occurring in a chromatographic system. On the left side (indicated 
from a to g) are chemical equations representing each equilibrium. An ionic analyte 

FIGURE 3.5  Equilibrium processes on the addition of an ion-pairing reagent (IPR). (Right) 
A diagrammatic representation of possible interactions of the analyte (A), the IPR and an 
analyte-IPR complex (A-IPR) in the mobile phase (MP) and the stationary phase (SP), 
with the corresponding equilibrium quotients. (Left) Chemical equations representing each 
equilibrium.
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(A) can undergo ion pairing with an ion-pairing reagent (IPR) to form an ion pair 
moiety determined by the equilibrium constant K3. Both A and the IPR can undergo, 
separately, a dynamic equilibrium with the mobile phase (MP). This equilibrium is 
determined by K1, K4 or K6. Adsorption equilibria with active sites in the stationary 
phase (SP) are determined by K2, K5 or K7.

Cecchi’s model was successfully tested in retention modeling when IPR chao-
tropes were the chosen additives. Two main mechanistic differences between classic 
IPC and chaotropic IPC arise from Cecchi’s treatment [57]: 1) the affinity of the 
chaotropic anion and its counterion for the stationary phase (adsorbophilicity) do 
not differ from one another; 2) the influence of classic IPRs on analyte retention 
is explained based on the lipophilic portion of the IPR. However, analyte retention 
with chaotropic salts is explained based on the electrostatic interaction between the 
chaotropic anion and its counterion [24, 57]. Cecchi’s observations agree with Florez 
and Kazakevich [24], although no similar results are reported for kosmotropes.

According to Cecchi, no new theory has been developed to understand IPC fully, 
other than that extended thermodynamic approach. Efforts have been undertaken to 
revisit previous models to test potential new reagents such as chaotropic and kosmo-
tropic salts [57].

3.4.4 �A  Quantum-Mechanical Approach to the Hofmeister Series

As was summarized in the preceding pages, the Hofmeister series has been known 
for over 130 years but has never been fully explained. The current explanations of the 
effects of kosmotropic and chaotropic salts rely on the structure of water and its capa-
bility of forming hydrogen bonds. The structure of water in solutions is supposed to 
be modified by electrostatic interactions with the solutes, including hydrogen bond-
ing and van der Waals forces [12, 13]. Various authors agree that the Hofmeister 
effect might be explained based on a quantum-mechanical approach [12, 13, 58]. 
One possible explanation is based on the concept of a quantum vacuum [12].

The quantum vacuum is considered in a description of the Casimir effect. This 
effect arises from two repelling plates separated 10 pm from one another. The repul-
sive force drives the formation of a pressure as great as 1 bar, known as a quantum 
vacuum. Henry proposed that the salting effects and the changes in the structuring of 
water associated with the Hofmeister series can be explained based on interactions 
arising in a quantum vacuum [12].

An electrostatic interaction between a salt and a protein might exist because of 
the presence of opposite charges. From a quantum-mechanical point of view, when 
an electron of one species is attracted to the nucleus of another species it forms a 
virtual electron–positron pair. Interaction within this pair results in the disintegra-
tion of the approaching electron and the positron, releasing the electron of the pair 
and leaving a vacuum [12]. This vacuum is so energetic that a new electron fills 
it, resulting in a new interaction. This reasoning indicates that matter appears and 
disappears inside a vacuum with a period of attoseconds. Such a short time gives 
the idea of a continuous electrostatic exchange described as hydrogen bonding or 
van der Waals forces, which are the main driving forces for chaotropicity and kos-
motropicity [12, 13, 58, 59].
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3.5 � CHROMATOGRAPHIC IMPLICATIONS OF KOSMOTROPIC 
SALTS AND THE HOFMEISTER SERIES

Apart from the variety of ways in which salts can interact with proteins mediating 
protein–protein interactions, they also exert an effect on their stability and solubil-
ity. These phenomena are due to an increase in the interfacial tension between the 
proteins and water [25], thus strengthening the hydrophobic interactions of a protein 
with the stationary phase [47]. These hydrophobic effects induced by the salts are the 
basis of HIC [48]. The addition of kosmotropic salts has a small effect of increasing 
resolution, while also improving peak shape and selectivity [5]. Therefore, in HIC 
the retention is modulated by varying the salt concentration in the mobile phase, in 
such a way that the protein retains its native structure to a larger extent. There is still 
no agreement between the theory and experiments of HIC that explains this due to 
the complexity of the chromatographic system [60].

There is a consensus that the chaotropic or kosmotropic ions from the Hofmeister 
series affects the solubility and stability of proteins in two possible ways. One, via 
a change in polarizabilty of the water-mediated ion–protein interaction. Another by 
direct binding of the ions to the protein [8]. Apart from the various ways in which 
salts can interact with proteins and mediate protein–protein interactions, salts exert 
an effect on the stability and solubility of proteins.

Cecchi showed that experimental results and molecular dynamic calculations 
suggest that chaotropic ions accumulate in two regions: at interface between the 
mobile phase and the stationary phase; and at the interface between the stationary 
phase and the protein surface [57, 60]. The surface of the stationary phase is differ-
ent from the bulk of the mobile phase. These differences arise from the fact that the 
stationary phase is an inhomogeneous surface. In the stationary phase the electrolyte 
distribution can induce dipole moments which sum is not zero. Instead, the bulk of 
the mobile phase is symmetric with respect to electric vector intermolecular forces 
that sum zero. The experimental results showed that anions and cations partition 
differently between the surface of the stationary phase and bulk mobile phase. For 
instance, anions have been observed to accumulate at their interfaces. This tendency 
to accumulate at the interface follows the Hofmeister series [61]. Non-specific effects 
are observed for chaotropic salts at a small concentration and are related to chao-
tropic changes in the water structure and the salting in of solutes, because chaotropic 
ions are characterized by small electronic densities [57].

3.6 � DEVELOPMENT OF THE LIQUID CHROMATOGRAPHIC 
METHOD FOR HIC PROTEIN SEPARATION

The development of HIC chromatographic methods for protein analyses has been 
studied by various authors [18, 62, 63, 64, 65]. The use of mobile phases containing 
kosmotropic salts, such as ammonium sulfate, has been suggested. Separations are 
performed with an inverse salt gradient, from high to low concentrations in ammo-
nium sulfate. The use of the kosmotropic salt promotes hydrophobic interactions 
between the proteins and the stationary phases based on the effect predicted by the 
Hofmeister series [66].
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The selection of the mobile phase conditions in HIC is an empirical process that can 
be simplified by applying RPLC gradient elution relationships. Karger et al. and others 
showed that retention and separation in the HIC of proteins can be explained by the 
linear solvent strength (LSS) gradient model for RPLC, shown in Equation (3.3) [67].

	 log log* *k k Sw= - Æ 	 (3.3)

In Equation (3.3) k* is the retention factor in the gradient (the median value of k 

during gradient elution), Æ* is the median volume fraction of mobile phase B, kw 
is the retention in pure water for a particular analyte and S is the negative slope 
[– log /d k d( ) Æ] (the change of logk with respect to %B). S is generally accepted to 
be approximately 0.25*(molecular weight)1/5 for molecules with molecular weights 
over 400. The magnitude of S affects the retention factor k*. Other values that affect 
k* are the gradient steepness, the mobile phase flow rate, the column dead volume 
and the change in %B during the gradient (DÆ) [67].

In HIC, the retention k depends on the concentration of kosmotropic ammonium 
sulfate. This dependence is shown in Equation (3.4) [18, 67].

	 log logk k A C= +0 HIC AS	 (3.4)

In Equation (3.4) CAS is the concentration of ammonium sulfate, k0 is the value of k 
when CAS = 0 and AHIC is the slope d(logk)/d(CAS). As CAS increases, k also increases. 
CAS must decrease during the gradient; otherwise proteins will remain retained in the 
column. That is the reason why inverse gradient elution is preferred. Equation (3.4) 
can be transformed into Equation (3.5) based on ammonium sulfate in order to be 
analogous to the LSS gradient model as:

	 log log .k k S= - Æ2 5 HIC HIC	 (3.5)

k2.5 is the value of k for 2.5 M ammonium sulfate, ÆHIC is defined as [−(CAS – 2.5)/2.5] 
and SHIC is −2.5AHIC. In a linear inverse gradient from 2.5 M to 0 M ammonium sul-
fate, ÆHIC varies from 0 to 1. For example, if CAS gradient values are 2.5 M, 1.25 M 
and 0.0 M, ÆHIC is equal to 0.00, 0.50 and 1.00, respectively. Other kosmotropic 
salts, such as ammonium acetate and sodium formate, give similar values of AHIC and 
SHIC at higher concentrations, but are not frequently used [67].

Equation (3.5) for HIC is equivalent to Equation (3.3) for a RPLC gradient, 
because they follow similar qualitative and quantitative relationships in relation 
with k. For this reason, RPLC gradient elution rules can be applied directly to HIC 
method development for protein analysis. For instance, for the analysis of proteins in 
the range of molecular weight 104 ≤ M≤105, SHIC values range from 4 to 9. In contrast, 
S values in RPLC for the same analytes are between 25 and 80. These SHIC values 
are almost an order of magnitude smaller than S values for RPLC. This means that, 
based on the LSS gradient model, steeper gradients can be used in HIC with shorter 
gradient times compared to RPLC for the same analytes [67].

Recent interest in the HIC analysis of proteins has sought to provide generic guide-
lines for method development. This includes the use of other kosmotropic salts besides 
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ammonium sulfate, as well as determining the proper salt concentration, salt gradient 
and gradient steepness. For instance, Fekete and coworkers studied salt type and concen-
tration to optimize HIC mobile phase for the analysis of monoclonal antibodies [64, 68].

These authors tested the influence of 2 M ammonium sulfate on the selectivity 
for antibody separation, and used it for comparison with other salts such as sodium 
chloride, ammonium acetate and ammonium formate. What the authors found is 
that similar selectivities can be achieved with either salt by adjusting their kosmo-
tropic strength [68]. This is done by determining the kosmotropic salt concentrations 
at which the selectivity is similar. A summary of the chromatographic results for 
sodium chloride compared to 2 M ammonium sulfate is shown in Table 3.2.

From Table 3.2 it can be seen that to obtain the same selectivity as 2 M ammo-
nium sulfate it is necessary to have 5 M sodium chloride in the mobile phase. At 
the same time, selectivity can be manipulated by changing the concentration of Cl−. 
Similar selectivities to that observed with 2 M ammonium sulfate can be obtained 
with sodium formate and sodium acetate in the mobile phase in concentrations 
between 5.0 and 5.5 M. These results are in line with the Hofmeister series [64].

From a method development point of view, salts should be interchangeable if 
their positions in the Hofmeister series are close to each other. At the same time 
their salting out strength should be adjusted for their concentration. The adjustment 
could be determined using Equation (3.4) by determining AHIC from a plot of logk 
vs %B. Similarly SHIC can be determined from Equation (3.5) by plotting logk vs ϕ. 
However, the effect of salt type and concentration cannot be determined in advance, 
and should be determined experimentally [64, 68].

Another alternative for HIC method development has been described by Tyteca 
et al. The authors separated cytochrome c, ribonuclease A and lysozyme using an 
ammonium sulfate gradient from 1.5 M to 0.5 M. Their results show that these gra-
dients do not behave linearly with respect to the LSS gradient model proposed by 
Snyder due to a mixed mode of interaction. At higher salt concentration at the begin-
ning of the gradient, the linearity improves according to the theory. The best results 
were observed at a concentration of 1.8 M at the beginning of the gradient [65].

TABLE 3.2
Observed Selectivity for Different Concentrations of Sodium Chloride as 
an Alternative Kosmotropic Salt Compared to 2 M Ammonium Sulfate 

Salt Concentration/(M)
Selectivity factor between 

two antibodies

NH4SO4 2 1.1

NaCl 5 1.1

NaCl 4 1.6

NaCl 3 2.8

Adapted from M. Rodriguez-Aller, D. Guillarme, A. Beck, S. Fekete, Practical Method Development 
for the Separation of Monoclonal Antibodies and Antibody-Drug-Conjugate Species in Hydrophobic 
Interaction Chromatography, Part 1: Optimization of the Mobile Phase, J. Pharm. Biomed. Anal. 118 
(2016) 393–403. doi:10.1016/j.jpba.2015.11.011.
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Protein retention in HIC not only depends on the kosmotropic salt concentration, selec-
tion of salt type, concentration and gradient program, but also on the stationary phase to 
be used. Hydrophobic stationary phases, as well as salt concentration, can induce con-
formational changes of proteins as well as aggregation [62, 63]. Stationary phases in HIC 
can be either amphipilic [62] or hydrophilic, with hydrophobic ligands linked by spacer 
arms. HIC stationary phases differ in chemical nature, in surface concentration of the 
ligand and in the chemistry and particle size of the matrix. A comprehensive description 
of the main stationary phases used in HIC can be found in [64]. The stationary phase’s 
hydrophobicity can change with the ionic strength of the mobile phase, affecting reten-
tion due to conformational changes of proteins [62] as well as aggregation [63].

3.6.1 �O ptimization of the Separation in HIC

The LSS model is a function of experimental conditions that affect protein separa-
tion. These conditions, such as salt gradient, flow rate and column dimensions, have 
a predictable effect on the separation (at constant temperature and mobile phase pH). 
The effect of one or more of these conditions can be predicted by the LSS model in 
order to optimize a method for protein separation. This can be done by computer 
simulation, performing two gradient runs with different slopes, thus predicting the 
separation as a function of gradient conditions. For computer simulation, retention 
times and peak widths are entered into software. The software uses the specified 
conditions to determine kw and S for each protein to be separated. Once kw and S 
for each component are determined, the software displays its predicted chromato-
grams, tables or resolution plots. Such results can be obtained using software such as 
DryLab, ChromSword, ChromSmart, ACD/LC Simulator, Osiris or Preopt-W [67].

For instance, reference [69] describes the use of DryLab 2010 in order to optimize 
salt gradient steepness in the HIC analysis of antibody-drug conjugates. The com-
puter-assisted optimization led to a better selectivity with a multilinear salt gradient, 
steeper at the beginning and flatter at the end. Another work is described in reference 
[70]. The initial calibration runs were performed for the separation of monoclonal 
antibodies using two isocratic conditions and extrapolating to a proper gradient com-
bined with a suitable stationary phase. A resolution map was constructed indicating 
the proper chromatographic conditions [70].

Computer optimization also offers the advantage of performing an automatic 
search of the best combination of initial and final %B in the gradient, and of the time 
gradient when other conditions, such as temperature, are changed. Reports based 
on computer simulation include HIC gradients which do not exceed 10–30 min and 
temperatures of 20°C and 40°C [68]. The experimental retention time, peak widths 
and peak tailing were imported into DryLab 2010. The software then converts the 
retention times into retention factors. The final results were a significant decrease in 
the time of the analysis [64, 68].

Snyder shows that DryLab is also able to perform the selection of stationary phases 
along with flow rate and pressure. Using the conditions described above allows the 
practicing analytical chemist to develop a chromatographic method in a very short 
time [67]. Other discussions on protein separations are available in references [71–73].
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3.7 � CONCLUSIONS

Kosmotropicity is an important phenomenon in protein separations yet to be eluci-
dated. The main conclusions from this review are as follows:

	 1.	There is no complete theoretical framework that considers all variables 
involved in the salting effects due to kosmotropicity or chaotropicity.

	 2.	The kosmotropicity and chaotropicity of salts have wide applicability for 
the optimization of protein separations and of small molecules.

	 3.	The absence of a theoretical framework is no limitation for the development 
and optimization of new analytical methods, especially in the pharmaceuti-
cal industry.

What began as an empirical area of research to improve HPLC in the late 1980s is 
still an unfinished compendium of theoretical explanations that has found successful 
continuous applications, especially in protein and biomolecules separations.
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4.1 � INTRODUCTION

Increasing the separation efficiency and understanding the interactions associated 
with the columns and the stationary phases are some of the major objectives of 
fundamental studies on liquid chromatography. One of the most efficient columns 
packed with 5-μm octadecylsilylated (C18) silica particles was developed by Lloyd 
Snyder, Barry Karger, and Roy Eksteen in the late 1970s. The theory of gradient elu-
tion and the method of column characterization based on the hydrophobic subtrac-
tion model provided later by Snyder, John Dolan, and coworkers taught us how to 
understand and utilize the characteristics of a variety of high-efficiency columns [1].

The efficiency of a column, or a chromatographic system, can be demonstrated by 
applications which are commonly believed to be difficult to achieve. Isotopic separa-
tion is one such application, with very minor differences in solute structures. Here 
several examples of separations of isotopic compounds which were barely possible 
with high-efficiency and/or high-selectivity columns will be described to illustrate 
the improvement in efficiency and understanding of modern high-performance liq-
uid chromatography (HPLC) columns and stationary phases.

The separation efficiency of HPLC at each stage of the development of columns 
and instruments can be illustrated as follows. In the first stage of development of 
modern HPLC columns, H/D isotopic compounds were able to be separated on the 
basis of secondary isotope effects; later, separations of oxygen (16O/17O/18O) and 
nitrogen (14N/15N) isotopic compounds became possible, based on the primary iso-
tope effects on the ionization of carboxylic acids and aromatic amines. In the nor-
mal phase mode, the chromatographic discrimination of isotopic chirality created by 
H/D substitution was achieved.

At the same time, H/D isotopic separations can provide information on the inter-
actions between the solutes and the mobile/stationary phases by showing the dif-
ference in behaviors of the H/D isotopic solutes with minimum differences in their 
structures. Studies on stationary phases with various functionalities using isotopic 
solutes with different structural features have enabled an understanding of weak 
molecular interactions involved in the retention and separation of solutes in HPLC, 
in addition to the hydrophobic interactions and polar interactions that are well 
accepted. Fundamental information on molecular interactions will be helpful for 
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understanding the retention behaviors of various solutes in combination with diverse 
stationary phases and mobile phases.

Along with the isotopic separations undertaken in the authors’ laboratories, related 
results including the methods utilized for generating a large number of theoretical 
plates will be briefly discussed. Increase in column performance has been achieved 
by reducing the size of packing materials for nearly half a century. The reduction 
in particle size was accompanied by the development of ultrahigh pressure LC and 
small-size columns, which enabled faster separations, but which also resulted in 
a reduction in the maximum number of theoretical plates that could be generated 
under a certain pressure limit. A long column, or a set of columns with relatively 
high permeability, has been employed for isotopic separations instead. Because such 
columns have to be operated under high pressure, the effect of pressure on solute 
retention and column efficiency in recycle chromatography will also be mentioned.

4.2 � SEPARATION OF HYDROGEN, NITROGEN, 
AND OXYGEN ISOTOPIC COMPOUNDS WITH 
HIGH-EFFICIENCY C18 COLUMNS

4.2.1 �A  Simple Reversed-Phase System for the 
Separation of H/D Isotopic Compounds

Figure 4.1 shows a baseline separation of palmitic acid-h31 and -d31 by using a 
μBondapak C18 column (4 mm i.d.; length, L = 30 cm; generating a number of theo-
retical plates, N = 6,000–10,000) packed with the first 10 μm packing material, i.e. 
irregularly shaped, totally porous C18 silica particles [2]. Using the same column in 

FIGURE 4.1  Separation of H/D isotopic palmitic acids by reversed-phase LC. Column: 
μBondapak C18 (4 mm i.d., 30 cm). Mobile phase: methanol/water = 80/20, pH 3.33 with ace-
tic acid. Flow rate: 0.5 mL/min. Solutes: C15H31COOH and C15D31COOH. 30°C. (Reprinted 
with permission from J. Am. Chem. Soc. 98 (1976) 1617–1619. Copyright (1976) American 
Chemical Society.)
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40% methanol, a partial separation was achieved for benzene-h6/d6 with separation 
factor α = 1.043 and resolution RS = ca. 0.8, while RS values of ca. 0.7 and 0.9 were 
reported for the separation of benzene-h6/d6 and toluene-h8/d8, respectively, with a 
Zipax column (1.2 mm i.d., L = 100 cm, N = ca. 2,000) packed with spherical, superfi-
cially porous 30 μm C18 silica particles in mobile phase of 0–10% methanol in water 
[3]. The early-middle 1970s was the period of transition from large size silica par-
ticles (particle size, dP = 30–50 μm) to 10 μm, then to 5 μm spherical silica particles, 
while the introduction of the reversed-phase mode started a little earlier.

The separation mechanism of H/D isotopic compounds, or the discrimination 
between C–H and C–D, was understood on the basis of the difference in the disper-
sion interactions between the isotopic solutes and the hydrophobic stationary phase, 
which possesses greater polarizability than the aqueous mobile phase (a methanol–
water or acetonitrile–water mixture) [4]. Deuterated compounds possess slightly 
smaller polarizability, due to their slightly smaller volume, than corresponding 
H-compounds (a C–D bond is slightly shorter than a C–H bond). The difference in 
retention factors of isotopic species should be taken into account when deuterated 
or tritiated compounds are to be used as an internal standard for a LC/MS study [5].

4.2.2 � Kinetic Plots Illustrating the Advances in Column Technology

High-efficiency columns developed during 1970s suffered from secondary reten-
tion effects caused by unreacted silanols remaining in the bonded phase and metal 
impurities in the starting silica particles. In the 1980s, ODS silica columns showing 
much less secondary retention effect were developed. In 1990s and later, technolo-
gies leading to higher column efficiency were investigated to reach the limit in N 
that can be generated per unit time under certain pressure. The limit is shown by the 
dashed line in Figure 4.2, formed by the minima of the curves (minimum t0/N2 val-
ues corresponding to the optimum performance, where t0 is the column dead time, 
or the retention time, tR, of a nonretained solute) for each particle size with a 40 MPa 
pressure limit [6]. Monolithic columns, sub-2 μm fully porous particles, and sub-3 
μm core–shell particles realized the possibility of exceeding the limit of perfor-
mance associated with the 40 MPa pressure limit.

The columns packed with sub-2 μm fully porous particles showed much higher 
performance than the columns packed with larger sized particles under increased 
operating pressure as high as 100 MPa in UHPLC [7]. The 2.6–2.7 μm core–shell 
particles having a 0.35–0.5 μm porous silica layer on the 1.7–1.9 μm solid core pro-
vided equivalent column efficiency under lower pressure based on the shorter diffu-
sion path length and the larger particle size [8, 9]. Even smaller 1.3 μm core–shell 
particles have been supplied to show potentially very high column efficiency under 
very high pressure [10]. Small-diameter and short columns have been used to avoid 
a thermal effect and to increase the efficiency of small columns along with instru-
ments with reduced extra-column volume and the sample injection methods that can 
minimize the extra-column band broadening effects associated with the use of small 
size columns [11, 12, 13].

As shown in the kinetic plots in Figure 4.2 [14], high-speed separations (the 
large number of theoretical plates per unit time) have become possible by the use 
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of columns packed with smaller particles, resulting in the increase in N and simul-
taneous reduction in separation time (t0), as indicated by the solid arrow along the 
decreasing particle size. At the same time, however, the maximum number of theo-
retical plates that can be produced by a column packed with fully porous particles 
under certain pressure limit has decreased, as shown by the broken arrow directed 
to the smaller N in Figure 4.2. Figure 4.2 indicates that smaller particles including 
sub-2 μm fully porous or sub-3 μm core–shell particles are suitable for high-speed 
separations (small t0/N), while large particles (5 μm) are suitable for high efficiency 
(large N) separations.

For a pair of peaks eluting with a retention factor of k = 4.0 and separation factor 
of α = 1.010, the plate counts, N = 250,000, are required to achieve the resolution of 
RS = 1.0, according to the relation RS = (1/4)(√N)(α–1)[k/(k + 1)]. The separation factor 
for a H/D isotopic solute pair is commonly smaller than 1.010 per one H/D substitu-
tion. The separation factor for isotopic compounds to be discussed in Section 4.2.3 is 

FIGURE 4.2  Kinetic plots illustrating the advances in column technology. The curves 
describe the limiting performance of columns packed with 1.4–5 μm fully porous particles 
under the pressure limit of 40 MPa, assuming the following parameters: mobile phase vis-
cosity, η = 0.00046 Pa s, flow resistance parameter, ϕ = 700, solute diffusion coefficient, 
Dm = 2.22 × 10–9 m2/s, and Knox equation, h = 0.65ν1/3 + 2/ν + 0.08ν. The diagonal dotted lines 
indicate the t0 values under each set of conditions. The points for the particle size of 2–5 μm 
represent the approximate range of typical performance of commercial reversed-phase col-
umns of L = 15 cm. The optimum performance for each particle size is shown by the minima 
of the curves that form the dashed line indicating the limiting performance of particulate 
columns under the pressure limit of 40 MPa. (Modified with permission from Anal. Chem. 
78 (2006) 7632–7642. Copyright (2006) American Chemical Society.)
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in a range of 1.010–1.012 for 16O/18O, and 1.010–1.020 for 14N/15N. The plate counts 
(N) provided by a C18 silica column available in 1980s were 10,000–25,000, far 
smaller than required for isotopic separations. Therefore a series of several columns, 
often in a recycle mode, were used to generate large numbers of theoretical plates for 
isotopic separations.

4.2.3 � Separation of Oxygen and Nitrogen Isotopic Compounds 
Based on the Primary Isotope Effect in the Ionization 
of Carboxylic Acids, Phenols, and Amines

In the 1980s the chemical modification method was improved to suppress peak tail-
ing for amines and chelating compounds, in order to produce ODS silica packing 
materials free from the secondary retention effects. The characterization of the sec-
ondary retention processes revealed the effects of silanols and metal impurities in 
silica particles [15]. The secondary effects were eliminated by endcapping and the 
use of high-purity silica as a starting material [16]. Such ODS stationary phases 
enabled the separation of 16O/18O and 14N/15N isotopic compounds by recycle chro-
matography [17, 18].

In the case of separations with oxygen isotopic benzoic acid (I in Figure 4.3), 
complete resolution, RS = 1.5, was observed for I-16O16O and I-18O18O with the column 
recycle method using a 60-cm C18 silica column system (4.6 mm i.d., 15 cm × 2 × 2) 
17 times to generate N = 290,000 in methanol/0.05 M acetate buffer = 20/80 mobile 
phase, as shown in Figure 4.3 [19]. The third isotopomer, I-16O18O, eluting in between 
the two peaks was not separated completely. The chromatographic separation factor, 
α = 16k/18k = 1.012, is smaller than the primary isotope effects on the ionization of car-
boxylic acid (16Ka/18Ka = 1.020 for benzoic acid) [17]. The optimum pH for the oxygen 
isotopic separation is 0.5–1.0 pH units higher than the pKa of the acid.

For a phenol possessing the pKa value in a pH range which allows the use of an 
ODS silica column, oxygen isotopic separation is possible, as for carboxylic acids. 
The resolution RS = 1.5 was observed for isotopic p-nitrophenol-16OH and p-nitrophe-
nol-18OH in p-nitrophenol-16O/17O/18O mixture with a 12-time column recycle on the 
90-cm column system to generate N = 144,000 (Figure 4.4) [20]. The p-nitrophenol-
17OH was found as an impurity in p-nitrophenol-18OH.

A separation factor of α = 1.010 was observed for the PNP-16OH/18OH mixture 
with a long microbore column packed with ODS silica particles (particle size: 
dP = 10 μm, 1.5 mm i.d., 50 cm × 12 = 6 m) in 5/95 = methanol/0.02M phosphate buf-
fer (pH = 7.6) [21], while the separation factor was found to be α(16O)/(18O) = 1.010 at 
one cycle on a 60-cm column system (4.6 mm i.d., 15 cm × 2 × 2), α = 1.015 at three 
cycles, and α = 1.028 at ten cycles. The separation factor increased with the recycle 
operation. The reasons for the varying separation factors in recycle chromatography 
will be discussed later.

Figure 4.5 shows the separation of nitrogen isotopic compounds on a 350-cm 
column system (4.6 mm i.d., 15 cm × 10 + 25 cm × 8) of C18 silica [20]. Figure 4.5a 
shows the separation of N,N-dimethylaniline (DMA)-14N/15N standard reagents. A 
fraction corresponding to the elution range of DMA-15N between the two spikes 
during the elution of natural DMA (DMA-15N abundance = 0.37%) was collected in 
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FIGURE 4.3  Separation of isotopic benzoic acids in recycle chromatography. Column: 
Cosmosil 5-C18-P (4.6 mm i.d., 15 cm × 2 × 2). Mobile phase: methanol/0.05 M acetate buf-
fer = 20/80 (pH 4.83). Flow rate: 0.8 mL/min. Temperature: 30°C. Cycles: a, 1; b, 5; c, d, 17. 
0.5 μg each of I-16O2 and I-18O2 (a-c); 0.25 μg of I-16O18O and 0.5 μg each of I-16O2 and I-18O2 
(d). A part of the tail of 1-18O2 was shaved off during the recycle operation in (d). (Reprinted 
with permission from J. Chromatogr. 352 (1986) 307–314. Copyright (1986) Elsevier.)

FIGURE 4.4  Separation of isotopic p-nitrophenol-16O/17O/18O by ionization control reversed-
phase HPLC. Column: Cosmosil 5C18, 4.6 mm i.d., 90 cm (15 cm × 3 × 2), 12-cycle, mobile 
phase: CH3OH/0.02 M phosphate buffer = 5/95 (pH 7.6), 0.4 mL/min, 40°C. (Reprinted from 
Nature, 341 (1989) 727–728.)
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Figure 4.5b. The concentrated fraction from Figure 4.5b contained ca. 6% DMA-15N, 
resulting in the chromatogram in Figure 4.5c, which indicated that enrichment of up 
to 90% isotopic purity of DMA-15N is possible by re-fractionation at the arrow. The 
isotopic separation method can be applied for various amines in which the nitrogen 
atom participates in the ionization.

The 350-cm column system provided α = 1.021 and RS = ca. 0.8 for DMA-14N/15N 
with N = 36,000 in 10% acetonitrile at 50°C, as shown in Figure 4.5. A smaller sepa-
ration factor, α = 1.011, was observed for DMA-14N/15N with a long microbore col-
umn packed with ODS silica particles (dP = 10 μm, 1.5 mm i.d., 50 cm × 12 = 6 m) in 
20/80 = acetonitrile/0.05M acetate buffer (pH = 3.8) in the presence of 0.01% trieth-
ylamine at 30°C [21]. For aniline-14N/15N, α(14N)/(15N) = 1.010 was observed in 5% 
methanol at 30°C [18].

The oxygen isotopic separations shown in Figures 4.3 and 4.4 were achieved by 
obtaining the difference in retention as a sum of the retentions of the neutral form 
and the dissociated form of the acid, reflecting the difference in population of the 
two forms at a certain pH, based on the difference in pKa of the isotopic acids, the 
difference being 0.008–0.009 pH units, as illustrated in Equations (4.1) and (4.2). In 
Equation (4.1), k is the retention factor at a certain pH, k(AH) is the retention factor of 
the neutral form, k(A−) is the retention factor of the dissociated form, and Ka is the 
dissociation constant. This type of separation is more easily achieved by capillary 
electrophoresis, where the difference in population of the neutral form and the dis-
sociated form is more directly observed than in ionization-control mode reversed-
phase LC [22].

In the case of oxygen isotopic separation with an acid, 18O-acid was retained 
longer than 16O-acid, while 14N-amine was retained longer than 15N-amine in the 
nitrogen isotopic separation. This is based on the fact that the covalent bond between 

FIGURE 4.5  Separation of N,N-dimethylaniline (DMA)-14N/15N. (a) DMA-14N and DMA-15N 
reagents, (b) enrichment of DMA-15N fraction from DMA of natural abundance isotopic ratio, 
(c) the reinjection of the enriched fraction in (b). Column: Capcellpak C18-SG, 4.6 mm i.d., 350 
cm (10 × 15 cm + 8 × 25 cm), mobile phase: CH3CN/0.05 M acetate buffer = 10/90, 0.01% trieth-
ylamine (pH 3.8), flow rate: 0.37 mL/min, 50°C. (Reprinted from Nature, 341 (1989) 727–728.)
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the heavier isotope (15N, 18O) and hydrogen is stronger than the bond between the 
lighter isotope (14N, 16O) and hydrogen; therefore, the population of the neutral form 
of 18O-acid and the protonated 15N-amine are greater than their counterparts with the 
lighter isotope, resulting in the longer retention of 18O-acid and the shorter retention 
of 15N-amine than those with each lighter isotope.
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A rather similar magnitude of primary isotope effects were observed for oxygen 
(16O/18O) and nitrogen (14N/15N) isotopic compounds for the difference in the mass 
number by two and one, respectively. If the relation can be extrapolated to carbon 
isotopes, a larger isotope effect may be expected for ionization of the isotopic acid 
(12C/13C), suggesting the possibility of 13C enrichment by the ionization control mode 
if a suitable working substance containing an ionizable carbon is used.

4.2.4 �R ecycle Chromatography

Difficult separations have often been carried out by recycle chromatography using a 
series of several columns to allow the solute mixture band to go through the columns 
many times before being eluted out. The recycle operation can be performed with 
a valve to switch the column order of connection to recycle the solute band within 
the columns only [23] (abbreviated as “column recycle”), or the solute band can be 
recycled through the entire LC system including the detector, the pump, and the 
injector after the elution from the column (abbreviated as “system recycle”). On the 
other hand, monolithic silica columns [24, 25] and a column packed with superfi-
cially porous particles for UHPLC [7–9] possessing high permeability can be used as 
a medium to generate a large number of theoretical plates as a long column [26, 27].

The column recycle method [23] needs an exact timing for switching the column 
order when the solute band is in the middle of one column to utilize the maximum 
capacity of the columns until the solute band occupies the whole column on one 
side. The system recycle method includes the pump, the detector, and the injector 
(the injector loop is skipped after the first cycle) in the flow path, and is therefore 
accompanied by the greater extra-column band dispersion, but is easier to perform. 
In either case, the volume outside the column must be minimized to avoid the addi-
tional extra-column band broadening; therefore large size columns are preferred.

During the migration in the columns of the column recycle method, one solute 
band always exists at the high pressure side, and the other at the low pressure side, for 
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a long time. In the case of oxygen or nitrogen isotopic separations where the dissoci-
ating group is different from that of buffering species, the difference in the effect of 
pressure on the ionization equilibria of the solute and the buffering reagent can cause 
an increase or a decrease in retention factors and the separation factor of the solutes 
along with the progress of separation [21, 28]. Also, for a peak of one solute, the lead-
ing half and the tailing half always exist under different pressures, resulting in either 
broadening or compression of the band width compared to normal chromatographic 
processes. For the examples shown above, increases in band width, retention factors, 
and separation factors were observed for p-nitrophenol-16O/18O, while decreases in 
band width, retention factors, and separation factors were observed for DMA-14N/15N 
in recycle chromatography [21].

The effect of pressure observed in the ionization control mode is one of the pres-
sure effects on solute retention in reversed-phase LC, caused by the difference in 
distribution equilibrium between the neutral form and the ionized form of the acids 
and bases under different pressures, which in turn was reflected in the difference in 
solute retention also affected by the volume change upon transfer of the solute from 
the mobile phase to the stationary phase [28]. The phenomena are understood based 
on the relative strength of solvation of the neutral molecule and the ion. Ions are more 
strongly solvated by the solvent molecules, leading to the reduction of the system 
volume upon ionization, which is facilitated under high pressure. The effect of pres-
sure appeared as an increase or a decrease in band width and the separation factor for 
oxygen isotopic p-nitrophenols and nitrogen isotopic DMAs in the examples shown 
above [21]. In reversed-phase LC, the effect of pressure was also reported for solute 
retention including dispersion interactions between the aromatic hydrocarbons and 
the ODS stationary phase [29].

4.2.5 �H igh-Efficiency Separations of H/D Isotopic Compounds by 
LC Systems Generating Large Numbers of Theoretical Plates

Isotopic separation based on the difference of one deuterium atom on benzene was 
reported by van der Wal [30, 31]. A partial separation of monodeuterobenzene as 
a shoulder of benzene peak with a long microbore column (0.32 mm i.d., 225 cm) 
packed with 5 μm C18 particles in 15% acetonitrile in ca. 700 min was reported. 
Higher resolution, RS estimated to be ca. 0.9, was obtained at 19 cycles with a column 
recycle system with two 4.6 mm i.d., 15-cm columns packed with 3 μm C18 particles 
in 40% acetonitrile in ca. 450 min [30]. The separation was further improved with 
the recycle system with two 4.6 mm i.d., 15-cm columns packed with larger par-
ticles, dP = 5 μm, to result in the separation of monodeuterobenzene and benzene with 
resolution RS = ca. 1.0, after 55 cycles to generate N = ca. 200,000 in about 720 min 
in acetonitrile/water = 20/80 under 38 MPa inlet pressure [31]. The author noted the 
effect of pressure on the retention factor and the separation factor with the pressure 
gradient, 38 MPa/30-cm column.

Isotopic separation of benzene-d6, benzene-1,3,5-d3, and benzene was achieved 
by column recycle chromatography using monolithic capillary columns with high 
permeability. Takeuchi and coworkers utilized two monolithic silica C18 capillary 
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columns (0.1 mm i.d., 45.5 and 44.0 cm) to effect the separation of the three isotopic 
benzenes with RS = ca. 2.0 and N = 230,000 in ca. 600 min in mobile phase, acetoni-
trile/water = 30/70 with an inlet pressure of 0.8 MPa [32].

Gritti and coworkers reported fast H/D isotopic separation of benzene-d6, ben-
zene-1,3,5-d3, and benzene with higher resolution in their study on column recycle 
chromatography using a small column system with C18 core–shell silica particles 
(dP = 2.7 μm, 3.0 mm i.d., 15 cm × 2) in acetonitrile/water (55/45, v/v). Resolution up 
to 2.0 was observed for the difference of three D atoms with α = 1.023 in a 22-time 
recycle operation for 4,500 seconds to generate N = 275,000 for solutes with k = 2.0 
[33]. This example is not as high resolution as the one reported by van der Wal [30, 
31], but still demonstrates respectable resolutions in a much shorter time indicating 
the high efficiency of modern columns.

The effect of pressure in recycle chromatography, namely the increase in reten-
tion factor and the decrease in column efficiency in the recycle operation, was 
reported for the behavior of hydrophobic aromatic hydrocarbons, benzoanthracene 
and chrysene [34], as mentioned earlier, for the ionization-control mode separation 
of oxygen isotopic p-nitrophenols [21]. Gritti and coworkers successfully predicted 
the behavior of the aromatic hydrocarbons, taking into account the volume change 
associated with the transfer of the solute from the mobile phase to the stationary 
phase, as reported previously [29]. Van der Wal also studied the effect of pressure 
on retention and column efficiency, and concluded that very high efficiency separa-
tions would need high pressure, a column packed with relatively large particles, and/
or long analysis time [31]. Although the importance of increasing the selectivity has 
been emphasized for difficult separations, the separations based on the difference 
of 1–3 deuterium atoms in benzene shown above were not optimized in terms of 
selectivity. This is because these examples were intended to prove the efficiency of 
the chromatographic systems.

An example showing the resolution with the smallest separation factor (so far as 
the authors are aware) was presented by system recycle chromatography in reversed-
phase mode utilizing an optimized mobile phase for H/D isotopic separations [35]. 
The separation by the difference of single H/D substitution, with α = 1.008, was 
reported for deuterated benzenes (Figures 4.6a and 4.6b). Even more difficult one 
was the separation of mono-deuterated toluene isomers, toluene-α-d and toluene-4-d, 
with a separation factor of 1.0016 in a ternary mobile phase, as shown in Figures 4.6c 
and 4.6d.

Large columns were employed for the operation of the system recycle chromatog-
raphy. Recycling 12 times on a C18 column system (6 mm i.d., 15 cm × 4) generated 
ca. 500,000 theoretical plates to achieve separation (RS > 1.0) of five isotopologues 
(benzene-d6, benzene-d5, benzene-1,3,5-d3, benzene-d, and benzene) in ca. 460 min 
based on the difference of one H/D substitution, as shown in Figures 4.6a and 4.6b. 
The separation between 4-deuterotoluene and α-deuterotoluene (Figures 4.6c and 
4.6d) was more difficult to achieve. As shown in Figures 4.6c and 4.6d, recycling on 
the 60-cm column system for nearly three days to generate ca. 3.5–4 million theo-
retical plates resulted in a resolution of ca. 0.6 with the separation factor of α = 1.0016 
between the two mono-deuterated isotopic toluenes.
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Interestingly the use of methanol as a part of the ternary mobile phase produced 
greater isotopic resolutions, based on the larger separation factors, than the aceto-
nitrile/water mobile phases that are frequently employed for separations of isotopo-
logues. That the isotopic separation factor, α(H/D), is greater in methanol/water than 
in acetonitrile/water, with a similar hydrophobic separation factor, α(CH2), implies 
the different mechanisms for CH/CD differentiation from a hydrophobic partition. 
The effect of organic solvent in the mobile phase on the discrimination between CH 
and CD will be discussed in Section 4.4.3.

The ternary mobile phases provided plate counts close to those in acetonitrile/
water, and were shown to be more advantageous in terms of the column back 

FIGURE 4.6  Separation of benzene and toluene isotopologues on the basis of single H/D 
substitutions. Column: Consmosil 5C18-MS (6.0 mm i.d., 15cm × 4 = 60 cm). Flow rate: 
2.0 mL/min, Detection: UV 254 nm. 30°C. (a, b) Mobile phase: methanol/acetonitrile/
water = 25/20/55. Sample: 1. benzene-d6, 2. benzene-d5, 3. benzene-1,3,5-d3, 4. benzene-d,  
5. benzene. (c,d) Mobile phase: methanol/acetonitrile/water = 40/20/40. Sample: toluene-4-d 
and toluene-α–d. (Reprinted from LC-GC Europe, 32, S5 (2019) 14–19.)
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pressure, the separation factor (α), and the retention factor (k) than binary mobile 
phases [35]. Utilizing the results obtained in two binary mobile phases, metha-
nol/water and acetonitrile/water (for example, see Section 4.4.3), k and α values 
in a ternary mobile phase can be interpolated approximately based on the ratio, 
methanol/acetonitrile, in the mobile phase. The effect of the retention factor, k, 
on resolution (RS, Equation (4.3)) in recycle chromatography is different from a 
single pass operation, because obtainable plate counts in recycle LC, N(obs-recycle), 
depend on the plate counts per cycle, N(C), the number of recycle operations, tR/tC, 
and in turn k, as indicated in Equations (4.4) and (4.5), where tC is the time for 
one cycle and t0 is the column void time. While N(C) tends to be slightly smaller 
with the increase in tR/tC, smaller k or tC and a faster flow rate contribute to the 
larger N(obs-recycle).

	 R N k ks = ( )( ) -( ) +( )[ ]1 4 1 1/ /a 	 (4.3)

	 N N t t( ) ( ) /obs-recycle C R C= ( )	 (4.4)

	 t t kC = +0 1( )	 (4.5)

As indicated by the example of H/D isotopic separation of benzenes at relatively 
low pressure [32], monolithic silica columns having high external porosity can 
potentially exceed the limit of the performance of columns packed with fully 
porous particles shown in Figure 4.2. Many attempts aiming at 1,000,000 theo-
retical plates by HPLC have been reported since the 1970s without success for 
retained solutes. Successful examples were shown for unretained solutes with a 
series of many columns packed with 5–10 μm particles [36]. An efficiency greater 
than 1,000,000 theoretical plates was reported in the 1990s by utilizing open-
tubular capillary columns of 10–30 μm i.d. for solutes with small retention factors 
(k = 0.1) [37,38].

Hybrid monolithic silica capillary columns prepared from a 3/1 mixture of tetra-
methoxysilane/methyltrimethoxysilane possess a large external porosity, over 70%. 
3–5-m columns providing high permeability, K = 1.4–1.5 × 10−13 m2, with a plate 
height of H = 7–10 μm, are advantageous for generating a large number of theoretical 
plates. Three monolithic silica capillary columns (100 μm i.d.) connected to a total 
length of 12.38 m generated more than one million theoretical plates for aromatic 
hydrocarbons (k up to 2.4) at 40–50 MPa [39].

The chromatogram in Figure 4.7 demonstrates the high efficiency of mono-
lithic silica C18 capillary columns connected to make L = 850 cm, which sepa-
rated benzene isotopologues based on the difference in one H/D substitution, 
benzene-d6, benzene-1,3,5-d3, benzene-d, and benzene in the ternary mobile 
phase. The chromatogram implies that the sample contained benzene-d2, -d4, 
and -d5 as impurities in addition to the four isotopologues indicated, showing the 
possibility of separation of all benzene H/D isotopologues. A separation factor 
of 1.008 per one H/D was observed in Figure 4.7 with N = 240,000 to result in 
RS = ca. 0.9.
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4.3 � H/D ISOTOPIC SEPARATIONS CONTRIBUTING TO THE 
UNDERSTANDING OF THE SOLUTE–STATIONARY/
MOBILE PHASE INTERACTIONS IN HPLC

4.3.1 � Direct Separation of Enantiomers Based on H/D Isotopic Chirality

The separation of isotopic compounds is significant in separation science for how 
it illustrates the extremely high ability of HPLC systems, and has its own signifi-
cance, too, as a longtime target of scientific curiosity. Scientists in the 1930s tried 
to separate enantiomers based on H/D isotopic chirality, soon after the start of pro-
duction of deuterium oxide. The reportedly successful studies on the separation of 
enantiomers created by the presence of deuterium atoms [40, 41] were disputed by 
later studies [42, 43]. One of the examples was the resolution of benzhydrol-d5 (that 
is, phenyl(phenyl-d5)methanol), which was reportedly resolved as its phthalic acid 
half ester by fractional recrystallization in the presence of brucine [41]. Makino and 
coworkers synthesized enantiomers with known configurations to argue against the 
reported resolution of phenyl(phenyl-d5)methanol enantiomers based on isotopic chi-
rality [43].

Figure 4.8 shows chromatograms illustrating the separation of phenyl(phenyl-d5)
methanol enantiomers based on isotopic chirality by system recycle chromatography 
using tribenzoylated cellulose-coated silica particles [44]. Figure 4.8a was obtained 
after 65 cycles on a column system (6.0 mm i.d. × 15 cm × 4 = 60 cm) to generate 
N = 350,000 and resolution RS = ca. 1.0, with a separation factor of α = 1.0080.

The mobile phase was hexane/2-propanol = 95/5 (v/v), and in the stationary phase 
cellulose tribenzoate was coated onto silica surfaces. The functional groups involved 
for the interaction with the solute in the stationary phase are the ester group, the 

FIGURE 4.7  Separation between benzene isotopologues. Mobile phase: CH3CN/CH3OH/
H2O = 10/5/85. Column: monolithic silica C18, 100 μm I.D., effective length: 850 cm (500 
cm + 350 cm). Detection: 210 nm. Temperature: 30°C. u = 1.02 mm/s. Pressure = 34 MPa. 
Sample: 1. benzene-d6, 2. 1,3,5-benzene-d3, 3. benzene-d, 4.benzene. (Reprinted with permis-
sion from Anal. Chem. 80 (2008) 8741–8750. Copyright (2008) American Chemical Society.)
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three phenyl groups per unit structure, and the cellulose backbones of the stationary 
phase. The mobile phase cannot discriminate enantiomers. The major interaction for 
the solute binding to the stationary phase is presumably the hydrogen bond between 
the hydroxyl group of diphenylmethanol and the ester groups of cellulose tribenzoate 
in the stationary phase.

In this chromatographic system, diphenylmethanol was eluted earlier than 
di(phenyl-d5)methanol, as shown in Figures 4.8b–f. In other words, the stationary 
phase retains the phenyl-d5 group preferentially compared to the phenyl group. The 
results imply that the mobile phase containing hexane as a major component possesses 
greater polarizability than the binding site of cellulose benzoyl ester in the stationary 
phase. The ester groups possess very small polarizability, as is discussed later [45].

The separation of enantiomers of phenyl(phenyl-d5)methanol was supposed to 
be achieved by interactions including the hydrogen bonding between the OH group 
of the solute and the ester functionality in the stationary phase, as well as by the 
localized dispersion interactions between the phenyl/phenyl-d5 groups of the solutes 
with the phenyl groups on the cellulose backbones of the stationary phase, where 
the phenyl groups were sterically arranged to show the preferential retention of the 
(R)-isomer of the solute (R-1). The local dispersion interactions could be emphasized 
in the low polarizability environment of the stationary phase.

This interpretation is supported by the following results. The stationary phase 
preferentially retains the (S)-form of (4-substituted-phenyl)phenylmethanol with a 
substituent, Cl, Br, or CH3, on one of the two phenyl groups of diphenylmethanol, 

FIGURE 4.8  Separation of enantiomers based on the isotopic chirality created by the 
presence of H/D substitution. Column: Tribenzoylated cellulose on silica (6.0 mm i.d., 
60 cm). Mobile phase: Hexane/2-Propanol = 95/5, flow rate: 2.0 mL/min, temperature: 40°C, 
detection: UV 220 nm. (a) 65 cycles. Solute: (R)- and (S)-phenyl(phenyl-d5)-methanol, 
20 mg/mL, 0.5 μL was injected. (b–f) 29 cycles. Solute: (S)-phenyl(phenyl-d5)-methanol 
(S-1), (R)-phenyl(phenyl-d5)-methanol (R-1), diphenylmethanol (2), and di(phenyl-d5)meth-
anol (3). (Reprinted with permission from Anal. Chem., 69 (1997) 2610–2612. Copyright 
(1997) American Chemical Society.)
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as shown in Table 4.1. The (R)-form was preferentially retained in the case of 
phenyl(phenyl-d5)methanol.

The substituted phenyl group having the Cl, Br, or CH3 substituent possesses 
greater polarizability than the phenyl group. The phenyl group possesses greater 
polarizability than the phenyl-d5 group. If the priority of the substituents on the 
central carbon atom is compared based on the polarizability, (R)-phenyl(phenyl-d5)
methanol possesses configuration similar to that of (S)-(4-substituted phenyl) (phe-
nyl)methanol, as shown in Figure 4.9. Therefore the differentiation based on isotopic 
chirality was assumed to be provided by the difference in dispersion interactions of 
the phenyl groups of the stationary phase with (R)-configuration of the phenyl and 
phenyl-d5 groups of the solute; that is, preferred over similar interactions with the 
(S)-configuration, as shown in Table 4.1 and Figure 4.9.

4.3.2 � Separation of Diastereomers Created by H/D 
Isotopic Chirality by Reversed-Phase LC

Figure 4.10 shows chromatograms illustrating the separation of diastereomers of 
methyl 3-phenyl-3-phenyl-d5-glycidate (1–4) along with methyl 3,3-di(phenyl-d5)

TABLE 4.1
Retention Factor and Separation Factor 
Observed for (R)- and (S)-(substituted 
phenyl)phenylmethanol

Substituent k(R) k(S) α

4-CH3 2.19 2.95 1.35

4-Cl 4.25 6.91 1.63

4-Br 3.89 5.76 1.48

2,3,4,5,6-d5 4.367 4.333 1.008

Bold, italic characters indicate the retention factor of 
the preferred isomer.

FIGURE 4.9  Stereochemistry of (a) phenyl(phenyl-d5)methanol, (b) (substituted-phenyl)
phenylmethanol, and (c) the interactions causing preferential retention of the preferred enan-
tiomer in chiral separation of phenyl(phenyl-d5)methanol on cellulose-ester-coated silica sta-
tionary phase.
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glycidate (5) and 3,3-diphenylglycidate (6) by silica C18 stationary phase in a mobile 
phase, methanol/water = 65/35 [46]. The diastereomers created by the presence of 
isotopic chirality were separated by 18 cycles in system recycle chromatography 
using a silica C18 column (6.0 mm i.d., 15 cm × 4 = 60 cm) to afford N = 600,000, a 
separation factor of α = 1.0057, and resolution RS = ca. 0.8.

The separation was achieved by common reversed-phase mode, where the station-
ary phase and mobile phase cannot differentiate the enantiomers. The four isomers 
(compound 1–4, Figure 4.10b) were separated into two peaks, or two pairs of enan-
tiomers that are diastereomeric to each other. In Figure 4.10a, methyl 3,3-diphenyl-
glycidate (6) was retained longer than 3,3-di(phenyl-d5)glycidate (5). In other words, 
the stationary phase preferentially retains the phenyl group over the phenyl-d5 group. 
This corresponds to the greater polarizability of the stationary phase than the mobile 
phase.

A common observation between the direct separation of the isotopic chirality 
shown in Figure 4.8 and the separation of diastereomers created by the presence of 
phenyl and phenyl-d5 groups (Figure 4.10) is the fact that the phenyl group, having 
the greater polarizability, was preferentially partitioned into the more hydrophobic 
environment possessing higher polarizability, and the less polarizable phenyl-d5 
group was preferentially partitioned into the less polarizable polar medium.

Solutes 3 and 4, having the less polarizable phenyl-d5 group and ester linkage 
close to each other, exposing the more polarizable phenyl group to the medium, were 
preferentially retained with the C18 stationary phase with a higher polarizability 
than the methanol/water mobile phase. In contrast, the greater exposure of the less 

FIGURE 4.10  (a) Separation of diastereomers of methyl 3-phenyl-3-phenyl-d5-glycidate 
(1–4) based on isotopic chirality. Compounds 5 and 6 were included in the sample mixture. 
Column: Cosmosil 5C18-MS, four columns of 6 mm i.d., 15 cm in length. Mobile phase: 
methanol/water = 65/35. Detection: UV 254 nm. Solutes were recycled through the column 
system, the detector, and the pump. 30°C. (b) Structures of methyl 3-phenyl-3-phenyl-d5-gly-
cidate (1-4), methyl 3,3-di(phenyl-d5)glycidate (5), and methyl 3,3-diphenylglycidate (6). 
(Reprinted with permission from J. Am. Chem. Soc. 118 (1996) 759–762. Copyright (1996) 
American Chemical Society.)
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polarizable phenyl-d5 group in solutes 1 and 2 provided the preferential partition into 
the less polarizable, aqueous mobile phase. With this substrate, the eclipsed confor-
mation of the phenyl and phenyl-d5 groups against the two groups on the neighboring 
carbon atom provided by the epoxy group emphasized the effect of stereochemistry 
on polarizability of the molecule, which in turn was reflected in the retention factor 
of the solutes in reversed-phase LC through the extent of dispersion interactions with 
the stationary phase.

4.4 � MECHANISTIC CONSIDERATIONS ON 
H/D ISOTOPIC SEPARATION

4.4.1 �E ffect of the Stationary Phase on H/D Isotopic 
Separations in Reversed-Phase LC

The effect of H/D isotopic substitution in alkanes, alkyl alcohols, and aromatic 
hydrocarbons on retention factors in methanol–water was reported for ten stationary 
phases including octadecyl (C18), 4,4-di(trifluoromethyl)-5,5,6,6,7,7,7-heptafluoro-
heptyl (F13C9), and 3-(pentabromobenzyloxy)propyl (PBB) groups bonded to silica 
particles [45]. A part of the results is shown in Table 4.2, where the total isotope 
effects on retention (TIE) and those per one H/D substitution (%IE) are listed, as cal-
culated from the separation factor of isotopic compounds, %IE = 100[(kH/kD)1/n – 1].

The isotope effects represent the interaction of the CH/CD bond of solutes with 
the stationary phase and the mobile phase. In the same mobile phase, the H/D iso-
tope effect was found to be influenced by the stationary phase. The positive isotope 
effect (kH/kD > 1.0) indicates that the stationary phase plays an active role in solute 
binding, providing attractive interactions, and that the CH/CD bond is weakened 

TABLE 4.2
Hydrogen–Deuterium Isotope Effect on Retention Observed 
with the Stationary Phases Possessing Different Polarizability

Compound

kH/kD, TIE (%IE per D)

C18 PBB F13C9

Naphthalene 1.056 (0.680) 1.056 (0.688) 1.013 (0.168)

Anthracene 1.077 (0.748) 1.078 (0.752) 1.018 (0.178)

Octane 1.064 (0.347) 1.080 (0.427) 0.977 (–0.129)

1-Dodecanol 1.089 (0.343) 1.109 (0.414) 0.971 (–0.118)

Structural unit α(separation factor)

α(CH2) 1.680 1.590 1.330

α(C4H2) 2.553 5.240 1.074

Mobile phase: 70% methanol, TIE: total isotope effect = α(kH/kD), %IE = 100[(kH/kD)1/n − 1]. 
α(CH2) = k(amylbenzene)/k(butylbenzene), α(C4H2) = k(naphthalene)/k(benzene)
(Modified with permission from J. Am. Chem. Soc. 125 (2003) 13836–13849. 
Copyright (2003) American Chemical Society.)
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in the stationary phase, especially on PBB and C18, compared to the mobile phase. 
The small, in some cases inverse, isotope effects observed with the F13C9 stationary 
phase indicate that the stationary phase interacts very weakly, sometimes weaker 
than the mobile phase, with an alkyl group. These observations are consistent with 
the retention mechanism dominated by London dispersion forces between the sol-
ute and the stationary phase, and with the idea that lipophilic phenomena make an 
important contribution to the hydrophobic effect. A similar conclusion was provided 
based on the relation between the retention factors and refractive indices of solutes 
for these stationary phases (refractive index is related to the polarizability of a mol-
ecule) [47]. Valleix and coworkers obtained similar results, and provided similar 
interpretations for their results, on H/D isotopic effects, the contributions of dis-
persion interactions (importance of polarizability), and the interactions of CH/CD 
with both alkyl groups in the stationary phase and the CH part of the mobile phase 
components [48].

Apparently the aromatic group in the solute and/or the stationary phase contribute 
to the larger isotope effect, suggesting the contribution of CH/CD–π(aromatic) and 
Ar-H/D–π(aromatic) interactions to the retention of the alkyl as well as aromatic 
solutes [45, 48]. A similar effect was observed for aromatic (H/D) hydrocarbons on 
the C18 stationary phase, indicating that CH–π(ArH/D) interactions also resulted 
in a large H/D isotope effect. Contribution of interactions in the mobile phase to 
the hydrophobic effect is also indicated by the dependence of %IE on the methanol 
content of the mobile phase. The effect is found to be stronger for acetonitrile than 
for methanol. The total hydrophobic effect is much smaller with the F13C9 phase, as 
seen with the %IE and α(CH2) value. The CH bonds existing in the organic solvent 
molecules in the mobile phase also seem to undergo interactions with the aromatic 
group of solutes, reducing the %IE for solutes with an aromatic group more than 
for alkyl type solutes, as indicated by the twice as great sensitivity of %IE to the 
increase in the organic solvent content of the mobile phase.

4.4.2 �I sotope Effects in Relation to Solute–Stationary Phase 
Steric Complementarity and System Pressure

The effect of pressure on retention and the H/D isotope effect were studied with 
long alkyl-bonded silica stationary phases, including monomeric C18 (InertSustain 
C18), polymeric C18 (Inertsil ODS-P), and monomeric C30 stationary phase (Inertsil 
C30) [49]. The retention factor of deuterated species (kD), total isotope effect, and 
single isotope effect (%IE) at low and high pressure are listed for the three alkylsi-
lylated silica stationary phase in Table 4.3. The kD indicates the retention factor of 
a deuterated compound in CH3CN/H2O = 80/20 at 20°C. The kD(high)/kD(low) value 
indicates the ratio of the retention factor at high pressure to that at low pressure. 
Typically the reproducibility in %IE, calculated from the well-separated peaks in the 
same run, is within plus or minus 0.01. The differences in %IE observed for the pla-
nar solutes, pyrene and triphenylene, on ODS-P and C30 stationary phases between 
at high and low pressure are outside experimental reproducibility.

Stationary phases consisting of polymeric ODS and C30 alkyl groups were 
reported to possess ordered structures [50], resulting in the preferential retention of 
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planar aromatic hydrocarbons compared to nonplanar solutes [15, 51]. The ODS-P 
and C30 stationary phases showed about twice as much retention (kD in Table 4.3) for 
planar triphenylene as nonplanar ortho-terphenyl, having the same number of carbon 
atoms and π-bonds. The H/D isotope effects, TIE and %IE, observed for triphenyl-
ene are significantly larger than those observed for ortho-terphenyl.

A much larger increase in retention, a large kD(high)/kD(low) ratio, was observed 
by the increase in pressure by about 50 MPa for the planar solute on these stationary 
phases compared to the nonplanar solute. Significant increase in H/D isotope effect 
was observed for the planar solutes on polymeric ODS and C30 stationary phases 
with the increase in pressure, while such an increase in the isotope effect was not 
observed for nonplanar ortho-terphenyl. The increases in retention and H/D isotope 
effect caused by the solute planarity and the pressure increase were much smaller on 
the monomeric C18 stationary phase. Another planar solute, pyrene, provided results 
similar to triphenylene on the three stationary phases.

The results shown in Table 4.3 are consistent with the proposed mechanism for the 
preferential retention of planar aromatic hydrocarbons with the ordered long-chain 
stationary phase with steric complementarity [51]. The planar solutes are supposed to 
be retained between the long alkyl chains interacting with each other by dispersion 
interactions and specific CH–π(Ar) interactions resulting in a large isotope effect, 

TABLE 4.3
Effect of Pressure on Hydrogen–Deuterium Isotope Effect for Retention 
of Aromatic Hydrocarbons with Stationary Phases of Different Alkyl-
Bonded Groups

Solute

Stationary phase Inertsil ODS-P Inertsil C30
InertSustain 

C18

Pressure (MPa) 4.3 54.0 3.4 54.5 3.1 52.7

Pyrene
(C16H10/C16D10)

kD 6.40 8.54 6.35 7.72 4.66 5.13

kD(high)/kD(low) 1.334 1.216 1.100

TIE
(%IE)

1.088 
(0.84)

1.094 
(0.90)

1.073 
(0.70)

1.076 
(0.73)

1.061 
(0.60)

1.062 
(0.61)

Ortho- 
terphenyl

(C18H14/C18D14)

kD 3.71 4.25 3.93 4.14 4.44 4.70

kD(high)/kD(low) 1.141 1.053 1.059

TIE
(%IE)

1.061
(0.43)

1.063
(0.44)

1.059
(0.41)

1.060
(0.42)

1.058
(0.41)

1.060
(0.41)

Triphenylene
(C18H12/C18D12)

kD 7.75 11.32 8.10 10.51 5.29 5.96

kD(high)/kD(low) 1.461 1.298 1.126

TIE
(%IE)

1.096
(0.77)

1.101
(0.81)

1.080
(0.64)

1.083
(0.67)

1.068
(0.55)

1.069
(0.56)

Mobile phase: acetonitrile/H2O = 80/20, temperature: 20°C. The kD(high)/kD(low) value indicates 
the ratio of kD at high pressure to kD at low pressure for each set of solute and stationary phase.
TIE: total isotope effect = α(kH/kD), %IE = 100[(kH/kD)1/n − 1]. (Modified with permission from sup-
plementary materials of J. Chromatogr. A, 1339 (2014) 86–95. Copyright (2014) Elsevier.)
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especially at high pressure, due to the shorter distance between the solute and the 
ordered alkyl chains under high pressure. High pressure causes an increase in den-
sity of the system components, resulting in a decrease in intermolecular distance and 
an increase in dispersion interactions.

The results shown in Sections 4.1 and 4.2 suggest that discrimination between 
CH and CD is possible based on dispersion interactions. In the case of separation 
based on isotopic chirality, shown in Figure 4.8, the separation was considered to 
be achieved by a more favorable binding of the R-form of the solute than the S-form 
to a part of the binding site in the stationary phase having significant polarizability, 
perhaps sterically arranged phenyl groups of cellulose tribenzoate (Figure 4.9).

Under reversed-phase conditions, the discrimination between CH and CD is 
influenced by the stationary phase structure, the hybridization state of the carbon 
atom bearing H or D, the neighboring atom of the carbon (of CH/CD), and other con-
ditions, even in the same mobile phase. Stationary phases and/or solutes with high 
polarizability tend to provide large isotope effects, or easy discrimination between 
CH/CD, indicating that the dispersion interactions between the solute and the sta-
tionary phase significantly contribute to retention and separation in addition to the 
hydrophobic interactions in the mobile phase. Therefore a stationary phase having 
heavy heteroatoms such as the PBB stationary phase provides very large dispersion 
interactions, showing preferential retention of solutes containing heavy atoms and/or 
aromatic groups with high polarizability [52]. It is also known that organic solvent 
molecules distribute between the mobile phase and the stationary phase [53], and 
that those existing in the stationary phase contribute to selectivity through enhanced 
polar interactions with the polar functional group of the solute in the nonpolar envi-
ronment [54]. Polar interactions are emphasized in a medium of low dielectric con-
stant, as are the electrostatic interactions between the opposite charges. The organic 
solvent molecules existing in the stationary phase also seem to contribute to the 
isotopic selectivity, α(H/D), as is discussed in the following section.

4.4.3 �E ffect of the Mobile Phase on H/D Isotopic 
Separations in Reversed-Phase LC

In Figure 4.11a, the separation factors between toluene and benzene, α(CH2) =  
(ktoluene/kbenzene) (the right Y-axis), and between benzene and benzene-d6, α(H/D) (the left 
Y-axis), are plotted against the content of methanol or acetonitrile in the mobile phase. 
The α(H/D) values are plotted against α(CH2) in Figure 4.11b. The retention factors of 
benzene-d6 in each mobile phase are attached to the plots in Figure 4.11b. Retention 
factors (k) and the separation factors, α(H/D) and α(CH2), decrease with the increase 
in organic solvent content. The retention factors and the separation factors are larger in 
methanol/water than in acetonitrile/water at the same organic percent. For example, the 
α(CH2) value in acetonitrile/water = 30/70 is similar to that in methanol/water = 55/45, 
and the retention factor of benzene-d6 in acetonitrile/water = 35/65 is similar to that 
observed in methanol/water = 45/55 (regarding uracil as a t0 marker) [35].

The α(H/D) in methanol/water are clearly larger than those in acetonitrile/
water when α(H/D) are compared at similar α(CH2) values, as reported by Tchapla, 
et al. [48] and by Kanao, et al. [55], in spite of the smaller retention factors in 
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methanol/water. The results suggest that the isotopic selectivity, α(H/D), seems 
to be provided by a mechanism which is different from the hydrophobic interac-
tions that presumably account for the α(CH2) values. The α(CH2) values should 
represent the behavior of a typical hydrophobic group. The results imply that the 
mechanism differentiating CH from CD results in a greater α(H/D) in methanol/
water than in acetonitrile/water, though also in similar α(CH2) values.

The hydrophobic property or lipophilicity of a stationary phase is affected by 
the surface density of the alkyl groups, as indicated by the larger α(CH2) with high-
coverage C18 than low-coverage C18 in the same aqueous mobile phase [15]. High-
polarizability stationary phases such as PBB and PYE provide larger α(H/D) values 
for aliphatic CH/CD along with an α(CH2) smaller than C18 [45]. These results indi-
cate the contribution of attractive interactions between a solute and the stationary 
phase to retention, namely the dispersion interactions (instantaneous dipole-induced 
dipole interactions) that play a major role for H/D isotopic separations, because of 
the greater polarizability of the CH than the CD group [4, 45, 48].

That the α(H/D) values in methanol/water are larger than in acetonitrile/water, 
under conditions providing the same α(CH2) values, can be explained by the greater 
contribution of dispersion interactions in methanol/water. When acetonitrile/water 
and methanol/water provide similar α(CH2) values, the free energy changes associ-
ated with the transfer of one methylene group (CH2) from the mobile phase to the 
stationary phase are similar. Acetonitrile is known to be absorbed by the stationary 
phase more than methanol, at similar organic content of the aqueous mobile phase 
[53], making the C18 stationary phase less hydrophobic and less polarizable than the 
C18 phase in methanol/water. In other words, similar α(CH2), or similar k values, 
can be obtained with higher water content of acetonitrile/water mobile phase than 
methanol/water. The intrinsic polarizability of the stationary phase is more strongly 
reflected in solute retention in methanol/water than in acetonitrile/water, resulting in 

FIGURE 4.11  (a) Plot of the methylene group selectivity, α(CH2) (▵, ▪, the right Y-axis), 
between toluene and benzene, and the isotopic separation factor, α(H/D) (⚬, ●, the left 
Y-axis), between nondeuterated and perdeuterated benzene, against organic solvent content 
(%) of the mobile phase, in methanol/water (open symbols) and acetonitrile/water (solid sym-
bols). (b) Plot of α(H/D) for benzene against α(CH2) in methanol/water (▵, 30–70% metha-
nol) and acetonitrile/water (▪, 25–70% acetonitrile). The retention factor, k, of benzene-d6 is 
given beside each plot in methanol/water in brackets and in acetonitrile/water in parentheses. 
(Reprinted from LC-GC Europe, 32, S5 (2019) 14–19.)
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the larger H/D isotope effects, when the two kinds of mobile phases provide similar 
hydrophobic retention or hydrophobic selectivity.

The amount of organic solvent extracted into the stationary phase from the mobile 
phase results in the difference in the phase ratio, also influencing the retention fac-
tors. The acetonitrile/water mobile phase provided, compared to methanol/water, a 
smaller void volume and considerably larger retention factors for a variety of sol-
utes, when the two kinds of mobile phases provided similar α(CH2) values [54] (also 
shown in Figure 4.11b). Hydrophobic solutes tend to be associated with organic sol-
vent molecules in aqueous mobile phases which can also contribute to the smaller 
α(H/D) in a mobile phase containing acetonitrile which is more polarizable than 
methanol. This way, the generally larger isotope effects observed in methanol/water 
than in acetonitrile/water can be rationalized.

4.4.4 �E ffects of Solute Structure on H/D Isotopic 
Separations in Reversed-Phase LC

Chromatograms in Figure 4.12 show that deuterium atoms in different environments 
provide a different extent of reduction in retention in reversed-phase LC. The chro-
matograms were obtained using a monolithic silica C18 capillary column in aceto-
nitrile/water mobile phases. The long (450 cm) column generating nearly 300,000 
theoretical plates enabled resolution of isotopic peaks with a separation factor as 
small as 1.01 or even smaller, facilitating the study on the isotope effect.

It is noted that the isotope effect on retention is small for a CH/CD in a terminal 
methyl group compared to a CH/CD in a methylene group. It is also noted that CH/
CD, next to a heteroatom such as nitrogen or oxygen, resulted in large H/D isotope 
effects, especially when the CH/CD bond existed in between oxygen and carbon. 
The first two peaks of solute 10 (m-diethoxybenzene) in Figure 4.12b provided the 
larger separation factor based on the four deuterium substitutions, compared to the 
separation based on the six deuterium atoms in the two terminal methyl groups for 
the last two peaks.

Figure 4.13, which is intended to show the magnitude of total isotope effects 
(TIE = kH/kD) and the single isotope effects (%IE = 100[(kH/kD)1/n − 1]) for various deu-
terated solutes with 2–10 H/D substitutions simultaneously, illustrates the effects 
of the number of deuterium atoms and the location of the CH/CD group in a mol-
ecule, as well as the neighboring atoms on the isotopic selectivity with respect to a 
whole molecule (TIE) and a single H/D substitution (%IE). The number of deuterium 
atoms in a solute molecule was varied from 2 to 10 for the compounds plotted in  
Figure 4.13.

Larger TIE values (large values along the X-axis) were observed in the isotopo-
logues with the greater number of deuterium substitutions that were expected to pro-
vide the greater difference in molecular polarizability [45]. The single isotope effect 
(%IE) for each H/D substitution (the Y-axis), however, depends on the location, and 
on the neighboring atoms and groups, of the CH/CD group. A deuterium in the ter-
minal methyl group resulted in a smaller %IE compared to a deuterium in a methy-
lene group. The CH/CD group seemed to show a larger %IE with a neighboring atom 
in the order N > O > F > S > C. (The %IE for a methylene CH/CD was 0.44, while 
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that in the terminal methyl group was 0.29, calculated from TIE observed for hex-
ane and octane in acetonitrile/water = 60/40 with a C18 column, assuming constant 
%IE for all methylene CH/CD, according to the supplementary information of [45].) 
Deuterium substitution at the β-position to oxygen resulted in small %IE, while the 
deuterium on the α-carbon to oxygen provided a large %IE. Thus %IE values seem 
to increase by the presence of a σ-bond and/or lone pair electrons on the neighboring 
atom.

The normal isotope effect in retention factors, TIE > 1.0, indicates that the CH/
CD bonds are less restricted in the stationary phase than in the mobile phases, corre-
sponding to the weakened CH/CD bonds, weaker in the nonpolar, more polarizable 
stationary phase relative to the aqueous mobile phase [45]. Such weakening of a CH/
CD bond by interactions with another molecule (or the alkyl groups in the stationary 
phase) was supposed to be influenced by the presence of a σ-bond and/or lone pair 

FIGURE 4.12  Chromatograms obtained for various isotopologue pairs on a silica C18 cap-
illary column. Column: monolithic silica C18, 0.1 mm I.D., 450 cm. Mobile phase: (a) aceto-
nitrile/water = 50/50, and (b) acetonitrile/water = 40/60, provided by a split-flow operation at 
41 MPa at 30°C. Detection at 210 nm. Solute structures are indicated over the peak for the 
deuterated isotopologue which was followed by the nondeuterated one in each pair of peaks. 
Peak 1 in each chromatogram is the peak of a t0 marker, uracil.
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electrons on the neighboring atom. This seems to be reasonable assuming that the 
solute–stationary phase interactions are dispersion type interactions. In other words, 
the instantaneous dipole (or the induced dipole) on CH/CD in either orientation will 
be stabilized by either electron-donating or electron-withdrawing substituents suit-
ably oriented. For a terminal methyl CH/CD, such an effect is missing on one side.

The difference in %IE with a different position of CH/CD in a molecule suggests 
that the dispersion interactions with binding sites in a stationary phase may be local-
ized to a part of a solute molecule. The separation based on the isotopic chirality 
created by the presence of deuterated and nondeuterated phenyl groups is supposed 
to be made possible by such localized dispersion interactions. The variation of the 
isotope effect by the environment of a CH/CD group may help the understanding of 
intermolecular interactions in the binding process of biologically active compounds, 
and will be an interesting subject to study.

4.4.5 �H /D Isotopic Separations in Nonpolar Mobile 
Phases with Polar Stationary Phases

As shown in Figure 4.8d, a polar stationary phase showed preferential retention for 
di(phenyl-d5) methanol (3) compared to diphenylmethanol (2) in a nonpolar mobile 
phase, resulting in a reversed elution order from common reversed-phase systems 

FIGURE 4.13  Plot of single isotope effect (%IE) caused by one H/D substitution against 
total isotope effect (TIE) which is the chromatographic separation factor between the iso-
topologues. The location of deuteration is indicated by the bold characters in the solute 
molecular formula. Mobile phase: acetonitrile/water = 50/50. Other conditions are the same 
as Figure 4.12.
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for the deuterated and nondeuterated solutes. The results can be explained by the 
greater dispersion interactions of diphenylmethanol than di(phenyl-d5) methanol 
with the mobile phase of higher polarizability, containing hexane as a major com-
ponent, than that at the binding site of cellulose benzoyl ester in the stationary 
phase.

In order to find other possible interpretations for H/D separations by studying the 
behavior of solutes with simpler structures in the absence of hydrophobic interac-
tions, a few polar stationary phases, including bare silica (Silica) were evaluated with 
hexane as a mobile phase using H/D isotopologues of aromatic hydrocarbons. The 
chromatograms of the isotopologues on Silica are shown in Figure 4.14. Interestingly, 
in all cases the deuterated compounds eluted later than nondeuterated compounds. 
In fact, the elution order was reversed from the reversed-phase system. In particular, 
peak top separations were achieved for the isotopologues of phenanthrene and hexa-
methylbenzene (HMB). In these cases, the polar silanol groups might interact with 
aromatic rings in the solutes, the difference in electron density on the aromatic rings 
by the presence of H or D possibly contributing to the difference in retention. The 
electron density of the aromatic rings could be greater in D-substituted solutes [56], 
contributing to the slightly stronger interaction with the silanol groups by π(Ar)–
dipole interaction.

According to the α(D/H) values for each solute pair in Figure 4.14, both the 
number of deuterium atoms and of aromatic rings seemed to affect the magnitude 
of the isotope effect. Consequently, deuterated phenanthrene and HMB seemed 
to undergo a slightly stronger π(Ar)–dipole interaction, resulting in the peak top 
separation.

4.4.6 �H /D Isotope Effect Based on Dispersion and CH–π(Ar) 
Interactions in Nonpolar Mobile Phases

Weak interactions, such as dispersion and CH–π(Ar) interactions, contribute to the 
H/D separations along with the hydrophobic interaction in the reversed-phase mode. 
In order to reveal these weak interactions, it is necessary to employ a simple nor-
mal phase system, in which the hydrophobic interaction is completely suppressed. 
Kubo et al. succeeded in the immobilization of fullerenes onto a silica-monolithic 
capillary to develop a new separation medium, providing the strong π interaction 
derived from the large aromatic structures of fullerenes [57, 58]. The fullerene-
coated silica-monolithic capillaries in the normal phase system showed an effective 
separation of polycyclic aromatic hydrocarbons (PAHs) based on the dispersion and 
π(Ar) interactions [59, 60, 61]. Especially, the C70-fullerene (C70)-coated column 
showed the strong retention for certain PAHs by the π(Ar) interactions. Here, it was 
expected that the separation of isotopologues based on the dispersion interaction 
and/or CH/CD–π(Ar) interactions could be achieved with the C70 column. In the 
evaluation with hexane as a mobile phase, the C70 column provided the stronger 
dispersion force and/or CH–π(Ar) interaction toward methyl substituted benzenes. 
The results clearly indicated that the number of methyl substitutions increased the 
retention factors, especially on the C70 column. Figure 4.15 shows a chromatogram 
of the isotopologue pairs of HMB and phenanthrene on the C70 column. The peak 
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top separation of the isotopologue pairs was confirmed, where the protiated HMB 
was retained longer than the deuterated one. The results support the interpretation 
that the CH provided stronger retention due to the dispersion force and/or to the 
CH–π interaction with C70. On the other hand, despite the longer retention of phen-
anthrene than that of HMB, the isotopologue separation was not observed as shown 

FIGURE 4.14  Chromatograms of isotopologues on the Silica column obtained for mixed 
isotopologue pairs of phenanthrene and HMB, and for single isotopologues of benzene, tolu-
ene, and naphthalene. Conditions: column, silica–150 (TOSOH, 250 × 4.6 mm i.d.); flow rate, 
0.8 mL min–1; mobile phase, hexane; detection, UV 254 nm (for benzene, naphthalene, and 
phenanthrene), 220 nm (toluene and HMB); temperature, 40°C. (Reprinted with permission 
from J. Phys. Chem. C 122 (2018) 15026–15032. Copyright (2018) American Chemical Society.)
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in Figure 4.15b. In this case, it seemed that strong π–π interaction occurred, resulting 
in little differences in retention for H/D isotopologues.

The protiated solutes were more retained on the C70 column, contrary to the 
results on the columns with polar moieties providing the H/D isotope effect based on 
the dipolar interaction discussed above. The results showed that the dispersion and/
or the CH–π interactions provided the opposite tendency compared to the π(Ar)–
dipole interaction. In the latter case, the π–π interaction on HMB was not so effective 
because of the steric hindrance by methyl groups [62, 63]; then, the dispersion and 
CH–π interactions were notably observed.

The deuterated solutes may be allowed a stronger dipolar interaction than the 
protiated analytes because of the higher dipole moment on CD than on CH [64]. On 
the contrary, the longer bonding distance of CH could provide the preferable inter-
action and, therefore, the dispersion and π interactions on CH are slightly stronger 
than those on CD [65]. This way, the magnitude of the H/D isotope effects can 
be controlled by optimizing the dipolar interaction due to the polarity and disper-
sion/CH–π interactions with both stationary and mobile phases. A demonstration 
of the effective isotope separation was carried out by employing the π(Ar)–dipo-
lar interaction with the mobile phase, methanol, and dispersion/CH–π interactions 
with the stationary phase, the C70 moieties. As shown in Figure 4.16, an almost 
baseline separation of the H/D isotopologue pair of phenanthrene was success-
fully achieved. In this case, the complementary isotope effects contributed. Briefly, 
the greater π(Ar)–dipole interaction with methanol on a deuterated species, and 
the greater dispersion/CH–π interactions with C70 on a protiated solute, worked 
cooperatively. Thus, the effective H/D separation can be demonstrated by using 
methanol as a mobile phase. Controlling the intermolecular interactions by select-
ing stationary phase and mobile phase will accomplish efficient H/D separations 
with liquid chromatography.

FIGURE 4.15  Chromatograms for the H/D isotopologue pairs of HMB and phenanthrene 
in hexane with the C70 column. Condition: column, C70-bonded monolithic silica capillary 
column (32.0 cm × 100 μm i.d.); flow rate, 2.0 μL min–1; mobile phase, hexane; detection, 
UV 220 nm (HMB), 254 nm (phenanthrene), temperature, 40°C. (Reprinted with permis-
sion from J. Phys. Chem. C 122 (2018) 15026–15032. Copyright (2018) American Chemical 
Society.)
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CONCLUSIONS

Isotopic separation is an interesting subject for separation science by itself because 
of the high similarity in the solute structure. It has contributed to the advances of 
high-efficiency separation systems. The subject has also contributed to the under-
standing of the mechanism of solute–mobile/stationary phase interactions, providing 
fundamental information which has in turn contributed to the understanding of the 
properties of various stationary phases. Selection of a suitable stationary phase and 
mobile phase will further facilitate the separation of H/D isotopic compounds. Such 
a fundamental understanding will be important in the future with the increase in 
diversity of columns and target molecules in the field of separation science.
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5 Advances in Simulated 
Moving Bed Technology

Rui P. V. Faria, Jonathan C. Gonçalves,  
and Alírio E. Rodrigues

5.1 � INTRODUCTION TO SMB TECHNOLOGY

Chromatographic processes are widely used in the petrochemical, pharmaceutical, 
and bioprocess industries to partially separate or even obtain pure products. The 
separation principle is based on the different affinities between the species carried 
by a mobile phase and a solid stationary phase. Due to different interactions with 
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the packing material (stationary phase), the compounds travel at different velocities 
through the column leading to concentration gradients, eventually resulting in the 
separation of the mixture. The species with stronger affinities toward the solid phase 
exit the column after the others present in the mixture, provided enough residence 
time is given for the separation to occur. The efficiency of the process can be signifi-
cantly increased by operating in a continuous countercurrent mode, the most power-
ful of which, in terms of performance and feasibility, is created by simulated moving 
bed (SMB) technology. Similar to heat exchangers, the simulated countercurrent 
contact between both phases maximizes the driving force, resulting in a significant 
reduction of both phases compared to elution chromatography [1].

The first attempt to conduct chromatography in actual countercurrent mode came 
in the late 1950s [2]. In the true moving bed (TMB), the feed and desorbent are con-
tinuously introduced to the unit through separate inlet streams. Two outlet streams are 
also continuously collected, one with the more-adsorbed compound, the extract, and 
one with the less adsorbed compound, the raffinate. The four streams divide the unit 
into four zones with specific purposes (see Figure 5.1). The more adsorbed product is 
adsorbed between the feed and the raffinate (zone III), to be transported with the solid 
to the zone between the desorbent and extract port (zone I), while the less adsorbed 
is collected in the raffinate. The more adsorbed product is desorbed in zone I, to be 
transported by the fluid phase to the extract port, while at the same time the solid is 
regenerated, to be recycled to the zone between the desorbent and the raffinate (zone 
IV) where the less adsorbed compound can be adsorbed and the desorbent is regener-
ated. Finally, between the extract and the feed (zone II), the less adsorbed compound 

FIGURE 5.1  Simplified scheme of a true moving bed and a simulated moving bed. 
Compound A is strongly adsorbed and compound B is weakly adsorbed by the solid phase.
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is desorbed, to be transported with the mobile phase to zone III to avoid contamina-
tion in the extract port. A different convention can be also found in the literature: zone 
I, between feed and raffinate; zone II, between extract and feed; zone III, between 
desorbent and extract; and zone IV, between desorbent and raffinate.

The success of the TMB unit was rapidly impeded by the drawbacks of the actual 
movement of the stationary phase, namely, mechanical stress and back mixing of the 
solid. The problem was solved in 1961 through the development of SMB technology 
by Broughton and Gerhold [3] from Universal Oil Products (UOP). The SMB uses a 
series of short packed bed columns to simulate the countercurrent of both phases by 
periodically shifting the inlet and outlet ports in the direction of the fluid; the port 
shifts are conducted at certain time intervals through a rotary valve [4]. The per-
formance of the SMB approaches that of the TMB when a large number of packed 
bed columns are involved and the time intervals are short [1]. The invention allowed 
UOP to develop a family of Sorbex processes with applications in the petrochemical 
and sugar industries, the separation of p-xylene being the most notable application. 
The first systems operated at low pressure on a very large scale and consisted of a 
large number of beds. Nonetheless, the lower purity required in the sugar separation 
allowed an operation with considerably fewer columns [2].

Decades later, the first study of an SMB for pharmaceutical applications was 
published [5]. In 1997, UCB Pharma installed a large-scale SMB unit for the indus-
trial production of a commercial drug [6]. Later on, the single enantiomer Lexapro 
(Lundbeck) was the first drug approved by the U.S. Food and Drug Administration 
to be manufactured using SMB technology [7]. The rise of SMB in pharmaceutical 
applications was partly due to the generation of chiral stationary phases developed in 
the 1990s; small particles led to beds as short as 10 cm [2]. Moreover, because small 
amounts of the chiral drug are normally needed for preliminary biological tests, 
small-scale SMB units are an excellent tool [8]. Nowadays, well-known pharmaceu-
ticals such as Carbogen–Amcis, Merck, Bayer, GSK, Novartis, and the previously 
mentioned UCB use SMB for the production of single-enantiomer drugs [1].

Since the revolution in pharmaceutical applications, some enhancements in 
technology have been achieved by introducing additional degrees of freedom, for 
instance by varying the concentration or the flow rate of the feed, or by the use of 
asynchronous port shifts, multiple feeds, or side-streams, among many other tech-
niques. These alternative modes of operation allow the use of fewer columns for 
maintaining the countercurrent contact between both phases, with the cost of mov-
ing away from a truly continuous operation. Applications in biotechnology exploit 
the best of these so-called unconventional SMBs, as presented in Figure 5.2. As 
Nicoud [2] states, continuous operation may improve the control and stability of the 
unit rather than enhancing productivity, yield, or desorbent consumption.

In this work, the most recent advances in SMB technology are addressed, draw-
ing particular attention to the developments reported during the last decade. Due 
to their historical relevance, the petrochemical, food, and pharmaceutical indus-
tries are analyzed in a first instance, describing the enhancements arising from the 
continuous evolution of this technology even in some of the most well-established 
SMB industrial processes. Then, the relevance of the emerging bio-based product 
market is highlighted, as is the vast number of opportunities and challenges within 
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it, including new applications for SMB purification processes, alternative configu-
rations and operating modes that improve conventional process performance, and 
innovative SMB-based technologies. The most relevant technical aspects supporting 
this progress are discussed.

5.2 � THE CONTINUOUS EVOLUTION WITHIN 
CONVENTIONAL PROCESSES

As stated earlier, SMB technology was initially conceived to perform large-scale 
industrial separations within the petrochemical industry during the 1960s. The tech-
nology was later applied to the food industry with particular success in the separa-
tion of sugars; however, before the turn of the century, a new generation of SMB 
processes and units was developed driven by the demanding separations required by 
pharmaceutical manufacturing processes. Together, these three industries incorpo-
rate the majority of commercial SMB applications. For this reason, the trends and 
progress observed within these industries associated with SMB technology will be 
explored and discussed.

5.2.1 �P etrochemicals

5.2.1.1 � Separation of Xylene Isomers
It may not have been the first SMB unit coming on stream, but separating xylene 
isomers is definitely the most representative SMB-based separation process in 
the industry. The most employed technology is UOP’s Parex process, the first 
commercial unit of which came on stream in 1971 and rapidly became the leader 

FIGURE 5.2  Qualitative representation of different applications of SMB technology.
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licensor in p-xylene separation [9]. Following Parex is IFP’s Eluxyl, which was 
first commercialized in 1995. Recently, BP’s crystallization technology started 
to be licensed by Lummus; according to the licensor, its lower energy consump-
tion is mostly due to the lower energy required to melt p-xylene compared to the 
vaporization within the distillation columns associated to the SMB unit. One of 
the disadvantages of the Parex process, pointed out by Colling [10, 11], lies in 
the stringent specification within the top of the xylene splitter on the number of 
C9+ compounds. The author also states that the desorbent-to-feed ratio is already 
close to the theoretical limit.

UOP recently started to license the LD Parex process, in which toluene is used as 
a desorbent instead of p-diethylbenzene. The first light desorbent unit was licensed 
in 1972, but the system based on a heavy desorbent (i.e., p-diethylbenzene) remained 
preferred since it exhibited a lower desorbent-to-feed ratio [12]. The adsorbent of 
the new system, ADS-50, is based on ADS-47 adsorbent technology and allows less 
stringent feed requirements in the SMB unit [13]. When it was introduced in 2011, 
ADS-47 exhibited 20–25% higher capacity and 32% less desorbent circulation com-
pared to the previous generation [14].

Light desorbent enables an optimized fractionation scheme with 20% less equip-
ment and 15–17% less capital investment [12, 14]. According to Ma [15], the operat-
ing temperature is 135°C and the feed requirements on C9+ was relaxed from 500 to 
10,000 ppm. Additionally, the de-heptanizer column was removed, as was the re-run 
desorbent column since the desorbent is no longer imported; additionally, the ther-
mal integration is based on the raffinate column instead of the xylene splitter. These 
elements led to a significant reduction in the energy consumed within the complex. 
Since 2016, seven new LD Parex plants have been licensed [13].

Other modifications have been proposed in order to reduce the energy consump-
tion within the distillation columns. A divided wall column can be used downstream 
of the gas-phase isomerization reactor to separate toluene (C7−), xylenes, and heavy 
aromatics [16]. Another option is to include said type of column to separate the 
desorbent from two different raffinate streams. The two streams come from differ-
ent adsorption units handling xylenes with high and low amounts of ethylbenzene. 
From the top of the raffinate column two streams are obtained, ethylbenzene-rich 
and ethylbenzene-lean; the desorbent is recovered at the bottom [17].

Leflaive et al. [18] proposed dividing the SMB into two parallel chambers, each 
having 12 beds. The quantity produced may be made higher by operating the cham-
bers in a non-simultaneous mode. Two rotary valves with staggered switching times 
have also been proposed [19]. The system allows more flushes and the handling of 
feeds with different amounts of p-xylene, leading to higher capacity. Lee and Shin 
[20] suggest injecting the feed with a higher amount of p-xylene (e.g., from selective 
toluene disproportionation) three beds nearer to the extract node.

A different approach consists of separating a mixture of p-xylene and ethylben-
zene from the other isomers. A PSA with a non-acidic medium-pore molecular sieve 
(e.g., MFI-type) can be used at elevated pressure and temperature to guarantee rapid 
adsorption and desorption of ethylbenzene and p-xylene, which are then separated in 
a conventional SMB [21]. The system allows one to conduct isomerization reactions 
without costly hydrogen. An SMB can also be used to obtain a p-xylene-rich stream 
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containing at least 5 wt% ethylbenzene, so the depleted p-xylene raffinate may be 
isomerized in the liquid phase without ethylbenzene buildup; p-xylene is then recov-
ered in a second SMB or crystallizer [22].

Other inventions are focused on splitting the isomerization into liquid and gas 
phases. Two raffinate streams may be obtained from an SMB unit, one desorbent-
rich and one desorbent-lean (closer to the feed port); the latter is sent directly to 
the gas-phase isomerization unit [23]. The desorbent, preferably toluene, from the 
other raffinate is recovered and the stream is subjected to liquid-phase isomerization. 
Furthermore, varying feed flow throughout the switching brings several advantages, 
including two or three raffinate streams from which liquid-phase isomerization 
can be used in at least one of them due to the small amount of ethylbenzene [24]. 
Dreux et al. [25] propose two consecutive SMB-isomerization units. The first, using 
p-diethylbenzene as desorbent, sends the raffinate to a liquid-phase isomerization 
unit using zeolite ZSM-5 as a catalyst. The near-equilibrium stream is then sent to 
the second SMB, using toluene as desorbent, from which the raffinate is treated in a 
gas-phase isomerization unit using zeolite EU-1 with Pt. Even though the isomeriza-
tion of xylenes in the liquid phase has been studied and proposed, only ExxonMobil 
[26] has started to offer their LPI process for xylene isomerization in the liquid 
phase. Low temperature conditions and cheaper catalysts lead to less energy con-
sumption and constitute an alternative to de-bottlenecking existing facilities. Since 
the conversion per pass of ethylbenzene is very low, only a fraction of the mixed 
xylenes can be sent to the LPI unit; the rest of the p-xylene-depleted stream must be 
sent to the gas-phase isomerization unit.

Several works on the simulation of an industrial scale unit, using Ba/K-exchanged 
faujasite-type zeolite at 177°C and approximately 9 bar with p-diethylbenzene as 
desorbent, have been recently reported in literature [27–29]. The models included 
the dead volumes introduced by bed lines, circulation lines, and bed-head dead vol-
umes. Shen et al. [27] determined the adsorption data through batch experiments 
and lumped mass-transfer coefficients through pulse experiments. The authors used 
a two-level optimization where productivity was maximized in the first level and 
the desorbent consumption was minimized in the second level. It was found that the 
eight-zone SMB exhibits higher productivity than, and similar desorbent consump-
tion to the seven-zone unit. Additionally, the primary flush has greater impact than 
the secondary flush, and the best location for the tertiary flush (eight-zone SMB) was 
one column ahead of the feed. Figure 5.3 presents a schematic of the eight-zone SMB 
and depicts the main difference compared to the seven-zone.

Sutanto et al. [28] used the data reported by Minceva and Rodrigues [30] and also 
followed a two-level strategy. In the first level, bed configuration and flow rates for 
the primary and secondary flushing were obtained for a seven-zone SMB. Once the 
dominant flushing flow rate was determined, the eight-zone SMB was optimized, 
maximizing recovery, and the bed configuration and the three flushing rates were 
obtained. One should note that the primary flush in and out have the same flow rate, 
while the secondary flush in and tertiary flush out are independent. The authors 
found that the flow rate of the secondary flush was a dominant factor and that the 
tertiary flush should be located far from the raffinate port but not too close to the feed 
port. Nonetheless, decoupling of the primary flush in and out has been proposed [31].
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Silva et al. [29] used adsorption data from a previous work in batch mode [32]. 
The authors included the capacity loss of an adsorbent that had been in operation for 
ten years in the model; the recovery decreased by 3.0% and 9.2% for capacity losses 
of 10% and 20%, respectively. The addition of aging of the adsorbent improved the 
fitting between simulation and industrial data, especially in the concentration of 
p-xylene in the zone between the feed and the raffinate. Moreover, the presence of 
the circulation lines between the two chambers changed the periodicity of the aver-
age concentrations from t*-periodic to 12t*-periodic, meaning that the cyclic-steady 
state can then be defined by 12 switches. If said volume is neglected, the cycle-steady 
state can be calculated after a single switch using a full-discretization approach [33].

The Sinopec Research Institute of Petroleum Processing developed the RAX 
series for p-xylene adsorption based on faujasite-type zeolite. In 2004, RAX-2000A 
was applied in the Parex unit at a Sinopec petrochemical facility; the adsorbent 

FIGURE 5.3  Schematic diagram of eight-zone PX SMB process; D: desorbent, LFo: line 
flush outlet, E: extract, SFi: secondary flush inlet, LFi: line flush inlet, F: feed, TFo: tertiary 
flush outlet, R: raffinate, and Qliq: zone flow rate. (Reprinted from Separation and Purification 
Technology, 96, Sutanto, P.S., Lim, Y.-I. and Lee, J., “Bed-line flushing and optimization in 
simulated moving-bed recovery of paraxylene,” p. 168–181, Copyright (2012), with permis-
sion from Elsevier).
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showed average p-xylene purity and recovery of 99.81% and 98.6%, respectively. In 
2008, RAX-3000 was developed; in 2011, the adsorbent was used in a local plant, 
exhibiting an increase of about 18%, compared to its predecessor, in unit-production 
capability [34]. The authors claim that the adsorbent performs very well with unfa-
vorable feeds containing high concentrations of ethylbenzene.

Even though many materials have been studied in the separation of xylenes, fau-
jasite-type zeolite continues to dominate industrial applications. An extensive review 
focused on the materials that may be employed in the separation of xylenes was pre-
sented by Yang et al. [35]. Their review included metal–organic frameworks (MOFs) 
and molecular sieves, among others, in adsorption, membrane, and chromatographic 
separation processes. The authors also discussed the main challenges preventing 
some of the materials from reaching the industry.

Faruque Hasan et al. [36] proposed a multiscale computational approach that 
combines material screening and process optimization to select appropriate zeolites 
for the separation of p-xylene through SMB. It was found that MWW and MEL zeo-
lites are excellent candidates for replacing current adsorbents. The authors also state 
that a layered SMB with multiple zeolites may increase the performance of the unit. 
Clearly, experimental validation is needed to verify their findings.

As Yang et al. [35] stated, plenty of MOFs have been studied in the adsorp-
tion of xylenes; however, only a few MOFs have been used recently in SMB 
studies. Moreira et al. [37] simulated an SMB for the separation of o-xylene and 
p-xylene using MIL-53(Al) as adsorbent and m-xylene as desorbent; the adsorp-
tion data was determined experimentally. o-Xylene was recovered in the extract 
and p-xylene in the raffinate at 40°C with a switching time of 115 s. Adsorption 
in the liquid phase of xylene isomers, including ethylbenzene, was experimen-
tally studied over MIL-125(Ti)_NH2 [38]. Binary and multicomponent experi-
ments were conducted in the liquid phase using n-heptane as eluent at 26, 40, 
and 70°C; p-xylene was more strongly adsorbed than ethylbenzene at the high-
est temperature. Ferreira [39] presented separation regions for the separation of 
p- and m-xylene at the three temperatures over said MOF, and larger areas were 
observed at higher temperatures.

Finally, process intensification has also been applied to enhance the separation/
production of p-xylene, namely through simultaneous adsorption and isomerization 
of xylenes in the liquid phase. First, a simulated moving bed reactor (SMBR) con-
sisting of reactors inserted between adsorption columns far from the extract point to 
obtain pure p-xylene was proposed [40–42]. Later, Gonçalves and Rodrigues [43, 44] 
studied a simpler unit where catalysts and adsorbents were mixed homogeneously 
within the columns of an existing SMB, but including a crystallization unit to further 
purify the p-xylene-rich stream from the extract together with another high-p-xy-
lene stream (e.g., from selective toluene disproportionation). A dual-bed configura-
tion, presented in Figure 5.4, proved to be more efficient, allowing to obtain, in the 
extract, 1.75 of the p-xylene fed to the unit at 200°C [45]. Interesting improvements 
in the production of p-xylene and benzene were reported [46]; however, an increase 
in the operation costs, namely due to higher desorbent consumption and to the addi-
tion of a crystallization unit, were not reported.
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A similar approach was proposed by Leinekugel-le-Cocq [47]; however, the feed 
and desorbent are supplied at different temperatures in order to obtain a tempera-
ture profile within the unit. A hotter desorbent and colder feed lead to higher tem-
peratures near the raffinate port and lower temperatures near the extract port. Lower 
temperatures reduce the conversion of p-xylene into the other isomers. In all the 
SMBR studies previously mentioned, Ba/K-exchanged faujasite-type zeolites were 
employed as adsorbents and zeolite ZSM-5 as the catalyst. Similar adsorbents but 
different catalysts at temperatures above 200°C were studied by Shi et al. [48]. The 
authors considered toluene and benzene to be desorbent and carried out optimiza-
tions taking into account energy consumption within the associated distillation col-
umns. The optimum temperature was around 270°C using toluene as desorbent; an 
increase of about 25% in the recovery of p-xylene, compared to the conventional 
SMB, was obtained. Clearly, a techno-economic analysis of the current and pro-
posed aromatics complex must be conducted to assess the true advantages of includ-
ing an SMBR in the plant.

In 1995, UOP licensed the first MX Sorbex unit for the production of m-xylene by 
SMB technology [49]. The system is very similar to that of p-xylene; indeed, most 
of the production of m-xylene is conducted within complexes where p-xylene is also 
produced [50]. The preferred desorbent is toluene; m-xylene is strongly adsorbed in 
NaY zeolite, although said adsorbent including a small amount of Li has also been 
proposed [51]. Crystallization can also be combined with SMB [52]. In that system, 

FIGURE 5.4  Simplified scheme of the dual-bed simulated moving bed reactor (catalyst in 
red and adsorbent in blue) combined with crystallization for the production of p-xylene.
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the SMB can be operated at less severe conditions with an extract purity above 75% 
in order to avoid the eutectic point in the crystallization unit. The SMB also uses 
toluene as desorbent; the adsorbent is NaY with a water content less than 1 wt%, and 
the operating temperature is between 150°C and 170°C.

5.2.1.2 � Separation of Normal Paraffins from Naphtha
The first commercial SMB operating in the industry, as part of UOP’s Sorbex family, 
was a Molex unit in 1964 [9]. The Molex process is used to separate normal paraffins 
from naphtha and, depending on the application, several versions were commercial-
ized with different carbon numbers: Gasoline Molex (C5-C6) for octane improvement, 
Kerosene Molex (C10-C13) for detergent applications, and Heavy Molex (C14-C18) for 
other surfactant applications [53].

Recently, a more efficient use of naphtha has attracted a lot of attention due mostly 
to the expansion of crackers and also due to the increase in the production within 
the catalytic reforming industry [54]. Following the previously mentioned, UOP 
launched MaxEne for the separation of normal paraffins from C6-C11 naphtha. The 
first unit came on stream in early 2013 with the support of Sinopec [53]. According to 
the most recent patent, the preferred conditions are between 170°C and 180°C with 
enough pressure to maintain the liquid phase using n-dodecane as desorbent [55].

The yield of ethylene and propylene can be increased up to 30% in the cracker 
by feeding n-paraffins. In the reformer, aromatics can also be increased by feeding 
the raffinate of the MaxEne unit [53]. Do et al. [56] conducted a techno-economic 
analysis of a petrochemical complex including a SMB unit for the separation of nor-
mal paraffins from C5-C10 naphtha (see Figure 5.5). A simplified model for the SMB 
was used where the recovery of normal paraffins was 90% with a desorbent-to-feed 
ratio of 2.5. The desorbent was n-butane and the conditions were 125°C and 25 bar. 
The dimensions and capital costs were estimated based on those reported for the 
production of p-xylene. Olefin production increased by 14 wt% and that of the aro-
matics by 11 wt%; the energy consumption also increased by 25% compared to the 
conventional petrochemical complex. The authors found the results very promising; 
however, rigorous calculations of the SMB are required since the recovery of the unit 
has a major impact on the economics of the complex.

The separation of normal paraffins is normally carried out through size-exclusion 
adsorption with zeolite 5A. Ragil et al. [57] proposed a mixture of zeolite 5A with 
silicate or similar. In their invention, zeolite 5A provides a large capacity for straight 
chain paraffins, which allows efficient separation of mono- from multi-branched par-
affins by the other adsorbent with slightly larger pores. MOFs have also been studied 
in the separation of mono- and di-branched paraffins [58].

Jun et al. [54] conducted an experimental study of an SMB in gas phase for the 
separation of normal paraffin from naphtha; the normal paraffins were mainly C5 
to C9. The unit consisted of 16 columns filled with zeolite 5A from UOP and they 
employed n-pentane as desorbent. They found that the optimal operating tempera-
ture was 170°C. The purity of the extract was 98%; in order to increase the purity in 
the raffinate the authors recycled said stream back into the SMB and, by doing that, 
the purity of the raffinate reached 92%. The authors also evaluated the experimental 
performance of steam cracking by feeding the extract from the SMB. The yield of 
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ethylene increased by 17% and the potential aromatic content of the reformate when 
feeding the raffinate increased by 10% compared to the conventional naphtha feed-
stock. Jichang et al. [59] studied the adsorption of naphtha in gas phase over zeolite 
5A provided by UOP. They found that the adsorption of long-chain n-paraffins was 
stronger than that of the short-chain.

As previously mentioned, another version of the SMB for separation of normal 
naphtha is that focused on C5-C6 for octane improvement. The principle is the same: 
the normal paraffins are obtained in the extract to be recycled back into the isom-
erization reactor; the branched paraffins are used for gasoline production. A recent 
improvement consists of eliminating the stabilizer column to separate light-ends 
normally produced within the isomerization. Flash drums upstream of the SMB 
and within the recycle of the associated distillation columns are used to separate 
lighter hydrocarbons and hydrogen. The desorbent (e.g., n-butane) is obtained as a 

FIGURE 5.5  Conceptual flow diagrams and mass flow rates for the conventional and retro-
fitted petrochemical complex. (Reprinted from Chemical Engineering Research and Design, 
106, Do, T.X., Lim, Y.-i., Lee, J. and Lee, W., “Techno-economic analysis of petrochemi-
cal complex retrofitted with simulated moving-bed for olefins and aromatics production,” 
p. 222–241, Copyright (2016), with permission from Elsevier).
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side stream and the extract and raffinate streams are obtained at the bottom of each 
column. The SMB also operates at enough pressure to maintain liquid phase at a 
temperature range from about 100°C to about 180°C [60].

5.2.1.3 � Separation of Olefins from Paraffins
There are several processes where the separation of olefins from paraffins is desired: 
recovery of ethylene from ethane, propylene from propane, C4 olefins from C4 
hydrocarbon mixtures, and heavier olefins from heavier paraffins for plasticizers 
and detergent applications. UOP’s Olex processes separate olefins from paraffins in 
liquid phase using SMB technology. The first unit came on stream in 1972; five units 
were commercialized to process heavy olefin feeds and one to treat a light olefin 
feed [61].

The heavy version of Olex, also referred to as detergent, is conducted at enough 
temperature and pressure to overcome diffusion limitations in the liquid phase. The 
desorbent depends on the carbon number of the feed; normally a mixture of n-hex-
ene and n-hexane is used but heavier compounds such as n-heptane and n-octane 
have also been used. As the carbon number increases, the separation becomes more 
difficult [62]. Detergent Olex uses NaX adsorbent to separate C10-C14 olefins [63].

The light Olex processes feeds containing mixed C4 olefins and paraffins to sepa-
rate either isobutylene, commonly referred to as C4 Olex, or butane-1, commonly 
referred to as Sorbutene. Both processes are conducted in the liquid phase; one C4 
Olex unit has been commercialized while the Sorbutene process has only been dem-
onstrated in pilot-scale units. The former uses a mixture of n-hexene isomers and 
n-hexane as desorbent, while the latter uses a mixture of hexene-1 and cyclohexane 
[62]. Furthermore, an SMB for the separation of propylene from propane in either 
liquid or gas phase has been proposed; butene-1 or i-butane or a mixture of these 
two components can be used as desorbent while the adsorbent is zeolite 13X [64]. 
Strictly speaking, there are no reports of new units coming on stream in recent years; 
distillation is still the most employed process in spite of the large amount of energy 
it requires.

Campo et al. [65] obtained experimental adsorption data on propane, propylene, 
and isobutene over improved zeolite 13X; the data was used for the simulation of 
an SMB in gas phase with a feed stream of 75% propylene in propane at 100°C and 
150 kPa. High purity and recovery (i.e., 99.9%) of propylene was obtained. Later 
on, Martins et al. [66] developed a bench-scale SMB to conduct experiments in the 
gas phase. The feed consisted of 67% propylene and 33% propane at 150°C and 
1.5 bar, and the adsorbent employed was regular zeolite 13X. Purity of propylene in 
the extract was 99.93% with a recovery of 99.51%.

Binderless zeolite 13X has also been assessed in the separation of ethylene from 
ethane. Narin et al. [67] obtained the equilibrium isotherms of propane, propylene, 
ethane, and ethylene between 50°C and 150°C and pressures up to 5 bar. A mathemati-
cal model was validated experimentally and five-step VPSA cycles were successfully 
designed and tested to produce polymer-grade olefins. A gas-phase SMB comprising 
eight columns was employed to compare both technologies using the same adsorbent 
[68]. The SMB cycles were carried out at 100°C and between 120–220 kPa; two 
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ethane/ethylene mixtures were used as feed, 22%/78% and 48%/52%. For similar 
purities, higher recoveries were obtained in the SMB compared to the VPSA unit. 
A similar approach was followed to study the separation of ethylene from ethane 
using Cu-BTC as adsorbent and propane as desorbent [69]. The feed was a mixture 
containing 39% ethane and 61% ethylene. The SMB was operated in an open loop 
with three and four zones at 100°C and a pressure ranging from 155–190 kPa. SMB 
was again superior to the VPSA.

Rive Technology, Inc. was founded in 2006 to develop and commercialize meso-
structured zeolites for industrial catalysis and separations. A mesoporous NaX 
zeolite was developed for propylene/propane separation and compared against con-
ventional NaX adsorbent; the latter exhibited about 50% stronger adsorption but a 
260% increase in diffusivity was obtained with the mesostructured adsorbent. The 
authors estimate between 60% to 80% less energy consumption of a moderate-scale 
SMB compared to a splitter with the same feed comprising 70% propylene and 30% 
propane [70].

Even though the difference between the molecular diameters of ethylene and 
ethane is small, some researchers have focused on finding an adsorbent capable of 
performing molecular sieving. Ethane exclusion by Ag-exchanged zeolite A led to 
an enhancement in both ethylene selectivity and capacity. The authors also stated 
that the selectivity is not affected by the binder material but it is by the silver loading 
[71, 72].

As opposed to the studies previously mentioned, some researchers have focused 
on the preferential adsorption of ethane over ethylene. In separation processes such 
as PSA, the productivity is favored when the target product (i.e., ethylene) is less 
adsorbed; in the case of SMB it is not straightforward. Lin et al. [73] proposed a 
simple approach to design an efficient porous MOF for the selective adsorption of 
ethane from ethylene. A complete separation of ethane from a mixture ethane/ethyl-
ene can be realized at ambient conditions by using activated Cu(Qc)2. Wu et al. [74] 
studied four types of zeolitic imidazole framework (ZIF) with different topologies; 
the selectivity toward ethane decreases for larger pore diameters at low pressures and 
increases for larger pore volumes at higher pressures.

Martins et al. [75] studied an SMB in gas phase using ZIF-8 for the separation 
of ethane from ethylene. The experiments were conducted using two types of desor-
bent, carbon dioxide (weak desorbent) and propane (strong desorbent). Profiles for 
both runs are presented in Figure 5.6.

The system with carbon dioxide exhibited higher ethylene purity and recovery in 
the raffinate for a feed containing about 40% ethane and 60% ethylene at approxi-
mately 500 kPa and 50°C. The authors also validated the mathematical model and 
presented separation regions using both desorbents. The poorer performance of pro-
pane as a desorbent was most likely due to strong adsorption and slow diffusion. On 
the other hand, the recovery of carbon dioxide from ethylene and ethane is yet to be 
studied. Regarding the recovery of the desorbent, Sivakumar and Rao [76] presented 
a detailed discussion on different adsorption processes for binary gas mixtures. The 
authors stated that a SMB with a pressure swing and thermal swing regeneration 
provide perfect separation and higher productivity.
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5.2.2 � Sugar Separation

Following the growing need for enriched streams of monosaccharides in the 1970s, 
UOP developed the Sarex process for the separation of fructose or glucose from 
mixtures of saccharides in liquid phase through selective adsorption. The products 
are recovered from the adsorbent by displacement with water which is then removed 
by evaporation [77]. The Sarex process, part of the Sorbex family, uses SMB tech-
nology with X and Y zeolite adsorbents with exchangeable cations; later on, ion-
exchange resins, namely polystyrene resins in calcium form, were reported in the 
patent literature since fructose has a higher affinity for calcium ions [78]. A typical 
feed to the Sarex process consists of 42% fructose, 53% glucose, and 5% other sac-
charides; a fructose-enriched corn syrup with 90% is obtained in the extract with a 
recovery of 90%. The 90% fructose is blended with the feed to obtain a 55% fructose 
final product (commonly referred to as high fructose corn syrup, HFCS) to be used 
in the soft drink industry [62]. Maruyama et al. [79] verified that this bypass SMB 
does not provide any advantages in productivity, but does enhance the flexibility and 
robustness of the unit.

Even though the separation of fructose can be included in the first generation of 
SMBs, less conventional modes of operation have been applied to this process as 
depicted in Figure 5.2. Sreedhar and Kawajiri [80] used the simultaneous optimiza-
tion-model correction method to optimize several configurations including the con-
ventional, three-zone, and intermittent, as well as a hybrid operation combining an 
outlet streams swing (OSS) and partial-feed. All of these configurations were experi-
mentally validated using eight columns packed with Dowex Monosphere 99Ca resin 
with deionized water as the mobile phase at 50°C. At high desorbent-to-feed ratios, 
the variant of the OSS was superior to the intermittent SMB (ISMB); the opposite 
occurred at low desorbent-to-feed ratios. Moreover, David et al. [81] investigated the 
separation of fructose, glucose, and sucrose over a polymeric resin in calcium form 

FIGURE 5.6  Internal profile obtained at the middle of the switching time for (a) weak 
adsorbent and (b) strong adsorbent. (Reprinted from AIChE Journal, 65, Martins, V.F.D., 
Ribeiro, A.M., Kortunov, P., Ferreira, A. and Rodrigues, A.E., “High purity ethane/ethylene 
separation by gas phase simulated moving bed using ZIF-8 adsorbent,” p. e16619, Copyright 
(2019), with permission from Wiley).
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by classical SMB, ISMB, and sequential SMB (SSMB) at 60°C. A similar perfor-
mance was exhibited by ISMB and SSMB comprising six columns; classical SMB 
required more columns and water (desorbent) to match their performances.

The separation of fructose with and without the recirculation of the fructose-rich 
stream was studied by Yu et al. [82]; deionized water and Dowex Monosphere 99Ca 
were used in the SMB at 60°C. The final fructose concentration was 3.7 times higher 
with recirculation. Tangpromphan et al. [83] proposed a strategy based on port relo-
cation and port closing/opening so that the extract and raffinate were alternately 
collected with no flow in zone III during raffinate collection. The model was verified 
experimentally with a three-zone SMB packed with adsorbent resin in calcium form 
with deionized water as desorbent at 60°C. The proposed strategy resulted in 25% 
less desorbent consumption compared to the three-zone SMB; additionally, one less 
pump is needed for that operating mode.

A dual switching strategy was investigated by Vignesh et al. [84]; the operation 
allowed higher feed flow rates, compared to the conventional separation of fructose 
and glucose, using exchange resin in calcium form. Simulations suggested that an 
average extract purity above 99% in the last switch is possible, compared to one 
obtained by conventional switching (i.e., 96.92%). The switching strategy was fur-
ther exploited by Yao et al. [85] through the dodecahedron. The authors started 
with a column configuration of 2/2/2/2 and obtained an overall configuration of 
1.94/2.54/2.61/0.91 with four sub-switches; a 15% increase in the feed flow rate, 
compared to the conventional SMB, was obtained.

Other researchers have used the fructose–glucose system to develop fast com-
putation algorithms, which eventually could be used to control the industrial unit. 
Sharma et al. [86] proposed a control-relevant multiple linear modeling approach; 
the experimental unit consisted of one column per zone packed with a strong cation 
resin of gel-type in calcium form and deionized water as desorbent. Yao et al. [87] 
employed the conservation element and solution element method combined with con-
tinuous prediction technique using data from Beste et al. [88]; compared against the 
method of lines, the calculation efficiency was improved by 77%. Finally, Vignesh et 
al. [89] proposed model-based optimization strategies to reduce the off-spec product 
during transitions between cycle-steady states.

The separation of fructose from glucose was also studied in a thermal SMB [90]. 
Heat exchangers between the zones provided the required temperature profile within 
the unit; the optimum temperature for zone I was 70°C while for the rest it was 
30°C. Even though the adsorption isotherms have weak temperature dependence, the 
product concentration was increased by 25% and 75% in the extract and raffinate, 
respectively; the desorbent-to-feed ratio was decreased by two-fold compared to the 
isothermal SMB.

The effect of the particle size of gel-type strong cation-exchange resin in calcium 
form was studied by Heinonen et al. [91]. The authors used 320 and 250 μm resins 
in an eight-column SMB; the viscosity changed significantly with the pressure drop 
but no elastic deformation was observed. Water consumption decreased 53% with 
the smaller particle, leading to 18% less energy consumed in the evaporation step, 
which outweighed the increase in the energy consumed by the pumps due to the 
higher pressure drop.
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The amount of fructose produced by the enzymatic isomerization is related to 
the equilibrium, which is about 1:1 at 60°C; based on the aforementioned, some 
researchers have focused on simulated moving bed reactors to overcome said limita-
tion. Borges da Silva et al. [92] proposed a configuration based on the system from 
Hashimoto et al. [93] where reactors, inserted between the adsorbers, move along 
the port, switching so they remain in zone III; however, the feed was only glucose 
instead of a mixture of glucose and fructose (see Figure 5.7).

The catalyst was a commercial Sweetzyme IT and the adsorbent was a cation-
exchange resin in calcium and magnesium forms; the latter must be used since the 
presence of calcium ions inhibits enzymatic action in the glucose conversion. The 
unit maximized the conversion of glucose in zone III and the reaction product was 
obtained with a purity above 90%. Zhang et al. [94] followed a different approach 
to improve the concentration of glucose at the feed of the SMBR. The authors pro-
posed a four-zone unit where the raffinate passed through a reactor and then mixed 
with the feed; in another configuration, another reactor was added to zone IV dur-
ing the initial part of the switch. The data was taken from Hashimoto et al. [93], 
and higher productivity and purity was obtained with fewer reactors. On the other 
hand, Toumi and Engell [95] studied a six-column SMBR with both adsorbents and 
catalysts present in all columns. Pure glucose was injected into the three-zone unit, a 
mixture of glucose and fructose was withdrawn, and water was used as solvent. The 
columns were packed with ion-exchange resin Amberlite CR-13Na and immobilized 
enzyme Sweetzyme T. The authors developed a control scheme that was validated 
experimentally.

Another growing SMB application is the separation of acids from sugars in the 
production of ethanol from biomass (see Figure 5.8). Sun et al. [96] studied the 
separation of sulfuric acid from saccharified liquid from bamboo using an ISMB. 
The system consisted of six columns packed with Diaion MA03SS anion-exchange 
resin at 50°C with water as desorbent. The recovery of glucose and xylose was 98.4% 
and that of acid was 90.5%. The group followed a similar procedure from distilled 

FIGURE 5.7  Schematic representation of an SMBR for glucose isomerization/separation in 
two consecutive switches.
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grain waste from a Chinese spirit-making process; the recovery was slightly lower 
[97]. The authors claimed that volatile fatty acids were also removed, making the 
saccharified liquid more feasible to ferment. Additionally, ISMB was more efficient 
compared to a conventional SMB consisting of more columns. Later on, six commer-
cial resins were evaluated through pulse experiments at 50°C, from which Dowex 
1X4 and Dowex 1X8 presented results similar to Diaion MA03SS, which went out 
of production [98]. Dowex 1X8 exhibited better performance in the SMB separation 
of sulfuric acid and sugars from acid hydrolysate of bamboo. The authors believed 
that the higher stability of Dowex 1X8, due to its higher degree of crosslinking, was 
the main reason for its better performance.

The separation of fucose from other monosugar components by SMB have also 
been studied with the purpose of developing a process to produce fucose from defat-
ted microalgal biomass [99]. Continuous separation of fucose and 2,3-butanediol was 
studied over Amberchrom-CG71C resin using two strategies [100]. The first strategy 
consisted of partial extract collection and partial extract discard, leading to higher 
2,3-butanediol concentration. The second included partial extract collection, partial 
extract recycle, and partial desorbent-port closing, which could lead to 25% less desor-
bent consumption and higher product concentration. Furthermore, a process for large-
scale production of fucose from one of the most abundant seaweeds in South Korea 
was developed [101]. An open SMB with the flexibility to change port configuration 
was used with Chromalite-PCG600M resins. Fucose was obtained at nearly 100%.

Two-stage SMBs have been used to separate other, less known sugars; normally, 
the first stage is used to split mono- from di-saccharides, and then the target product 
is obtained in the second stage. Choi et al. [102] studied the separation of xylobi-
ose from xylooligosaccharides using Dowex-50WX4 resin in sodium form at 65°C. 
Xylobiose was obtained with a purity and recovery above 99% and 92%, respec-
tively. Binary separation of xylobiose and xylose was also studied by Lee et al. [103]. 
On the other hand, separation of trehalose from glucose and maltose was studied by 
Song et al. [104]. Purolite CGC 100×8 Ca ion-exchange gel-type resin was packed in 
eight columns and deionized water was used as desorbent. Trehalose was obtained 
with a 97.6% purity and 95.9% recovery. Other separations of saccharides (mono-, 
di-, poly-, oligo-) by SMB are discussed by Janakievski et al. [78].

5.2.3 �P harmaceuticals

The introduction of the SMB in the pharmaceutical industry, mainly for the purifica-
tion of chiral compounds, is seen by some authors as the start of a new era for this 

FIGURE 5.8  Simplified scheme for the production of ethanol from biomass.
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technology [2, 105]. Strict constraints were imposed on these separation processes, 
for instance in terms of target product purity, which drastically increased (values 
above 99%), and the unit configuration was profoundly changed. While the prede-
cessor SMB processes implemented in the petrochemical industry and sugar separa-
tions comprised a large number of chromatographic columns (typically more than 
eight) of considerable dimensions, the majority of the units used for the purification 
of pharmaceuticals were constituted by a maximum of six columns with dimensions 
comprised in the centimeter to meter range. This was a direct consequence of the 
development of highly specific and efficient stationary phases, which were much 
smaller than those previously used for other bulk separations (going from the mil-
limeter to the micrometer scale). The elevated costs associated with the stationary 
phases impelled the search for alternative SMB operating modes that would require 
a smaller number of chromatographic columns to attain similar performances, in 
terms of purities and productivities, than the standard operating mode (see Table 5.2 
in Section 5.3.2 dedicated to this subject). Among these new operating modes is the 
Varicol® process.

The Varicol® process was first developed and commercialized by Novasep SAS 
(France) [106, 107] in around 2000 and is probably the most commonly studied and 
applied nonconventional SMB operating mode. It consists of the implementation 
of an asynchronous shift of the inlet and outlet stream positions, which promotes a 
dynamic variation in the number of columns per zone within each switching inter-
val. By introducing this additional degree of freedom the unit becomes more flexible 
and the performance can be improved, mostly because this dynamic behavior pro-
vides more effective control over the position of the internal concentration bands of 
the target compounds throughout the unit. In fact, some authors have demonstrated 
that the performance accomplished in a six-column SMB unit is comparable to the 
performance of an SMB-Varicol® unit with one column fewer [108, 109].

As previously stated, the development of the Varicol® operating mode is strictly 
related to the application of SMB technology to chiral separations. For this reason, it 
is still one of the most studied technologies within pharmaceutical purification pro-
cesses nowadays. A summary of the main SMB-Varicol® chiral separations reported 
in open literature within the last decade is provided in Table 5.1.

Apart from the consolidation of Varicol® as one of the most efficient technologies 
for the purification of chiral compounds, the scientific community has addressed 
other challenges imposed by pharmaceutical manufacturing processes, such as the 
separation of more complex mixtures. The advances reported in the purification of 
one or more compounds from quaternary mixtures of nadolol stereoisomers provides 
a general idea of the technical solutions that are being implemented.

The simpler approach dealing with the purification of target species from com-
plex multicomponents is to try to reduce these systems to pseudo-binary separation 
problems; however, this might not always be possible, of course, and in most cases 
implies an extensive and time-consuming experiment-based mobile and solid sta-
tionary phase screening. For the particular case of nadolol isomers separation, the 
most active stereoisomer (RSR‐nadolol) could be purified from the initial quaternary 
mixture by using Chiralpak® AD as the adsorbent and ethanol: heptane: diethyl-
amine (80: 20: 0.3) as eluent [117]. The SMB process was able to recover 100% of 
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the target product in the extract stream with a purity of 100%. As the productivity 
of the unit was relatively limited (15.6 g of product per liter of bed per day), the 
authors extended the screening tests and identified Chiralpak® AD and methanol 
with 0.1% of diethylamine as alternative solid and mobile phases, respectively. The 
SMB experiments performed demonstrated that the target isomer could be collected 
in the extract stream with a purity of 99.5% while simultaneously enhancing the 
productivity by a factor of three [118].

An entirely different approach was followed by Lee and Wankat [119] and by 
Jermann et al. [120] which resorted to alternative SMB configurations and operating 
modes to recover intermediately retained nadolol stereoisomers. The first group of 
authors determined, through an extensive simulation study, that it was possible to 
recover 99% of the target product (RRS-nadolol) both in an eight-column Pseudo-
SMB unit and in a cascade of two eight-column SMB units in series with similar 
productivities (see Section 5.3.2 for further details regarding these operating modes). 
The chromatographic columns were considered to be packed with perphenyl car-
bamoylated β-cyclodextrin immobilized onto silica gel and the eluent was assumed 
to be an 80% buffer solution triethylamine (TEA) adjusted with acetic (pH 5.5) and 
20% methanol. Although the productivities were similar, the desorbent required for 
the cascade operation was lower. Jermann et al. [120] optimized and experimentally 
implemented a cascade of two three-zone closed-loop SMB units operating under 
ISMB mode to perform this center-cut separation from an equimolar mixture with 
four stereoisomers (this alternative configuration and operating modes are detailed 
in Section 5.3.2). Chiralpal® AD was selected as stationary phase and heptane: etha-
nol: diethylamine mixtures were used as mobile phase. Through this design meth-
odology, the authors demonstrated that the heuristic that proposes that the easier 
separation should be performed first fails to find the optimal separation sequence 
for the three-zone ISMB units proposed. Hence, the most retained compounds were 
separated in the first unit using heptane: ethanol: diethylamine (30: 70: 0.3) as eluent. 
The outlet stream containing the target product was then mixed with a stream of hep-
tane: diethylamine to adjust the eluent composition for the second unit, which was a 
heptane: ethanol: diethylamine (60: 40: 0.3) mixture. The optimum operating point 
allowed the purification of the target nadolol stereoisomer with a purity of approxi-
mately 98%. The unit productivity was over 50 g of product per liter of adsorbent per 
day requiring 12 liters of eluent per gram of product. One of the main conclusions 
of these works is that the use of cascades is generally more advantageous than the 
use of other alternative operating modes (such as Pseudo-SMB or SMB units with an 
extended number of zones), since the independent operation of the two units provides 
additional degrees of freedom, such as the use of different eluent compositions in the 
work reported by Jermann et al. [120].

The integration of SMB technology with complementary processing units and the 
application of process intensification strategies to create new SMB-based units has 
already been proposed by several authors in the context of the petrochemical and 
sugar industries or in biorefineries; however, only recently have these technical solu-
tions started drawing the attention of researchers dedicated to the development of 
pharmaceutical production processes. Palacios et al. [121] proposed the first SMBR 
process that performs the racemization reaction and simultaneous enantiomeric 
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separation of chlorthalidone enantiomers (selected as a model system) in a single 
SMB device with two-zone open-loop or three-zone closed-loop configurations. Side 
reactors were introduced between the chromatographic columns of zone I in an anal-
ogy to the configuration proposed by Hashimoto et al. [93] for four-zone SMBR 
units. The inexistence of side reactors in the remaining zones is intended to ensure 
that the desired enantiomer (the least adsorbed one) is not converted near the raf-
finate collection port which would decrease the overall process performance. The 
reaction is controlled through a pH gradient imposed by the solvent introduced at the 
eluent port. The authors demonstrated experimentally that a pure single enantiomer 
could be produced, achieving 100% conversion and yield values. The performance 
of the SMBR unit was able to outcome the performance of a process with decoupled 
reaction and separation units due to the synergetic effects promoted by the combina-
tion of these two phenomena simultaneously within the SMBR.

Fuereder et al. [122] proposed a more conservative integration of the enzymatic 
racemization with SMB separation for the production of enantiopure D-methionine. 
The process comprised an SMB unit with five stainless steel Chirobiotic TAG col-
umns in a 1-2-1-1 closed-loop configuration dedicated to the separation of the iso-
mers. The feed stream of the SMB was provided by an enzymatic racemization 
reactor placed before the SMB and by a fresh racemic feed. The target product, 
D-methionine, was collected through the extract port, since this is the most retained 
compound, while the raffinate stream, the other enantiomer, was continuously con-
centrated through a nanofiltration module and recycled back into the reactor. In the 
experiments performed aiming at the demonstration of the feasibility of the process, 
the final product purity attained was 98%, with an overall yield of 93.5%. A more 
detailed economic analyses of the process would have to be performed to assess its 
viability but the results obtained so far are encouraging.

The search for suitable process intensification strategies to be applied in the 
pharmaceutical manufacturing process is expected to intensify in the coming years. 
Nevertheless, Varicol® technology will most likely keep its prominent position 
within this field.

Finally, it is important to highlight that the advances observed in the development 
of new chiral stationary phases, especially core-shell particles and monoliths [123], 
which are already being applied in high-throughput and high-efficiency analytical 
separations, might be exploited for the development of continuous preparative pro-
cesses as well within the near future.

5.3 � TECHNOLOGICAL IMPROVEMENTS AND NEW APPLICATIONS

5.3.1 �N ew Applications

Nowadays, the SMB is widely recognized as a well-established technology that is 
able to perform demanding separations, either in terms of target purities or required 
productivities, with remarkable efficiency under mild operating conditions, low 
energy and materials consumption, and high reliability. The long-term industrial 
applications within the petrochemical, food, and pharmaceutical industries, and their 
latest advances (some of them discussed previously in Section 5.2), have significantly 
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contributed to this fact. However, with the continuous progress of manufacturing 
processes, new and challenging separations must be efficiently carried out to ensure 
the feasibility and sustainability of such processes, and the SMB might represent a 
technical solution in many cases. In fact, there are countless examples of the applica-
tion of these chromatographic processes across a large number of industries.

Biochemicals and biopharmaceuticals are currently among the top growing indus-
tries. Since many of their processes require the separation of quite similar molecules 
at high purity levels, or involve heat-sensitive species, for instance, the relevance 
of SMB technology within these industries has been increasing at an interesting 
rate supported by several successful applications. In this context, an assessment of 
some of the most promising applications reported in open literature will be provided 
together with an analysis of the envisioned advantages and limitations of SMB in the 
biochemical and biopharmaceutical industries.

5.3.1.1 � Biorefineries
The transition from petro-based to bio-based chemicals is a trend observed across 
the majority of the chemical industries. In this context, the concept of a biorefinery, 
and especially an integrated biorefinery, is becoming the focus of the R&D activi-
ties of an increasingly large number of research institutions and companies; how-
ever, this is an extremely broad concept which encompasses hundreds of possible 
products and production processes. In fact, the sugar purification processes previ-
ously described in Section 5.2.2 could be considered within the biorefineries topic as 
well, for instance. For this reason, the research reported in the present work will be 
restricted to a few production processes of industrial relevance that have been using 
SMB technology consistently over the last few years, and will analyze the major 
advances accomplished.

The separation of carboxylic acids is one of the major applications of SMBs 
within the biorefineries context. For instance, the bio-based succinic acid produc-
tion through the fermentation of glucose can be considered as a case study of the 
commercial implementation of biorefineries [124]. With an estimated global produc-
tion capacity of approximately 30,000 tons/year (regardless of the production route), 
companies like BASF, BioAmber, Myriant, and Reverdia have attempted to transition 
their processes from demonstration scale to a fully commercial scale. The process 
proposed by Myriant [125], for instance, includes an SMB purification step among 
the complex sequence of downstream separation stages. The SMB is responsible 
for the separation of succinic acid from ammonia-salts, residual sugars, and other 
contaminants (e.g., acetic acid and other organic acids) from a previously filtered and 
acidified fermentation broth (see Figure 5.9). The process comprises an eight-column 
closed-loop SMB unit packed with an ion-exclusion resin and uses evaporation and 
crystallization units to recover the purified succinic acid in the extract stream.

In an attempt to assess the efficiency of the implementation of alternative operat-
ing modes and configurations, some authors have resorted to diluted model mixtures 
of succinic and lactic acids [126–128]. The performance of three different SMB units 
was compared: conventional three-zone open-loop (without zone I), conventional 
three-zone open-loop with partial-feed, and unconventional three-zone open-loop 
(without zone I). Further details regarding the underlying principles and advantages 
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of each operating mode will be provided later (Section 5.3.2). The three-zone open-
loop SMB with an unconventional port arrangement was the most efficient solution 
for the purification of succinic acid. A succinic acid purity of 98% was achieved by 
all the processes but the throughput of the SMB without zone I was approximately 
40% higher than the three-zone unit to which the partial-feed was applied and over 
65% higher than that of the conventional three-zone unit (the only unit for which an 
experimental validation of the results was performed [126]).

A succinic acid purification method was also proposed by Choi et al. [129] but 
this time to remove acetic and formic acids from a feed mixture produced by fer-
mentation. An unconventional open-loop SMB without zone I was packed with 
Amberchrom-CG300C for that purpose and water was used as eluent. The authors 
performed an optimization of the most relevant operating variables by setting a min-
imum succinic acid purity of 99%. It was demonstrated that a maximum feed con-
centration of 18 g/L could be used without compromising the process yield (nearly 
100%). Conversely, by setting the yield to 95% the SMB productivity in terms of suc-
cinic acid was estimated to be approximately 30 g per liter of adsorbent per day. The 
performance of a conventional three-zone open-loop SMB (without zone IV) was 
compared to the previously reported results. Under the same purity and yield con-
straints, the conventional three-zone open-loop unit was three times less productive. 
Although this study provided a clear insight into the advantages of implementing 
an unconventional SMB operating mode to purify succinic acid, all the conclusions 
were based on numerical simulation results (since the model validation was per-
formed in a previous work [130]).

The same system was studied by Park et al. [130] in a previous work, with the 
main goal, however, of recovering formic acid. By applying an SMB with the same 
three-zone open-loop alternative port arrangement, at 40°C, a formic acid yield of 
98% was achieved with a purity of 96%. The feasibility of the process was experi-
mentally confirmed.

The production of biodiesel through transesterification reactions leads to the 
formation of considerable amounts of glycerol, with this by-product representing 
approximately 10% of the overall product mass. However, at the end of the biodiesel 
production process glycerol is obtained in a mixture with other alcohols (used as 
reactants in the previous steps), water, and organic and inorganic salts (due to the use 
of homogeneous catalysts), in what is usually called crude glycerol. Rohm and Haas 
(a subsidiary of Dow Chemical) and Novasep developed a commercial glycerol puri-
fication process, taking advantage of SMB technology, for the valorization of this 
by-product [131]. The Ambersep BD50 ion resin is used as stationary phase, water 

FIGURE 5.9  Simplified scheme for the production of succinic acid.
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as mobile phase, and glycerol is collected in the extract stream. Through a series of 
complementary steps (heating, evaporation, splitting, decantation, SMB purification, 
and vacuum distillation) a final glycerol purity of 99.5% can be reached. Companies 
like Lanxess Sybron Chemicals Inc., EET Corporation, and the SRS Engineering 
Company also provide glycerol purification solutions.

Recently, new strategies have been proposed for the valorization of the waste 
glycerol from biodiesel plants. After its purification through the aforementioned pro-
cesses, for instance, refined glycerol can be reacted to generate chemicals with high 
added value; however, the reactions involved in this processes typically generate a 
complex mixture of products and unconverted glycerol that requires further purifi-
cation. In this context, Coelho et al. [132, 133] proposed the implementation of an 
SMB process for the separation of glyceric and tartronic acids obtained through the 
aerobic oxidation of glycerol in aqueous media. Starting from a model mixture con-
taining the two carboxylic acids, the authors demonstrated the feasibility of the pro-
cess by performing the separation in a lab-scale unit comprising six columns packed 
with Dowex 50WX2 and using a solution of sulfuric acid at 4 mM as eluent. Under 
optimal conditions, the unit was able to achieve a productivity of 86 g of tartronic 
acid and 176 g of glyceric acid per liter of adsorbent per day, considering the typical 
commercial purity value of 97% of these species. The estimated eluent consumption 
was 0.30 liters per gram of products.

Other polyols with interesting commercial value can also be produced in inte-
grated biorefineries. Companies like Archer Daniels Midland Co [134] or LanzaTech 
[135] have patented SMB purification processes for this particular purpose. In a 
recent publication [136], the implementation of a three-zone open-loop SMB pro-
cess with an additional independent zone designed to carry out a regeneration step 
is described. Butanediol and propanediol were separated by means of a Mitsubishi 
SP70 resin. Although 100% pure butanediol was collected in the extract stream, 
the maximum propanediol purity obtained during the experiments performed was 
92.6%. The process productivity was 101 g of product per kilogram of adsorbent 
per day.

Bio-based chemical production processes comprising SMB units cannot be dis-
sociated from SMB reactor (SMBR) technology, a hybrid unit that can simultane-
ously perform reaction and chromatographic purification steps in the same device, 
conceived through the implementation of the most advanced process intensification 
principles. In the SMBR, a reactive mixture is introduced in the unit through the feed 
port and, in its most common implementation, this mixture is simultaneously con-
verted and separated (according to the SMB principles) by a solid stationary phase 
with both catalytic and adsorptive properties while one of the reactants is used as 
eluent [137, 138]. Alternative packed bed configurations and eluents can also be used. 
In fact, most of the reported applications of this multifunctional reactor were related 
to the production of bio-based chemicals, with particular focus on the production 
of bio-derived fuels [139] and oxygenated additives [140]. Examples include the use 
of bio-derivable reactants such as ethanol to produce 1,1-diethoxyethane [141] and 
1,1-diethoxybutane [142], and the valorization of glycerol, obtained as a by-prod-
uct from the biodiesel manufacture, through the production of glycerol ethyl acetal 
[140], among others [143, 144]. The target purities obtained through this processes 
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ranged from 90% to 99% with the reactor being able to convert almost 100% of the 
limiting reactants. High productivities were reported (5–55 kg of product per liter of 
adsorbent per day) with reasonably low eluent consumptions (below 8 L of eluent per 
kilogram of target product).

Although some successful applications of SMB technology can already be found 
within biorefineries, it is important to ensure that upcoming research activities will 
address the main issues related to these processes. For instance, many studies are 
still carried out assuming model systems; however, real industrial streams from bio-
refineries are known to present a rather complex nature that can ultimately invalidate 
a purification process that has been designed without having accounted for it. Scale 
issues and long-term SMB operation must also be evaluated during the development 
of new processes.

5.3.1.2 � Biopharmaceuticals
The global biopharmaceuticals market was valued at approximately 188,000 USD in 
2017, with cumulative sales between 2014 and 2017 reaching over 650,000 USD [145] 
and some projections forecasting a compound annual growth rate (CAGR) of almost 
14% until 2025 [146]. Monoclonal antibodies are the dominant class of biopharma-
ceuticals, representing approximately 65% of the overall sales value in 2017. Another 
relevant aspect is that recombinant proteins represent over 85% of the genuinely new 
biopharmaceutical active ingredients that reached the market between 2014 and 2018 
[145]. Apart from these general market trends, several other biopharmaceuticals 
have been produced through a variety of manufacturing processes in which, in many 
cases, downstream separation is known to account for more than 80% of the overall 
capital costs [147, 148]. Considering this, the prominence of separation technologies 
within this industry becomes clear. As previously stated, the SMB has been sug-
gested as a potential solution to many of these challenges, mainly due to its ability to 
achieve high product resolution under moderate operating conditions; however, the 
complexity of the mixtures to be separated has also prompted significant advances 
in terms of practical implementation. Some of these issues will be discussed using a 
few illustrative examples reported over the last decade.

As far as our knowledge goes, the first application of SMB to protein desalting 
was described by Hashimoto et al., who performed the separation of bovine serum 
albumin (BSA) from ammonium sulfate using Sephadex G-25Fine [149]. The exper-
imental runs were carried out in a conventional four-column SMB and in an SMB 
without zone IV, allowing the recovery of approximately 70–80% of BSA, with an 
outlet concentration of half of the feed value; however, simulations demonstrated 
that the yield could be increased up to 98% and the outlet stream could reach 90% 
of the feed value.

A desalting step is also required to remove zinc chloride during the production of 
insulin before the crystallization unit, for instance. An SMB process based on size 
exclusion chromatography (SEC) has been proposed and experimentally validated 
for conducting the zinc chloride removal step simultaneously with the removal of 
contaminant high-molecular-weight proteins [150]; however, this comprises a com-
plex center-cut separation, since insulin is the intermediately retained species. To 
overcome this issue, a cascade of SMB-SEC units was used in which the first unit 
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was responsible for the separation of the high-molecular-weight proteins (early elut-
ing species) from insulin, without imposing any constraints on the zinc chloride 
concentration bands, while the second unit was responsible for the final insulin puri-
fication through the removal of zinc chloride. Both insulin purity and yield reached 
99%. The advantages of the SMB over the batch system become clear in this case 
since the overall yield attained by the former did not surpass 90%, even when operat-
ing at one third of the SMB productivity. Recently, this separation process was the 
focus of a deep optimization study which significantly improved the performance 
of the SMB-SEC process [150]. While keeping the same yield as the tandem SMB 
system initially proposed, it was possible to achieve a productivity ten times higher 
and to reduce the overall production costs by 15%, by adjusting the main process 
design variables. These improvements were even more significant when compared 
to the traditional batch systems, since the insulin overall production costs dropped 
to one third.

The combination of SMB with SEC, as in the previously reported work, has 
been an increasing trend in biopharmaceutical processes recently. The typically 
large dimensions of biomolecules can be exploited to simplify more complex sys-
tems into pseudo-binary separation systems or even to reduce the buffer consump-
tion [151, 152]. The integration of recombinant proteins that refold with purification 
using SMB-SEC for the development of continuous production processes are among 
the most interesting applications. To perform a feasibility study of this new process 
design concept, Wellhoefer et al. [153] selected two model proteins: Npro autoprotease 
fusion peptides EDDIE-pep6His and EDDIE-MCP-1. Firstly, a continuous dissolu-
tion reactor was designed to promote an efficient dissolution of inclusion bodies from 
Npro fusion peptides by NaOH, instead of the commonly used chaotropes, and sub-
sequent reduction with 1-thioglycerol. The outlet of the dissolution reactor was then 
mixed with a concentrated stream of refolding buffer and fed to the SMB-SEC unit 
packed with Sephacryl S-300. One of the main advantages of the proposed process is 
that it can be operated isocratically by using the refolding buffer as desorbent, which 
allows the implementation of a classical four-zone closed-loop SMB operation. The 
refolded or partly refolded target proteins were collected through the extract port 
and fed to a continuously stirred tank reactor responsible for carrying out a final 
off-column refolding stage. Inside the SMB-SEC unit, the aggregates’ formation is 
potentially reduced through the spatial separation of the folding intermediate spe-
cies due to their differences in size; in this way, higher yields can be obtained. An 
increase of 10% was obtained for both proteins; the refolding equilibrium is shifted 
toward the formation of refolded proteins through this new process in comparison 
with conventional batch ones. The aggregates, on the other hand, were collected 
through the raffinate port and the refolding buffer/desorbent was recovered through 
a tangential flow filtration unit and recycled back into the process. The SMB closed-
loop operation and the buffer recycling strategy allow for a reduction of the overall 
buffer consumption of over 98%, which constitutes an important advantage since 
buffer consumption represents a significant cost in downstream processing for these 
kinds of biopharmaceuticals.

An adaptation to the previously described process was proposed and experi-
mentally validated using the same model system [154]. An additional isocratic 
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four-column closed-loop SMB-SEC unit (packed with Sephacryl S-100 and using 
the same buffer solution as eluent) was added to the outlet of the off-column refold-
ing reactor to recover the cleaved target peptide (extract stream) by separating it from 
the residual proteins (raffinate stream). The buffer solution from the raffinate stream 
of the second SMB is recovered and recycled with a similar procedure as the one 
reported for the raffinate stream of the first SMB. Outstanding results were reported 
for the integrated process, including a target product purity and yield of nearly 100%, 
together with a productivity 180 times higher and a buffer consumption 28 times 
lower, compared to conventional batch processing.

More recent studies regarding the oxidative refolding of lysozyme in a SMB-SEC 
unit have been published based on comprehensive mathematical models and comple-
mented with single-column validation experiments [155]. It was concluded that the 
aggregation process occurs when the local concentration exceeds a critical value 
corresponding to the solubility of the early intermediates. Moreover, the authors 
support the idea that the refolding reaction can be carried out off-column after the 
SMB-SEC, as observed in the works of Wellhoefer et al. [153, 154]; this was veri-
fied by the absence of urea (initially present in the buffers) after the native protein 
was recovered in the raffinate stream (for this reason the authors suggest considering 
the total soluble protein rather than only the native refolded protein). Although the 
results look promising, the process still lacks experimental validation.

Ion-exchange chromatography also plays an important role in biopharmaceutical 
manufacturing processes based on SMB technology. The salt gradient ion-exchange 
SMB has been applied for the separation and purification of proteins with consid-
erable success by exploiting the advantages of the additional degrees of freedom 
provided by the step salt gradients [156]. Nevertheless, the system complexity is 
naturally increased for this particular operating mode and, for that reason, the avail-
able tools must be used to select the most effective salt gradient strategy [157]. Some 
of the most successful applications comprise the separation of BSA from myoglo-
bin [156], the separation of bovine IgG from lysozyme [158], the separation of the 
dimeric form of the bone morphogenetic protein-2 from a renaturation solution, 
which also contained its inactive monomeric form among other impurities [158], and 
the separation of β-lactoglobulins A from β-lactoglobulins B [159]. It is worth men-
tioning that, in many of these processes, open-loop units were often more suitable 
than closed-loop ones since they allow more accurate control of the salt concentra-
tion throughout the unit.

In a work published in 2018, the purification of human influenza A virus A/
PR/8/34 (H1N1) was accomplished by capturing it from a clarified harvest cell cul-
ture fluid, through an SMB process relying on ion exchange [160]. This study com-
prised two distinctive technical details. First, the stationary phase used consisted of 
a commercial quaternary amine anion-exchange monolithic material, designated as 
CIM® QA, since monoliths are known to provide high adsorption capacities and to 
allow high flow throughputs under manageable pressure drops, as typically required 
by capture steps in biopharmaceutical processes. Second, the SMB unit was run in 
a three-zone open-loop configuration with an additional detached zone included for 
regeneration purposes using a high salt concentration step gradient (2M NaCl). The 
implementation of such a complex configuration was vital to making it possible to 
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perform a ternary center-cut separation in which the contaminant host cell proteins 
were eliminated through the raffinate port, the purified fraction of the target product 
(influenza A virus) was collected through the extract port, and the strongly bounded 
DNA molecules were eliminated during the regeneration step gradient procedure. 
By loading the monoliths up to 10% of their dynamic binding capacity, a virus yield 
of approximately 90% was achieved. Moreover, the amount of contaminant proteins 
was reduced by more than 50% compared to the feed stream concentration values, 
while DNA concentration was reduced to 1% of its initial value, meeting the strin-
gent regulatory requirements of human influenza vaccines prepared in cell cultures. 
Due to the low values defined for the dynamic binding capacity, the productivity of 
the SMB was relatively low, approximately half that of the corresponding batch sys-
tem, while the buffer consumption was slightly lower. By setting a higher dynamic 
binding capacity (50%), the product yield dropped to less than 50% and the DNA 
contaminations surpassed the imposed limits, which required an additional step 
(Benzonase® treatment) to complete the purification process. Therefore, the authors 
suggest that the process performance parameters can be improved, particularly pro-
ductivity, by optimizing the operating conditions. Other influenza virus purification 
processes were reported by the same research group; however, SMB-SEC was the 
separation technique adopted [161].

The purification of valine, a branched-chain amino acid of industrial interest, 
through the removal of isoleucine and other contaminants within the feed mixture, 
using reversed-phase chromatography SMB processes, has been thoroughly investi-
gated by Park et al. [162–164]. In an initial approach, the binary separation between 
valine and isoleucine was carried out in a three-zone open-loop SMB combined 
with a partial-discard strategy, according to which the first fraction of the raffinate 
stream obtained during the switching interval would be discarded while the second 
fraction containing purified valine would be collected. On the other hand, isoleucine 
was continuously withdrawn through the extract port. The separation was performed 
based in an SMB with three columns packed with Amberchrom-CG161C. After a 
preliminary optimization study, it was determined that only half of the raffinate 
volume would be collected during the switching interval. Under these conditions, it 
was possible to achieve a valine purity and yield of over 98%. Moreover, by reject-
ing 50% of the raffinate stream volume the concentration of valine in this outlet 
stream doubled compared to the process without the discard step [162]. In another 
publication, the same research group proposed an alternative three-zone open-loop 
SMB configuration with a modified port location. In this new configuration, zone I is 
bounded by the desorbent and the feed streams, zone II by the feed and the raffinate 
stream, and zone III by the raffinate and the extract [163]. The feasibility of this 
operating mode was confirmed and the mathematical model developed to describe 
the dynamic behavior of the unit was validated with the experimental data collected. 
The improvements resulting from this minor adaptation were remarkable. The unit 
throughput increased by 65% and the valine concentration in the raffinate stream 
was 1.6 times higher than the expected value for the conventional three-zone open-
loop SMB unit.

Finally, the same authors developed a continuous SMB process for the purification 
of the valine present in a model mixture obtained from a fermentation reactor used in 
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an industrial valine production process [164]. For that purpose, a cascade of two con-
secutive three-zone open-loop SMB units packed with Chromalite-PCG600C was 
designed and optimized to perform the valine center-cut separation in an attempt 
to replace the two separation units present in the conventional process, namely, an 
ion-exchange chromatography stage for the removal of salts (ammonium sulfate) 
and a crystallization stage to remove the remaining amino acids (mainly leucine and 
alanine). The authors followed the empirical rule of performing the easier separation 
first; therefore, the first SMB unit, which adopted a modified port location, was dedi-
cated to the removal of leucine through the extract port and to the recovery of valine 
through the raffinate port. The port arrangement was defined in order to maximize 
the valine concentration by attributing to zone III the role of enriching the raffinate 
stream. The raffinate stream was then fed to the second SMB unit which consisted 
of a three-zone open-loop SMB; however, in this case, as valine was to be collected 
through the extract port, a conventional port arrangement was adopted in order to 
use zone II as a valine enrichment zone. Leucine and alanine, the least retained 
species, were eliminated through the raffinate port. The feasibility of the process 
was demonstrated and a valine purity higher than 99% and a yield of approximately 
93% were attained. Although two SMB units were used, the concentration of valine 
after the final purification stage was still higher than 50% of the feed concentration. 
The previously reported study clearly evidenced the challenges associated with the 
design and optimization of the separation of amino acids by SMB. For that reason, 
this topic has been investigated by several research groups [165, 166].

An experimental and simulation study of the purification of single-chain frag-
ment variable (scFv) antibodies in a three-zone open-loop SMB with a pH gradient, 
containing three columns for separation purposes and an additional column in the 
cleaning and equilibration zone, is used as an example of an SMB process based on 
affinity chromatography for the purification of biomolecules or, more specifically, 
immobilized metal ion affinity chromatography [167]. In this work, the pH gradient 
was imposed by the different pH values of the desorbent (20 mM sodium phosphate, 
0.5 M NaCl, pH 4.0) and feed streams (clarified cell culture supernatant diluted in 20 
mM sodium phosphate, 0.5 M NaC, pH 6.5) while the open-loop configuration was 
used to avoid cross-contamination of the target product by buffer recycling. Water 
was used for the cleaning step and a sodium phosphate and sodium chloride solu-
tion, pH 5.3, was used as an equilibration buffer. The enriched target product was 
collected with a yield of 91% through the extract port, approximately 2.5 times more 
concentrated than the target product obtained through a conventional batch reactor. 
The SMB also presented a productivity value 11 times higher and a desorbent con-
sumption almost six times lower; however, both processes must still be optimized.

Successful examples of application of SMB technology have been presented 
above. The complexity of biopharmaceutical systems has tested the limits of this 
technology, which has been able to accomplish rather demanding separations that 
would have been impossible to perform in conventional SMB units, including ter-
nary center-cut separations, through the implementation of alternative configurations 
and operating modes (Section 5.3.2 will be entirely dedicated to this topic given its 
relevance). Other important advances include the use of innovative stationary phases 
(as monoliths), the implementation of processes that take advantage of the different 
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types of interaction between liquid mobile phases and solid stationary phases, and 
the implementation of step gradients. Nevertheless, some limitations still persist and 
the solution for some of those might comprise the development and implementation 
of completely new SMB-based technologies, as will be discussed in Section 5.3.3.

5.3.2 �A lternative Operating Modes

The conventional SMB concept and operating principle have been carefully addressed 
in Section 5.1 of the present work. Most of the SMB processes developed and imple-
mented in the industry follow those same characteristics, namely, the existence of 
two inlet streams, two outlet streams, an internal recycling stream, four sections, and 
the synchronous shift of the stream locations; however, as one can easily conclude, 
the number of decision variables that can be defined for such complex multicolumn 
units can be largely increased by altering some of these features. Throughout the 
years, several adaptations and alternative operating modes have been proposed to 
either enhance the performance of this technology or expand its application field.

Commercial examples of these advancements comprise, for instance, the CSEP 
and ISEP systems commercialized by Calgon Carbon Co. (United States of America), 
which represent pioneering solutions for water treatment and for further purifying 
complex mixtures obtained through biomass and sugar processing. The systems 
enabled the cyclical performance of adsorption, regeneration, and recycling steps 
[168, 169], by introducing additional inlet and/or outlet streams and independent 
zone operation. Another example is the Varicol® process [106], which was developed 
by Novasep SAS (France) to reduce the costs associated with the specialized sta-
tionary phases used in chiral separation by promoting an asynchronous shift of the 
SMB inlet and outlet streams. The Varicol® process is probably the most commonly 
applied unconventional SMB operating mode; however, other alternative operat-
ing modes have become widely accepted, finding several applications and being 
the focus of a large number of research studies. These alternative operating modes, 
which can be classified according to the major changes that are promoted in the unit 
configuration or operating mode when compared to conventional SMB technology, 
are summarized in Table 5.2.

Previous reviews [168, 169, 200] have already described the majority of the 
alternative operating modes presented in Table 5.2. Nevertheless, despite the large 
number of solutions already proposed, new alternative operating modes have been 
developed by different companies and research groups throughout the world over 
the past few years. The main motivating forces directing this research line comprise 
the need to perform separations that were not possible with prior techniques and the 
need to reduce the capital and operating costs associated with the equipment and the 
stationary phases.

5.3.2.1 � Dynamic Configuration Variations
The improved-SMB® (ISMB) and the sequential SMB (SSMB) dynamic operating 
modes (described in Table 5.2) are among the most modern multicolumn countercur-
rent chromatographic processes applied to the industrial-scale production of fruc-
tose. Among the main advantages of these technologies is the ability to achieve the 
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same performance as a conventional SMB process, but with fewer columns (typi-
cally four to six), thus requiring approximately 10% less eluent [2]. A recent study 
in which a direct comparison between ISMB and SSMB was carried out revealed 
that both performed quite similarly for monosaccharide separation and corroborated 
one another’s superior efficiency, compared to the conventional four-zone SMB [81].

Although the ISMB was developed in the 1990s by the Mitsubishi Chemical 
Corporation (Japan) [201], recently, two adaptations to this alternative operating mode 
were proposed that allow the separation of ternary mixtures [202]. In its initial con-
cept, the ISMB time switch was sub-divided into two steps. A first step, in which a 
three-zone open-loop configuration was adopted while zone IV was idle, was fol-
lowed by a second step, in which all the inlet and outlet streams were eliminated and 
the fluid was recycled in the unit. A simple modification consisting of performing the 
second step in an open-loop configuration through the introduction of an additional 
extract stream at the outlet of zone I (suppressing the connection to zone II) allows 
the collection of a third fraction containing the more retained species. The authors 
denominated this operating mode 3S-ISMB. Another approach for separating ter-
nary mixtures, designated 3W-ISMB, requires deeper adjustments. In the first step, 
the feed stream is still introduced between zones II and III but the least retained 
compound is no longer collected at the outlet of zone III during this step. Instead, 
this stream is eliminated and all the flow is diverted to the following columns. The 
most retained compound is then collected at the outlet of zone I, and zone II is inde-
pendently operated so that the intermediately eluting species can be collected at its 
outlet. In the second step of this operating mode, zone I is idle, eluent is fed to the 
column immediately after this zone, and the least retained compound is collected at 
the other extreme of the unit. The two steps, performed within each switching time of 
the ISMB, 3S-ISMB, and 3W-ISMB, are presented in Figure 5.10.

For the 3S-ISMB to be able to perform ternary separation, the interstitial flow 
rate ratios between the mobile and stationary phases must be set in such a way that 
the separation between the two least retained species can be carried out as in the 
standard ISMB, while the most retained compound is confined to the column to 
which the mixture is fed and then carried with the solid phase in the opposite direc-
tion of the fluid flow so it can be collected in the extract port during the second step. 

FIGURE 5.10  Schematic representation of the ISMB, 3S-ISMB, and 3W-ISMB operating 
modes. A, B, C represent the compounds in ascending order of affinity toward the solid.
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The main parameter governing the feasibility of these separations is the selectivity 
between the most retained species and the remainder.

As previously stated, in the first step of the switching time of a 3W-ISMB, a puri-
fied fraction of the two more retained compounds are collected at the outlet of zones 
I and II, which are disconnected from the subsequent zones where the feed mixture 
is separated. Therefore, to accomplish a ternary separation through this operating 
mode, one must ensure that, at the end of the first step, zone I is completely regen-
erated. For that reason, zone I is not used in the second step of the switching time, 
during which the remaining columns are connected in series and fed with an eluent 
stream to collect the least retained compound at the other end of the unit. The eluent 
also allows for the readjusting of the relative position of the concentration bands of 
the two more retained compounds throughout the unit, in preparation for the next 
switching period. The selectivity between the weak and the intermediately adsorbed 
compounds is the key parameter that defines the size of the separation region.

The new ISMB operating modes described above were applied in the purification 
of pharmaceuticals (simultaneously separating the two target enantiomers and the 
impurities present) [202] and in the purification of building blocks obtained through 
biotechnological processes, such as lactic acid [203], providing a solid proof-of-
concept and demonstrating its potential for ternary separations in several industries. 
Further adaptations and improvements have been proposed for the ISMB operating 
mode, such as the reduction of the number of zones within the unit; however, as this 
is the result of the combination of an alternative configuration with an unconven-
tional operating mode, it will be addressed in a later section of this work dedicated 
to this specific issue (Section 5.3.2.6).

5.3.2.2 � Flow Fate Modulation
Several adaptations of the conventional SMB operating mode have been proposed 
based on flow rate modulation strategies such as the power-feed [173–175], the par-
tial-feed [176], the partial-discard [177], or the OSS-SMB [178, 179]. In most cases, 
the target compounds were obtained with higher purity, and a few studies also report 
benefits in terms of eluent consumption [175]. The majority of the most recent flow 
rate modulation strategies have been implemented in conjunction with other modi-
fications to develop alternative operating modes that can overcome the performance 
of state-of-the-art solutions, as will be discussed in Section 5.3.2.6.

The power-partial-discard SMB (PPD-SMB) [204] consists of adding a partial-
discard feature to the power-feed SMB. In practical terms, this means that during the 
first fraction of the switching interval the extract flow rate is at a specific set point, 
the stream is being discarded (to eliminate the impurities), and, after a predefined 
amount of time, the product is collected at a different flow rate until the end of the 
switching period. Similarly to the partial-discard SMB, the raffinate stream is col-
lected during the initial moments of the switching time and discarded at the final 
stage (to remove late eluting contaminant species). Each of these steps are carried 
out at different flow rates in this new operating mode. The average flow rates can be 
determined through the equilibrium theory and two additional variables are intro-
duced in comparison with the conventional SMB: the discard duration, which is the 
ratio between the discard period and the switching time; and the discard amount, 
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which is the ratio between the discard volume and the total volume of fluid collected 
within a switching interval. By selecting the adequate value for these two additional 
degrees of freedom, it is possible to overcome the purity obtained in the classical 
SMB and even in the partial-discard SMB. Moreover, the recovery of the PPD-SMB 
largely surpasses the value obtained in the partial-discard SMB; however, this value 
is still far from the value obtained in the conventional SMB (considering the differ-
ences in the final product purities) [204].

The partial-feed and the OSS flow rate modulation strategies have also been 
applied simultaneously in a single SMB device [80, 205, 206]. This operating mode, 
designated SimCon, is accomplished by dividing the switching interval into three 
fractions: a first period in which the raffinate is the only active product withdrawal 
port, or in which the extract stream flow rate is at its lowest level while the feed 
stream can be active or suppressed (with the latter being the most common status); an 
intermediate period in which the unit is operated as a conventional SMB; and a final 
period in which the extract is the only active product withdrawal port, or in which 
the raffinate stream flow rate is at its lowest level while the feed stream can be active 
(most common status) or suppressed. Alternatively, the elimination of the inter-
mediate period has also been proposed [205]. The synergetic effects between the 
partial-feed and the OSS allows the SimCon SMB to exceed the performance of the 
conventional SMB in terms of product purity, recovery, productivity, and desorbent 
consumption. The expansion and contraction of the concentration bands imposed 
by the flow rate modulation and/or partial port closing strategy adopted retards the 
migration of the extract front and accelerates the migration of the raffinate tail, 
enhancing separation efficiency in this way. The performance of SimCon is similar 
to that of the standard OSS operation; however, by adding the partial-feed it is able to 
achieve better control of the maximum pressure drop through the unit. Some authors 
have also concluded that the SimCon SMB outperforms the ISMB at moderate eluent 
consumptions but is less efficient than the three-zone open-loop SMB if high eluent 
consumptions can be afforded [80]. Although this technology results from the com-
bination of two flow rate modulation strategies, under certain conditions it can also 
be considered a dynamic modification of the SMB configuration, since the activation 
and deactivation of the feed and the product withdrawal ports promote a variation in 
the number of zones in the SMB throughout the switching interval.

5.3.2.3 � Concentration Modulation
The concentration modulation (ModiCon) [180] operating mode is known to improve 
the classical SMB separation performance by promoting minor adjustments on the 
migrating concentration band velocities in non-linear systems through the dynamic 
variation of the feed concentration throughout the switching period. More recently, 
this concentration modulation strategy was combined with the partial-discard tech-
nique, originating similar alternative SMB operating modes, designated fraction-
ation and feedback SMB (FF-SMB) [207–209], recycling partial-discard SMB 
(RPD-SMB) [210], and backfill SMB (BF-SMB) [211]. The basic concept behind 
these operating modes is the momentary replacement of the feed stream by a recy-
cled portion of the raffinate and extract streams during the initial and final stages, 
respectively, of the switching interval. These dynamic variations generate a profile 
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in the composition fed to the unit, comprising a primary enriched fraction of the 
less retained compound followed by the original feed composition and then by an 
enriched fraction of the more retained compound, leading to an increase in the con-
centration of the target products near the corresponding collection ports. Therefore, 
the main advantage that these technologies can provide over the conventional SMB 
will be an increase in product purity. Moreover, compared to the partial-discard tech-
nique, these alternative operating modes are able to achieve much higher recoveries.

Although the FF-SMB, RPD-SMB, and BF-SMB follow the same general con-
cept, some differences can also be highlighted between them. For instance, in the 
original FF-SMB [207], only one of the outlet streams was partially recycled through 
the feed port; the RPD-SMB, on the other hand, may also encompass a partial-dis-
card strategy [210], while the BF-SMB is more flexible in terms of how the recycled 
streams are reinjected into the SMB. In fact, the authors suggest four recycling strat-
egies, including the possibility of recycling the raffinate or the extract streams or 
both into the corresponding intermediate nodes (namely, into columns between the 
raffinate and the feed ports and between the extract and feed ports, respectively, in a 
similar approach to that of the enriched-extract SMB [182]), allowing the modulation 
of the internal concentration profiles together with or instead of the feed concentra-
tion modulation [211]. To some extent, the latter approach can also be considered to 
be an SMB with an increased number of zones.

Some of the partial-discard and partial recycling techniques presented previously 
have also been applied to SMB units with a reduced number of zones (the combi-
nation of these alternative operating modes and configurations will be analyzed in 
Section 5.3.2.6).

In another approach that follows a feed concentration modulation strategy, the 
FeedCol SMB, a mixture is fed to the system by pulse injections, synchronized 
with the SMB switch; however, instead of entering directly into the SMB, the mix-
ture is pre-separated in an external chromatographic column packed with the same 
stationary phase as the SMB [212]. In this way, an enriched fraction of the less 
retained compound enters the SMB at the beginning of the switching period and, 
conversely, an enriched fraction of the more retained one is fed to the unit at the 
final stage of the switch. As a consequence, this concentration modulation strat-
egy reduces the impurity concentration near specific collection ports, enhancing 
the purities of the outlet streams and allowing the separation of binary mixtures 
composed of species that present considerably low selectivities (a value of 1.10 
in the reported case) [212]. The aforementioned strategy simultaneously achieves 
slightly higher recovery values and productivities when compared to the conven-
tional SMB. Moreover, it was reported that the FeedCol SMB is more effective at 
accommodating the negative impact of the heterogeneity between the chromato-
graphic columns (uneven aging or packing) within the SMB train, keeping the 
target product within the specifications and with minor adjustments in the operat-
ing conditions [213]. Nevertheless, one must not forget that the capital costs of this 
hybrid system will be somewhat higher.

Although following a completely different strategy, the bypass SMB (BP-SMB) 
[79, 214] might also be considered a concentration modulation strategy. However, 
instead of adjusting the inlet feed concentration, the SMB is operated as a classical 
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SMB under relatively strict purity constraints and the outlet stream composition is 
adjusted (raffinate, extract, or both at the same time) by mixing it with the feed 
stream (bypass stream) in processes with an overall low purity requirement. The 
main advantages of this operating mode are increased process robustness and the 
flexibility provided by these additional degrees of freedom compared to a process in 
which these low purity streams are directly withdrawn from the SMB. The process 
becomes easier to control since, in the presence of a disturbance, the final product 
purity can be achieved by adjusting the feed bypass flow rate instead of adjusting the 
internal SMB flow rate ratios. The SMB units within this process design strategy 
become smaller and the eluent evaporation costs are also reduced. This alternative 
operating mode has demonstrated its potential in the industrial production of HFCS 
with a fructose content of 55% [214], as is discussed in further detail in Section 5.2.2.

5.3.2.4 � Gradient Operation
The advantages provided by applying concentration [215], pH [216], or temperature 
[188] profiles, for instance, in an SMB separation process have been exploited by 
several research groups for more than 20 years now. Solvent gradients, in particular, 
are the most common type of gradient operation and their relevance in recent times 
has considerably increased due to the potential they have demonstrated in biotechno-
logical applications, especially when combined with other complex alternative oper-
ating modes. The relevance of these new SMB-based technologies is such that this 
topic will be discussed in detail in Section 5.3.3.

SMB units that use supercritical fluids as eluent (SF-SMB) represent one of the first 
practical implementations of solvent gradient operation, in which the elution strength 
was adjusted by controlling the pressure in each zone of the unit. Although several 
successful applications have been reported for the purification of compounds of high 
added value, including fine chemicals and pharmaceuticals, this technology has not 
found any relevant industrial application up to this moment, as far as our knowledge 
goes. According to some authors, the main reasons for this are the elevated costs 
associated with the equipment, the difficulty in controlling all the process variables, 
the low packing reproducibility, the low long-term stability of the expensive station-
ary phases, and the complexity inherent to the physical–chemical phenomena going 
on inside the unit and the lack of solid theoretical and practical knowledge of such 
phenomena [217, 218]. In order to reduce the required equipment and the complex-
ity of the unit, recently, the elimination of the fourth zone of the SF-SMB has been 
proposed. In fact, as carbon dioxide can be vaporized and easily separated from the 
target products of the raffinate and the extract streams, zone IV, conventionally used 
for eluent regeneration purposes, is no longer strictly required under this operating 
mode (further advantages of SMB units with reduced number of zones will be dis-
closed in Section 5.3.2.5; however, those are not specific to SF-SMBs). The three-
zone open-loop SF-SMB control system is simpler and this new configuration has 
been mainly applied to the purification of sesamin, sesamolin [219], and triterpenoids 
[220], among other fine chemicals [221, 222], typically obtained from crude extracts 
of natural products as plants or fungi.

The use of temperature gradients within the SMB has been reported before, but 
recent studies provide a deeper insight into the process [90, 223]. In its most common 
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implementation, the temperature decreases from the first to the fourth zone, which 
can be accomplished by feeding the eluent at a high temperature and the target prod-
uct mixture at a lower temperature, or by changing the chromatographic column 
temperature, or by adding heat exchangers between zones or columns. Nevertheless, 
it is worth mentioning that the practical implementation of this operating mode is 
not straightforward since it is rather difficult to have an accurate control of the tem-
perature throughout the unit. The main feature previously associated with this oper-
ating mode was the reduction of the eluent consumption, as a direct consequence of 
the exothermic character of the adsorption equilibrium, since less eluent would be 
required to regenerate the stationary phase within zone I [188]. This fact was also 
confirmed by these new studies that concluded that under specific temperature pro-
files, the temperature gradient SMB can inclusively generate a stream of pure eluent, 
as long as the adsorption selectivity between the most retained compound in zone I 
(at the highest temperature within the unit) and the least retained compound in zone 
IV (at the lowest temperature within the unit) is less than one, because this implies 
that the flow rate required to regenerate zone I is lower than the actual flow rate leav-
ing zone IV [223]. Moreover, it was verified that enriched fractions of the extract 
and raffinate products could be obtained with high purity levels through an efficient 
modulation of the temperature difference between zones I and II and the temperature 
difference between zones III and IV, considered the key control variables for that 
purpose. In fact, the reported increase in the outlet stream concentration ranges from 
two to ten times. As one can easily conclude, all these advantages are more easily 
exploited in dilute systems with linear adsorption isotherms (since the selectivity 
for non-linear systems decreases considerably at high temperatures), particularly 
those that strongly depend on temperature [90]. Finally, the analysis of the dynamic 
behavior of the temperature gradient SMB revealed that temperature equilibration 
typically occurs in less than half of a switching period.

Altogether, these results prompted the development of alternative technologies, 
in parallel, such as the two-zone thermal simulated moving bed concentrator [224, 
225]; however, as the name specifies, these units were conceived to enrich and 
concentrate a target product in a dilute solution and partially to recover its solvent 
instead of performing conventional product separation. For this reason, no further 
details will be provided regarding this technology.

5.3.2.5 � Alternative Configurations
SMB units with a reduced or enlarged number of zones cannot be considered to be 
extremely innovative approaches. In fact, they are among the first reported adapta-
tions to SMB technology. For instance, Baker and coworkers in the 1970s developed 
a three-zone SMB in which zone I was disconnected from the remainder zones and 
zone IV was eliminated. This operating mode was applied to gas phase separations 
[226] but was particularly successful for liquid-phase separations, namely for fruc-
tose–glucose mixtures [227]. At the turn of the millennium, several studies were 
reported suggesting the use of five- to twelve-zone SMB units and SMB cascades 
for the separation of complex mixtures [192–199]. Nevertheless, these alternative 
SMB configurations have been drawing attention over the last decade since they 
represent a valid technical solution, addressing the main issues associated with the 
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conventional SMB. Units with a reduced number of zones decrease the technology 
costs and require less complex control systems while units with an enlarged number 
of sections and a cascade operation are able to perform ternary separations, a key 
aspect in chromatographic separation technologies nowadays.

The elimination of zone IV can be considered the most straightforward approach 
for reducing the number of sections and, expectedly, the number of chromatographic 
columns used in an SMB. It enables an increase in productivity per unit of volume of 
adsorbent at the expense of a higher raffinate dilution and an increase in the desor-
bent consumption, since the regeneration and recycling of the desorbent is no longer 
possible due to the elimination of zone IV, which exists in conventional SMB units 
for those specific purposes [190, 191]. More recently, an alternative to this strategy 
has been proposed that consists of the elimination of zone I [228] or, as other authors 
describe, of a rearrangement of the port location in a three-zone open-loop SMB 
[129, 163]. Figure 5.11 provides a comparison between the two three-zone SMB con-
figurations previously mentioned.

The redesigned three-zone SMB configuration has been applied for the purifica-
tion of amino acids, such as valine [162–164], and for the separation of specialty 
chemicals obtained in bio-based industries [100, 130], with special focus on succinic 
acid production [127–129]. The results obtained in these research studies demon-
strated that the port rearrangement in the three-zone open-loop SMB allows these 
units to work with much higher feed concentrations than the three-zone open-loop 
SMBs deprived of zone IV, and without compromising the target product recovery. 
This is due to the ability of the redesigned three-zone SMB to confine the heavier 
compound concentration front to zone II during the entire switch interval, unlike the 
first three-zone SMBs, for which the heavier compound concentration front propa-
gates through zones II and III during the switching period, leading to a decrease in 
the recovery for the latter. Hence, it can be concluded that the new configuration 
allows a more efficient utilization of the adsorbent in terms of the desorption of the 
compounds with higher affinity toward the stationary phase, by performing this task 
in both zones I and III of the SMB in opposition to what happens when only zone 
IV is removed, and zone I becomes the only zone of the SMB responsible for the 
desorption of the heavier compounds [127, 129]. This also helps to explain why it is 
particularly more effective to suppress zone I instead of zone IV for systems present-
ing anti-Langmuir isotherms [228]. Nevertheless, the compromise between recovery 
and productivity is the same as that observed for any SMB, as to increase the first 
will consequently decrease the second, and this decrease will be increasingly signifi-
cant for higher recovery set points (>97%).

The concept of SMB units with an enlarged number of sections has been exploited 
by several authors but most of the research is dedicated to simulation-based studies 
[192, 193, 197]. Only a few works report the experimental results obtained with 
SMB units with more than four zones, including a five-zone SMB for the separa-
tion of dimethyl, dibutyl, and dioctyl phthalate [195], a five-zone SMB to recover 
sugars from corn-stover hydrolysate [196], and a nine-zone SMB process for purify-
ing glucose and xylose from biomass hydrolysate [194]. Apart from those studies, 
recent publications have described the application of an eight-zone SMB unit with 
internal recycle (8Z-SMB-IR) to carry out ternary center-cut separations [229, 230], 
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FIGURE 5.11  Comparison between three-zone SMB units with conventional port arrange-
ments at the beginning (a) and the end of the switch (b) and with unconventional port rear-
rangement at the beginning (c) and at the end of the switch (d). The black, grey and dashed 
lines represent the succinic acid, acetic acid and formic acid concentration bands, respec-
tively. (Reprinted from Journal of Industrial and Engineering Chemistry, 58, Choi, J.-H., 
Nam, H.-G. and Mun, S., “Enhancement of yield and productivity in the 3-zone non-lin-
ear SMB for succinic-acid separation under overloaded conditions,” p. 222–228, Copyright 
(2018), with permission from Elsevier).
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for which the experimental technology demonstration has already been performed 
as well [231]. This was accomplished by separating cyclohexanone (intermediately 
adsorbed compound) from a stream that also contained cyclopentanone and cyclo-
heptanone, with a minimum experimental purity of 98%, using LiChroprep® RP-18 
as stationary phase and water-methanol mixtures as mobile phase.

The 8Z-SMB-IR concept consists of combining a cascade of two conventional 
four-zone SMBs in a single unit, sharing the same separation principles. In practical 
terms, either the raffinate or the extract stream is recycled three zones forwards or 
backward, relative to the fluid flow direction, respectively, generating two sub-units 
within the SMB with four zones each. These internally recycled streams contain the 
intermediately adsorbed components and either the least or the more retained one, 
depending if it is the raffinate or the extract that is being recycled. Furthermore, 
these units comprise three outlet ports that allow the collection of purified fractions 
of each of the species initially present in the ternary mixture fed, and two eluent 
ports. An example of an 8Z-SMB-IR configuration is depicted in Figure 5.12.

Compared to the conventional four-zone SMB, the main advantage of the 
8Z-SMB-IR is the ability to perform ternary separations, including center-cut sepa-
rations. When compared to a cascade of two four-zone SMB units, this configuration 
presents some limitations such as the existence of a single switching time, operating 
temperature, and mobile and stationary phases unlike when two independent SMB 
units are used [232]; however, this loss in terms of degrees of freedom is compen-
sated, in a first instance, by the reduction of the capital costs and the complexity of 
the equipment (namely, reducing the number of required valves and pumps), but, 
more importantly, by the enhancement of the separation efficiency, since the binary 
mixture internally recycled is pre-separated, which leads to a decrease in the overall 
eluent consumption (this is not verified for the tandem SMB configuration because, 
typically, intermediate tanks must be used to accommodate flow rate fluctuations 
and to ensure a continuous feed to the second unit) [230, 233].

The latest advances in tandem SMB result from the combination of SMB units 
with alternative configurations in the cascade, particularly the development of sepa-
ration processes based on consecutive three-zone open-loop units [101, 164]. One 
of the most interesting works in this field is the experimental and simulation study 
of the separation of valine (the intermediately adsorbed component) from leucine, 
alanine, and ammonium sulfate in a cascade of three-zone open-loop SMBs with a 

FIGURE 5.12  8Z-SMB-IR scheme considering the raffinate (A) or extract (B) recycling. 
A, B, C represent the compounds in ascending order of affinity toward the solid.
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different port configuration [164]. The separation strategy and the port configura-
tion played a crucial role in the process performance, having a significant effect on 
valine concentration. Considering this fact, the optimum process comprised a first 
SMB unit without zone I, in which valine was collected in the raffinate stream, and 
a second SMB unit without zone IV, in which valine was collected in the extract 
stream. Taking this into account for three-zone SMB unit separation principles, one 
can conclude that these configurations generate a valine enrichment zone in zone 
III of the first unit and in zone I of the second unit, near the respective raffinate and 
extract collection ports. In this way, apart from the expected reduction in capital 
costs associated with this SMB configuration in comparison with other chromato-
graphic center-cut separation processes, the authors of this study state that the devel-
oped SMB-based process outdoes the current industrial valine purification process, 
comprising batch ion-exchange and crystallization stages, in terms of valine produc-
tivity, purity (99.3%), and recovery (94.4%).

5.3.2.6 � Combination of Multiple Alternative 
Configurations and/or Operating Modes

As the understanding of the physical–chemical phenomena and process dynamics 
of SMBs grows, and as simulation tools become more precise and comprehensive, 
the scientific community is able to take more risks and be more innovative in the 
development of new SMB operating modes. For that reason, several adaptations have 
been recently implemented in this technology through the combination of multiple 
alternative configurations and/or dynamic modulation strategies. The most common 
combinations comprise the use of SMB units with a reduced number of columns 
with either dynamic configuration variations or flow rate modulation strategies.

The three-zone intermittent SMB or three-column intermittent SMB (3C-ISMB), 
as originally proposed, is the practical implementation of the ISMB operating mode 
in a unit comprising only three zones [234, 235]. As previously stated, the switching 
interval in the ISMB is divided into two stages, an initial stage in which it is operated 
as an open-loop three-zone SMB without a flow through zone IV, and a second stage 
in which zone IV is re-integrated in the column train, the recycling is re-established, 
and all the inlet and outlet ports are closed. A deep analysis of the ISMB operating 
mode and the internal concentration profiles reveals that nearly one fourth of the sta-
tionary phase is not being used at all for separation purposes over the entire switch-
ing interval. This is a direct consequence of the absence of zone IV in the first stage 
but it also arises from the fact that zone I is almost completely regenerated at the end 
of the first stage of the switching period. To overcome this issue and improve station-
ary phase usage, Jermann et al. suggested the elimination of zone IV, keeping the 
dynamic configuration variations unchanged, which originated 3C-ISMB technol-
ogy [234]. Figure 5.13 presents the internal concentration profiles for the ISMB and 
the 3C-ISMB, allowing a better understanding of the previously described system.

Similarly to the three-zone SMB with partial recycle [236], the regeneration of 
the solid and liquid phases typically carried out in zones I and IV of conventional 
SMB units is performed in zone I of the 3C-ISMB, exclusively, by recycling the 
less retained compound. This is only possible because, at the beginning of the sec-
ond stage of the switching period, zone I is already almost completely regenerated.  
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In this way, a more extensive use of the stationary phase can be accomplished, lead-
ing to a considerable enhancement of the process productivity. In fact, it was experi-
mentally demonstrated that it is possible to implement a 3C-ISMB process with one 
column per zone (packed with Chiralpak ADTM) that was able to overcome the ISMB 
productivity by 80% for the separation of Tröger’s base enantiomers [235].

FIGURE 5.13  Comparison between the ISMB and 3C-ISMB internal concentration pro-
files: ISMB at the beginning of the first stage of the switching interval (a), ISMB at the end 
of the first stage of the switching interval (b), ISMB at the end of the second stage of the 
switching interval (c), 3C-ISMB at the beginning of the first stage of the switching interval 
(d), 3C-ISMB at the end of the first stage of the switching interval (e), and 3C-ISMB at the end 
of the second stage of the switching interval (f). (Reprinted from Journal of Chromatography 
A, 1361, Jermann, S. and Mazzotti, M., “Three column intermittent simulated moving bed 
chromatography: 1. Process description and comparative assessment,” p. 125–138, Copyright 
(2014), with permission from Elsevier.)
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Subsequently, the application of the 3C-ISMB was extended to other systems and 
more complex configurations. A center-cut separation of nadolol enantiomers from 
a quaternary mixture in a heptane: ethanol: diethylamine solvent using Chiralpak 
ADTM as stationary phase was performed in a cascade of two 3C-ISMB units [120]. 
Once again, the advantages in terms of flexibility of cascades of SMBs over SMBs 
with an increased number of sections were highlighted and the target product could 
be collected with a high purity (97.8%) at a relatively high productivity, 2.10 g per 
liter of adsorbent per hour. Moreover, a general design methodology based on tri-
angle theory was proposed by this study.

A comprehensive study was published by Mun, focusing on the application of a 
partial-feed strategy to SMB units with three zones only [128]. In an initial approach, 
a theoretical assessment of the expected performance of four different systems was 
carried out, based on the equilibrium theory. The SMB configurations considered 
were: a conventional three-zone open-loop SMB, a three-zone open-loop SMB with 
partial-feed, a three-zone open-loop SMB with an alternative configuration of the 
outlet ports (eluent-feed-raffinate-extract), and a three-zone open-loop SMB with par-
tial-feed and an alternative configuration of the outlet ports. It was concluded that, as 
discussed in Section 5.3.2.5, the outlet port rearrangement can considerably enhance 
the separation performance of conventional three-zone open-loop SMB units. When 
comparing the effects of partial-feed and port rearrangement independently, the con-
clusion was that the latter is the more effective strategy. These results are in accor-
dance with the results published in another study of the same author [127]. However, 
it was verified that the synergetic effect between the simultaneous port rearrangement 
and the partial-feed strategies applied would allow for an even further increase in 
separation efficiency. The key factor contributing to that is the superior control of the 
position of both the rear of the less adsorbed compound concentration band, as well as 
the front of the most adsorbed compound concentration band, allowed by the simul-
taneous combination of these adaptations. After the evaluation of the potential of the 
newly developed technique, the study proceeded to a second stage in which validation 
of these premises was made by considering the separation of lactic and succinic acids 
in the four three-zone open-loop SMB units previously described as making up the 
case study. The conclusions were the same as those obtained during the primary theo-
retical analysis; the three-zone open-loop SMB with partial-feed and port relocation 
demonstrated an ability to attain the highest throughput for the same product purity 
requirements, outperforming the remainder separation units by a factor of 1.2–2.0. 
Even when compared to the throughput of a conventional four-zone SMB, this new 
technology was able to provide an improvement of over 15% (besides the reduction in 
the associated investment and maintenance costs).

Several other flow rate modulation strategies have already been combined with 
three-zone SMBs in order to develop new SMB processes. For instance, the sep-
aration of fucose and 2,3-butanediol was successfully accomplished by applying 
partial-extract-discard and partial-extract-recycling procedures to a three-zone 
open-loop SMB with an unconventional port configuration (eluent-feed-raffinate-
extract) [100]. As previously addressed (Section 5.3.2.5), to recover high purity prod-
ucts in an SMB with this port configuration, one must provide some safety margin 
between the front of the concentration band of the lighter compound collected in the 
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raffinate and the rear of the concentration band of the heavier compound collected 
in the extract port (placed immediately after the raffinate collection port in this 
configuration). While conventional partial-discard techniques are typically applied 
to avoid contamination of the target product with other species, the technique pro-
posed in this work aims to improve the product concentration by discarding the 
desorbent volume corresponding to the safety gap between the two compound 
concentration bands. The discard/recycling period must be carefully determined 
in order to maximize product concentration and yield without compromising the 
required purity constraint. For the partial-extract-discard strategy, an increase of 
33% of the 2,3-butanediol concentration was achieved with almost no change in 
the yield and purity of both products. Recycling the extract stream instead of dis-
carding it improves, even further, the desorbent consumption, the 2,3-butanediol 
concentration, and the fucose concentration, compared to the original three-zone 
open-loop SMB with alternative port rearrangement (25%, 33%, and 7%, respec-
tively). Nevertheless, the control system and equipment necessary to implement the 
partial-extract-recycling operating mode is considerably more complex than for the 
other approaches (note that, for instance, the flow rate in section III must be con-
stant; therefore, when the extract stream is suppressed, the flow rate in this section 
must be adjusted).

An adaptation of the OSS operating mode was also applied to a three-zone open-
loop SMB with an unconventional port configuration. Basically, in the first moments 
of the switching interval, the raffinate is collected and the extract port is closed while 
in the second fraction of the switching time the extract becomes the active collection 
port, the raffinate is suppressed, and the eluent stream moves one zone forwards. 
As only three streams were active at each moment, this technology was designated 
three-port operation in three-zone SMB or simply TT-SMB [237]. The TT-SMB 
was able to improve both the raffinate and the extract product purity and recovery 
because it led to a more efficient use of the stationary phase by allowing the resolu-
tion of concentration bands overlapping near the product collection ports during its 
idle periods. Additionally, in terms of equipment, the required number of pumps 
of the TT-SMB is lower than in conventional three-zone SMBs (since it is possible 
to replace them with valves), which can decrease the capital costs even further and 
simplify the unit control system.

One of the solutions proposed to address the challenges of ternary separations by 
continuous chromatography was a five-zone SMB [195, 199]; however, in its stan-
dard implementation, the purity of the intermediately adsorbed species was severely 
limited. In this context, a modified five-zone SMB unit was designed by combining 
it with a partial-collection strategy [238]. While the least and most retained species 
were continuously collected, the intermediately adsorbed one was only collected 
during the first fraction of the switching interval. When the overlapping concen-
tration bands of the late eluting species reach this point, the port is closed and the 
stream is eliminated. These concentration bands are allowed to percolate a small 
distance within zone III so that they can be separated once again in zone II during 
the subsequent switching period. The most outstanding improvement provided by 
this combination of an alternative configuration and an alternative operating mode is 
the ability to recover all three products simultaneously with extremely high purities. 
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When compared to the standard five-zone SMB, this modified version was able to 
largely overcome the throughput of the former with the same purity requirements.

Despite the interesting results reported, it is worth mentioning that most of these 
strategies are very recent and the number of successful applications is rather low, sug-
gesting the potential of the technology but not indicating its robustness or flexibility 
in terms of the different separation problems faced by current industrial processes.

5.3.3 �E merging SMB-Based Technologies

Since it was first developed, the SMB has proven to be an extremely efficient and 
competitive separation technology, as evidenced by the large number of commercial 
applications found over the years within different industries. This technology has 
been able to provide products with exceedingly high purity levels, typically manda-
tory for the pharmaceutical and the fine chemical industries, but has also been able 
to reach the high productivity levels required by bulk chemical production processes, 
as described in previous sections of this work. This success is in part due to the 
notorious flexibility of this separation technique and to the advances accomplished 
through the various adaptations promoted in its configuration and operating mode. 
However, new challenges imposed by emerging industries have been leading to the 
development of new SMB-based technologies that fall within a broader concept of 
continuous multicolumn countercurrent chromatographic separations. One of the 
main drivers for this paradigm change has undoubtedly been the biopharmaceuti-
cal industry, from which monoclonal antibodies account for a considerable market 
share.

Downstream processing of biopharmaceuticals, in its most conventional imple-
mentation, relies on three chromatographic purification steps [148, 152, 239]: first, 
a capture step, accomplished by affinity chromatography and step elution, which 
is focused on the removal of non-product-related impurities and on target product 
concentration enrichment, leading to a significant reduction of the amount of mate-
rial to be processed in subsequent stages; then, a first polishing step, carried out 
in a bind-elute mode using gradient elution and cation-exchange resins, to remove 
product-related impurities; and finally a second polishing step, carried out in a flow-
through mode using anion-exchange resins, to remove strongly binding residual 
impurities. The previously reported stages may involve the purification of interme-
diately adsorbed species from ternary or pseudo-ternary mixtures, solvent gradients, 
and complex series of loading, washing, elution, and equilibration steps typically 
performed in columns momentarily isolated from the column train; these purifi-
cation processes encompass some of the most widely acknowledged limitations of 
conventional SMB technology. Furthermore, biopharmaceutical manufacturing pro-
cesses were conventionally carried out in a batchwise mode to avoid failure and 
disturbance propagation within the expensive production processes, which could 
jeopardize product quality requirements. Nowadays, these processes are experienc-
ing a transition into more integrated and continuous operating modes, which has 
increased the importance of chromatographic separation. All these facts together 
prompted the development and implementation of continuous multicolumn counter-
current chromatographic separations.
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The relevance of the biopharmaceutical market in the evolution of these tech-
nologies is also evidenced by the large number of technical solutions that have 
been developed and commercialized by both emerging and established companies, 
ranging from the life sciences field to equipment manufacturers. Some of the most 
relevant examples include the XPure from Xendo Holding B.V. (Netherlands; now 
part of the ProPharma Group); the Octave® Chromatography System from Semba 
Biosciences, Inc. (United States of America); the Cadence™ BioSMB PD System 
from the Pall Corporation (United States of America); the Contichrom® CUBE from 
ChromaCon AG (Switzerland), which recently became a part of YMC Co., Ltd. 
(Japan); the EcoPrime Twin from YMC Process Technologies (Japan); the ÄKTA 
PCC from GE Healthcare (United States of America); and the BioSC® – Sequential 
Multicolumn Chromatography from Novasep (France). To provide a deeper insight 
into the underlying principles associated with this wide variety of technical solu-
tions, three illustrative examples will be addressed in further detail: sequential 
multicolumn chromatography (SMCC); three-column periodic countercurrent chro-
matography (3C-PCC) with interconnected wash, which will offer a comparison 
between two different capture step technologies; and the multicolumn solvent gradi-
ent process (MCSGP) applied to a polishing step.

As previously stated, the main goal of the capture step is to remove non-product-
related impurities (e.g., host cell proteins) and concentrate the target product. It is 
one of the first downstream separation units and therefore it must be able to process 
large volumes of harvested cell culture fluid [148, 239]. For that reason, the ideal 
stationary phase should have a high capacity for the target species and a relatively 
large average particle size, to maximize the throughput and minimize the pressure 
drop. For single-column processes, the capture step was accomplished by loading 
the column up to a maximum value of 1% of its dynamic binding capacity (DBC), to 
which, in many cases, an additional safety factor of 10% to 20% was applied to avoid 
product losses. Then, the feed was stopped, and a series of washing, elution (through 
which the target product is collected), regeneration, and equilibration steps were 
sequentially carried out. After this procedure, the column was ready for a new cycle. 
It is clear that this technique results in poor utilization of the stationary phase (which 
represents a considerable fraction of the overall process costs) as well as low pro-
ductivity values. The SMCC technique proposed by Novasep (France) [240] is able 
to overcome these issues by dividing the single chromatographic column considered 
for batch operation into two to six chromatographic columns of smaller dimension 
connected in series. Figure 5.14 presents one of the possible operating modes of a 
three-column SMCC unit as an example.

In the simplest implementation of this technology [241], during the loading stage 
the feed stream is introduced in column one, which is interconnected with column 
two. This allows the product that breaks through column one to be captured in col-
umn two, largely increasing the solid stationary phase utilization for the first col-
umn. Values above 90% of the static binding capacity (SBC) have been reported 
[242] and unit productivity can be increased by four to five times compared to the 
analogous batch process [147]. During this period, the third column can be indepen-
dently eluted, regenerated, and equilibrated, typically through step gradients. Then, 
the washing is carried out to recover the unbounded target product present in the 
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interparticle voids, increasing the product yield. After a specific period of time, the 
feed is introduced in column two, which is interconnected with column three, while 
column one is operated independently, similarly to the first step described, only this 
time all the streams are shifted one column in the direction of the fluid flow. Hence, 
this operating mode can be repeated cyclically. It is important to note that, while for 
single-column batch processes the effective column loading is limited by the DBC, 
in the new multicolumn chromatographic processes the SBC becomes the most rel-
evant parameter [243].

Different operating modes can be considered for SMCC technology [240, 244, 
245], increasing the potential for biopharmaceutical downstream processing. Girard 
et al. [147] reported a four-column SMCC process to capture an IgG1 subtype mono-
clonal antibody from a clarified and filtered crude obtained from the batch reactor 
cultures of a stable CHO cell line using a commercially available protein-A adsor-
bent (not disclosed). In this process, a 10 mM Tris at pH 8.0 buffer was used for the 
washing buffer and a glycine buffer at pH 3.7 for the elution step. The experimental 
performance of the four-column SMCC was compared to a single-column batch pro-
cess and the results clearly demonstrated the superiority of the continuous separation 
technique. For a minimum IgG purity of 96%, the productivity of the SMCC was 
approximately 4.5 times higher and the buffer consumption was 5% lower, for a total 
volume of adsorbent four times lower than the batch process. This study also reports 
an additional ion-exchange step (SMCC) and an additional polishing step (using 
chromatographic membranes) through which it was possible to achieve a final IgG 
purity above 98% with an overall recovery of approximately 75%. Simultaneously, 
some important guidelines for developing a downstream processing mAb platform 
were provided.

Another alternative technology widely used for protein capture is the periodic 
countercurrent chromatography (PCC) developed by GE Healthcare (United States 
of America) [246]. This technology is typically implemented in three- or four-col-
umn units, designated 3C-PCC [247] and 4C-PCC [248], respectively. One of the 
major differences between the PCC and the SMCC is that the former allows continu-
ous feeding or loading steps while the latter does not. Nevertheless, all the remainder 
streams are intermittent. A representative example of the 3C-PCC operating mode is 
provided in Figure 5.15 [247].

FIGURE 5.14  Three-column SMCC operating mode (F = Feed, W = Washing, E = Elution, 
R = Regeneration, Eq = Equilibration).
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As shown in Figure 5.15, the 3C-PCC is initiated by feeding the harvested cell 
culture fluid to column one, previously regenerated and equilibrated, while its outlet 
is discarded. When the traces of the target product are detected at its outlet (typically 
1% of the feed concentration), column one is connected in a series with column two, 
which will allow an increase in the loading capacity of column one to values that can 
reach almost 100% of its SBC [248], similarly to that described for the SMCC pro-
cess. Then, the feed stream is moved to the adjacent pre-loaded column (column two) 
while the washing buffer is fed to column one; however, the strategy for recovering 
the unbounded protein eluted during the washing step in the 3C-PCC is conceptu-
ally different from that proposed in the SMCC, since the outlet of column one is 
connected to column three instead of being connected to the following column, as in 
the latter technology. Afterward, the target product can be eluted from column one, 
which is subsequently regenerated and equilibrated. In parallel, the outlet of column 
two will start presenting traces of the target compound and this stream will be fed to 
column three. This sequence of steps is repeated cyclically from this moment on, in 
an analogous manner. PCC processes with a larger number of columns and slightly 
different operating modes have also been proposed, including clean-in-place (CIP) 
steps [248–250].

The majority of the successful applications of PCC technology reported in open 
literature were aimed at the capture of monoclonal antibodies [242, 248–250]. In 
an extensive experimental study, Mahajan et al. [247] demonstrated the economic 
potential of 3C-PCC-based processes compared to single-column discontinuous 
ones, using two different test systems. A low-titer mAb (1 g/L) was captured using 
MabSelect SuRe resin and a high-titer mAb (4 g/L) was captured using ProSep® vA 
resin. The elution, washing, and equilibration buffers were the same for both res-
ins (25 mM Tris/25 mM sodium chloride, 0.4 M phosphoric acid, and 0.1 N acetic 
acid); however, a 0.1 N sodium hydroxide buffer was used to regenerate MabSelect 
SuRe while a 0.1 M phosphoric acid was used to regenerate ProSep® vA. The main 
conclusion of this work was that the 3C-PCC was able to reduce the resin volume, 
buffer consumption, and processing time by approximately 40% in comparison with 
the batch elution process, attaining a yield above 98%. More recently, the dynamic 
ability to control the protein loading has been improved even in the presence of high 
concentration cell cultures feeds (over 30 g/L) [250].

The challenges imposed by the polishing step are somewhat different from those 
previously addressed for the capture step. As stated earlier, the polishing step is 

FIGURE 5.15  3C-PCC operating mode (F = Feed, W = Washing, E = Elution, R = Regeneration, 
Eq = Equilibration).
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designed to eliminate product-related impurities, which might comprise protein 
fragments and aggregates, among other species. Hence, it can be easily concluded 
that the target products and the impurities might have similar adsorptive properties, 
and consequently that separation at high purity levels becomes harder to achieve; 
however, multicolumn countercurrent chromatographic processes in general, and the 
SMB in particular, are widely known for their ability to overcome the yield–pro-
ductivity trade-off limitations, even for systems with extremely low selectivities, by 
internally recycling the overlapping target product concentration bands. A few puri-
fication processes have been proposed within the biopharmaceutical field based on 
SMB technology, with size exclusion chromatography playing a crucial role, as was 
reported in Section 5.3.1. Still, the limitations previously highlighted regarding the 
implementation of linear gradients and center-cut separations persist, which hinders 
its application to a large number of processes. In this scenario, the MCSGP repre-
sents one of the most suitable alternatives for biopharmaceutical polishing steps [152, 
239]. The MCSGP was originally designed as a six-unit column with continuous feed 
and product withdrawal [251, 252], but intensive research led to the development of 
units with a lower number of columns [253, 254], which in turn gave way to its final 
version, a two-column semi-continuous process [243, 255]. Its operating mode is 
schematically represented in Figure 5.16, assuming a ternary separation between 
A, B, and C with A being the least adsorbed species and C the most adsorbed one.

As is depicted in Figure 5.16, the MCSGP operating cycle is sub-divided into four 
different stages. In the first stage, column one and column two are interconnected 
in order to allow the recycling of the overlapping concentration band containing the 
target product (B) and the least retained compound (A), after mixing it with the elu-
ent (which may be a buffer or a solvent), so that the target product leaving column 
two can be adsorbed within column one, avoiding product losses. During the second 
stage, the connection between the two columns is suppressed. A purified fraction of 
the target product can be collected at the outlet of column two if the most retained 
compound (C) does not start eluting from the column. In this way, a fraction of B 
corresponding to the overlapping concentration bands of B and C is also retained 
inside column two. Simultaneously, column one is fed with the ternary mixture to 
be separated. Afterward, the connection between column two and column one is 
restored and the overlapping concentration bands of B and C previously retained 
in column two are mixed with the eluent (which may be a buffer or a solvent), until 

FIGURE 5.16  Multicolumn solvent gradient process operating mode. A, B, C represent the 
compounds in ascending order of affinity towards the solid.
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component B is completely eluted from column two. At the same time, one must 
guarantee that all of B is re-adsorbed in column one to avoid target product losses. 
In the final stage, the two columns are independently operated and the least retained 
compound is collected at the outlet of column one, ensuring that the overlapping 
concentration bands of A and B are retained, while the more adsorbed compound is 
collected at the outlet of column two, followed by a series of washing, regeneration, 
and equilibration procedures conducted in the latter column.

Although this operating mode is much more complex than the conventional sin-
gle-column batch process, it is able to overcome most of the limitations imposed 
by the compromise that must be established between yield and productivity, and it 
allows the implementation of complex solvent gradients. Moreover, by using only 
two columns, it minimizes the dimensions of the required units, which might imply 
considerable savings since the cost of downstream processing equipment can repre-
sent up to 80% of the total capital investment required in a biopharmaceutical plant, 
and the highly specialized stationary phases used are extremely expensive [147, 148]. 
To mitigate eventual product losses and disturbance that might occur during the 
complex series of discrete steps performed cyclically during the MCSGP operation, 
researchers have dedicated particular attention to the design and control of the main 
process variables [255–258].

Several successful applications of the MCSGP (with two to six columns) have 
been reported within the biopharmaceutical field, including peptide (calcitonin) 
separation from industrial streams [252], separation of monoclonal antibodies 
from fragments and aggregates [255], sequential capture and polishing of mono-
clonal antibodies (IgG2) from a clarified cell culture supernatant [259], light-chain 
bispecific antibody separation [260], PEGylated protein separation (focused on the 
mono-PEGylated α-lactalbumin) [243], and isolation of the main charge isoform of 
a monoclonal antibody [258], among others. The work published by Krättli et al. 
[255] can be used as an example to illustrate the potential of this technology. To 
purify a monoclonal antibody from a clarified cell supernatant with a concentration 
of 1 g/L, a Fractogel EMD SO3 resin (Merck, Darmstadt, Germany) was used as 
stationary phase in a twin column MCSGP. Three different buffers were used: a 25 
mM phosphate solution with a pH of 6 as adsorbing buffer, a 25 mM phosphate solu-
tion with a linear gradient from 0 to 1 M sodium chloride as desorbing buffer, and a 
solution of 0.5 M sodium hydroxide for the cleaning in place. The authors optimized 
the process parameters through the design strategies reported in literature [252] and 
applied an innovative online control concept based on two independent PID control-
lers that continuously adjusted both the starting point and the ending point of the 
product elution time window. The new multicolumn chromatographic process was 
able to achieve a monoclonal antibody purity of 90% with a yield of 80%, while in 
an equivalent single-column batch process a yield as low as 30% would be attained 
to meet the same purity requirements.

The downstream purification processes currently integrated in the biopharma-
ceutical industries have been responsible for a paradigm change in multicolumn 
countercurrent chromatographic separation pushing these technologies to the limit. 
A large number of SMB-based units have been developed to meet the demanding 
needs of this growing industry and some authors suggest that this trend has created a 
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whole new generation of multicolumn countercurrent chromatographic processes [2, 
169]; however, although industrial acceptance for these technologies is growing at an 
interesting pace, the next few years will be crucial to test their reliability.

5.3.4 �T echnical Innovations and Adaptations

Despite the specificities of the operating mode or application field, all SMB units 
share a common concept: potentiating the chromatographic separation by imposing 
a countercurrent movement between a solid stationary phase and a liquid mobile 
phase, which is achieved by changing the position of all the inlet and outlet streams 
at predefined time intervals, in a continuous and cyclic process. Considering this, the 
development of the pioneer rotary valves by UOP, Inc. (United States of America) 
[3, 4, 261] can be recognized as one of the major milestones for the implementation 
and dissemination of SMB technology. As expected, the number of technical solu-
tions proposed for the practical realization of the countercurrent operating mode 
has largely increased over the years, as a result of extensive work done by both 
academics and companies. SMB equipment design and instrumental aspects have 
been extensively reviewed by previous authors [168, 169], with particular attention to 
valve design, considered a key feature for unit construction. In general, according to 
the type of valves used and the design strategy adopted, two main groups of systems 
can be defined: central valves and distributed valve systems.

Each of these groups can be further sub-divided into additional categories. For 
instance, for distributed valve systems, different types of valves can be used (as 
two-position or multi-position valves) and these valves can either be associated with 
the SMB streams or with the SMB columns. Hence, several design strategies can be 
adopted: the two-position valves-to-column design [262, 263], in which each exter-
nal stream is connected to a manifold that distributes it to valves that allow or hinder 
the introduction of these streams into the transfer lines between every two adjacent 
chromatographic columns; the multi-position valves-to-stream design [264–266], in 
which one or more multi-position valves are responsible for directing the external 
streams toward the transfer lines between every two adjacent chromatographic col-
umns which they will be added to or collected from; or the multi-position valves-
to-column design [168, 267], in which complex multi-position valves are directly 
connected to a chromatographic column and to the internal transfer lines allow-
ing the introduction or withdrawal of streams in the columns or even the stoppage 
of the flux between columns. All of these general types of designs have variations 
and adaptations depending on the process specifications, without experiencing any 
groundbreaking advancement in recent years. Nevertheless, several SMB units have 
been installed in industrial plants following this design strategy, mainly due to its 
flexibility, the possibility of implementing most of the unconventional operating 
modes, and the advanced stage of development of the technology, regardless of the 
large number of valves typically necessary for these units, the control problems asso-
ciated with it, and the existence of considerable dead volumes.

As previously stated, the UOP’s rotary valve was the first engineering solution 
for the implementation of SMB technology. These large complex valves comprised 
a lower static disc with several concentric channels as internal fluid transfer lines 
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to which the external streams were connected; several ports in the periphery that 
were connected to the chromatographic columns; an upper rotating disc with several 
transfer lines that directed the fluid from the internal channels to the valve ports; 
and a sealing system, all assembled together inside a housing [4]. With this device 
it was possible to change position of each inlet and outlet streams simultaneously 
while the chromatographic columns were static. The design and functionalities of 
these valves were improved over time, enhancing the sealing system and mechanical 
resistance while decreasing the cost; it represents nowadays one of the most reliable 
solutions in terms of valve design, and has been installed in several large industrial 
plants worldwide by different companies [268–270]. In opposition to central rotary 
valves with static columns, some companies have developed SMB units comprising 
central valves with rotating columns, like the ISEP system developed by Advanced 
Separation Technology, Inc. (United States of America) [271]. In this case, the valves 
are also composed of two discs, an upper static disc containing the transfer lines that 
allow the connection between two adjacent columns and the inlet and outlet ports 
for the external streams, and a lower rotating disc, to which all the column inlets and 
outlets are connected, and which is attached to a rotor where all the chromatographic 
columns are installed in a carrousel-like system [271, 272]. Although more flex-
ible than central rotary valve with static columns, these systems still present some 
relevant limitations such as the inability of implementing the Varicol® and Pseudo-
SMB operating modes.

Although the central valve systems previously described have long been applied 
to a large number of industrial SMB separation processes, this is the valve design 
strategy that has experienced the most marked evolution in the last decade, through 
the development of an innovative concept, designated central valve blocks. Central 
valve blocks are basically a group of modular elements that form a matrix of inde-
pendent two-position valves, typically pneumatic actuated, assembled in a single 
device comprising a complex network of channels that enables the implementation 
of virtually any SMB operating mode. This concept, exploited and applied in units 
such as the XPure, developed by Xendo Holding B.V. (Netherlands; now part of the 
ProPharma Group) [273], the Octave® Chromatography System developed, by Semba 
Biosciences, Inc. (United States of America) [274], or the Cadence™ BioSMB PD 
System, developed by Tarpon Biosystems Inc. (now part of the Pall Corporation, 
United States of America) [275], has emerged as a direct solution for the new prob-
lems imposed by the dissemination of the use of SMB technology for downstream 
separations in the biotechnology and biopharmaceutical industries, namely the need 
of smaller and more flexible units or even the need for single-use or disposable flow 
paths.

Even though this type of valve falls within the central valve group, it has inte-
grated some of the features of distributed valves systems into a single modular 
device. A thorough analysis of the technical details of such devices, taking as an 
example the solution proposed by Xendo [273], allows for a better understanding of 
its operating principles. The central valve blocks developed by this company con-
sist of a set of manifolds assembled together. Each manifold has a central channel 
and several branch channels connected to it, all of them possessing a two-position 
valve (including the central channel). Typically, the central channel is responsible 
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for connecting two consecutive chromatographic columns, and some of the branch 
channels are connected to the external streams while others provide an internal con-
nection between the inlets and outlets of non-adjacent chromatographic columns. 
The position of each of the independently actuated valves defines the active fluid 
transfer line. In terms of their construction, the manifolds are composed of three 
plates, containing the connection ports and transfer lines, a flexible membrane, and 
the valve actuators. The central channel is longitudinally engraved in the top plate 
and in the upper side of the central plate, while the branch channels are transversally 
engraved in the base plate and in the lower side of the central plate. Additionally, the 
top plate and the flexible membrane placed over it form chambers that, depending on 
the valve position, allow or hinder the passage of the fluid from the central channel 
through several holes that cross the top and central plates before it converges into the 
branch channels in the base plate. The valves act directly in the flexible membrane 
(using pneumatic or electric actuators). As previously suggested, these manifolds can 
then be stacked together to form a single central valve block.

With the design strategy adopted in these central valves, independent port 
switching, zone bypassing, and other dynamic configuration variations (such as the 
momentary suppression of an outlet stream, for instance) can be performed, enabling 
the implementation of virtually any operating mode desired, which also includes the 
possibility of performing complex sequences of steps in isolated columns, as is often 
necessary in biopharmaceuticals. Moreover, the fluid paths inside the manifolds can 
be custom designed to meet the specifications of any particular application, and these 
components can be easily disposed of and replaced, given the reduced contact area 
between the mobile phase and the valve block elements. Added to this, the modular 
nature of its construction enables the increase or reduction of the number of columns 
within the system as desired.

Considering all of this, it can be easily concluded that central valve blocks repre-
sent a highly flexible solution particularly suited to downstream separations in bio-
technology industries, as has been already demonstrated, for instance, for the case of 
protein processing [152, 239]. Nevertheless, it is important to mention the production 
scale limitations (which falls in the range of milligrams-to-grams) inherent to this 
design strategy and the complexity of its control system.

5.4 � CONCLUDING REMARKS

With over half a century of successful applications over a wide range of industries, 
SMB technology is nowadays generally recognized as an efficient, flexible, and reli-
able separation technique. The evolution of this technology cannot be dissociated 
from the trends observed in the petrochemical, food, or pharmaceutical industries 
since those were the first to integrate SMB units within their manufacturing pro-
cesses and still account for the majority of the reported commercial applications. 
For these reasons, the aforementioned industries were the primary focus of this 
study.

It is possible to conclude that within the petrochemical field, recent advances rely 
on the optimization of the process integration strategy rather than on the adsorption 
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process itself. In other words, the improvements in SMB-associated equipment have 
lowered operating costs and therefore improved the efficiency of the processes. 
Nevertheless, there have been strong efforts to develop new separation processes, 
such as the separation of light gases through an SMB, in which several challenges 
exist like the technical adaptations required for equipment that was conventionally 
designed to process liquid-phase systems.

The classic fructose–glucose separation is still the main focus of R&D within 
the sugar industry. The latest progresses include not only the development of more 
efficient separation modes and improved control strategies but also the implemen-
tation of process integration concepts. Additionally, the increasing relevance of 
biorefineries and other bio-based production processes represents the main factor 
contributing to the application of the SMB chromatographic separation to new 
sugars.

The pharmaceutical industry, on the other hand, has intensively explored the 
advantages of the Varicol® operating mode and the development of new stationary 
phases, to improve the efficiency of its SMB processes.

SMB technology has also been able to follow some of the most prominent 
global manufacturing process trends such as the transition from petro-based to bio-
based chemicals and the pursuit of an increasingly large number of specialized 
biopharmaceuticals, finding interesting applications within these emerging mar-
kets. However, the technical specificities of such processes have imposed major 
challenges to SMB technology, such as the limitations in accomplishing ternary 
center-cut separations or performing elution gradients. Some of these limitations 
could be overcome through the introduction of minor modifications on the unit 
configuration and operating mode, while others require the development of inno-
vative SMB-based units exploiting new concepts and separation strategies. This 
paradigm change has intensified the development of new technical solutions and 
equipment to carry out multicolumn countercurrent chromatographic separations 
and has prompted the implementation of alternative design, optimization, and con-
trol methodologies.

Finally, in the forthcoming years, SMB technology is expected to experience 
considerable growth, mainly due to the integration of SMB units in the manu-
facturing processes of emerging bio-based industries. This fact is evidenced by 
the increasing number of biotechnology and related equipment manufacturing 
companies that have been created over the last few years as well as by the invest-
ments made by large biotechnology companies and the projected growth of these 
markets. In the course of the research undertaken during this work, no signifi-
cant threats were identified regarding the most mature implementations of SMB 
technology in petrochemical, food, and pharmaceutical processes. Hence, this 
technology is expected to keep its prominent position within these industries. 
Finally, it is worth mentioning that, although the progress of some SMB applica-
tions was relatively limited during the last decade, such as the supercritical fluid 
SMB or hybrid processes like the SMB reactor, progress might well speed up in 
the upcoming years due to the knowledge that has accumulated in those specific 
research topics. 
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5.5 � ABBREVIATIONS

3C-ISMB	 three-column intermittent simulated moving bed
3C-PCC	 three-column periodic countercurrent chromatography
3S-ISMB	 �three-column intermittent simulated moving bed for the strongly 

adsorbed species
3W-ISMB	 �three-column intermittent simulated moving bed for the weakly 

adsorbed species
4C-PCC	 four-column periodic countercurrent chromatography
8Z-SMB-IR	 eight-zone simulated moving bed with internal recycle
BF-SMB	 backfill simulated moving bed
BP	 	 British Petroleum
BP-SMB	 bypass simulated moving bed
BSA	 	 bovine serum albumin
CAGR	 	 compound annual growth rate
CIP	 	 clean-in-place
DBC	 	 dynamic binding capacity
FF-SMB	 fractionation and feedback simulated moving bed
HFCS	 	 high fructose corn syrup
IFP	 	 Institut Français du Pétrole (French Institute of Petroleum)
ISMB	 	 intermittent/improved simulated moving bed
MCSGP		 multicolumn solvent gradient process
ModiCon	 concentration modulation 
MOF	 	 metal–organic framework
OSS	 	 outlet streams swing
PCC	 	 periodic countercurrent chromatography
PPD-SMB	 power-partial-discard simulated moving bed
RPD-SMB	 recycling partial-discard simulated moving bed
SBC	 	 static binding capacity
SEC	 	 size exclusion chromatography
SF-SMB	 supercritical fluid eluent simulated moving bed
SimCon		 simultaneous partial-feed and outlet streams swing 
SMB	 	 simulated moving bed
SMBR	 	 simulated moving bed reactor
SMCC	 	 sequential multicolumn chromatography
SSMB	 	 sequential simulated moving bed
TMB	 	 true moving bed
TT-SMB	 three-port operation in three-zone simulated moving bed
UOP	 	 Universal Oil Products
ZIF	 	 zeolitic imidazole framework
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