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LC Troubleshooting Odds and Ends from 2020
Sometimes our approach to troubleshooting specific problems has to change in response to changes in high performance 
liquid chromatography (HPLC) technology over time. In this installment, we discuss changes in technologies for mobile-
phase degassing, silica-based stationary phases, and models for reversed-phase selectivity.

Dwight R. Stoll

For most installments of “LC Trouble-
shooting” over the past couple of 

years, I have focused each installment 
on a single topic or a group of closely 
related topics. I’ll continue with this 
approach in 2021, but, for this particu-
lar installment, I’ve decided to take a 
different approach and discuss a hand-
ful of apparently unrelated, but never-
theless useful, topics pertaining to LC 
troubleshooting. These include a theme 
observed in online high performance 
liquid chromatography (HPLC) discus-
sion boards and my interactions with 
users in 2020, a refresh on the very old 
but very important topic of the chemical 
stability of reversed-phase columns, and 
a technical update on the hydrophobic 
subtraction model (HSM) of reversed-
phase selectivity.

One “LC Troubleshooting” 
Theme from 2020: Degassers
Degassing technology for HPLC has 
changed tremendously over the past 
three decades. My current students are 
amused to learn that in the “old days” 
we actually did things like strap a tank 
of helium to the bench and bubble 
helium into the mobile phase to remove 
other dissolved gases from the liquid 
(this is referred to as helium sparging) 
prior to pumping it into an HPLC col-
umn. Degassing units are integral parts 
of most modern HPLC pumps, and are 
so reliable that I doubt most users give 

them much thought. And yet, looking 
at online discussion boards in 2020, it is 
clear that users are going to be dealing 
with problems due to older and aging 
degassers for a long time. 

I’d like to highlight three things here, 
but first we need to understand how 
these older degassers work. A major 
step forward in degassing technology for 
HPLC was the development of “inline” 
or flow-through degassers. The basic 
idea is that the mobile phase is drawn 
from a bottle through a piece of poly-
meric tubing situated inside of a vacuum 
chamber. If the polymer is chosen that it 
is semipermeable to gases, but not liq-
uids, then, as the liquid moves though 
this tubing, dissolved gases in the liquid 
are drawn through the wall of the tubing 
into the vacuum chamber before being 
exhausted to the atmosphere by the 
vacuum pump. Based on known perme-
ability of the polymer for different gases, 
one can calculate the length of tubing 
needed to remove enough of the dis-
solved gas from the liquid before it exits 
the vacuum chamber to support reliable 
operating of the pumping system (gen-
erally speaking, HPLC pumps really do 
not like bubbles). Now, onto my points.

The first point I’d like to make is that 
although modern inline degassers are 
based on the same principle described 
above, the amount of tubing inside 
the degassing unit can vary dramati-
cally between older and newer units. 

This is a place where a lot of people 
get tripped up. The amount of tubing 
inside the degasser becomes relevant 
as soon as you want to change the 
solvent running through a particular 
channel of the degasser and pump, or 
you want to know that you have com-
pletely replaced the liquid inside the 
degasser channel with “fresh” solvent. 
In older inline degassing units, the 
volume of tubing inside the degasser 
per channel is approximately 15 mL.  
This means that, when changing sol-
vents, one should draw a minimum of 
two times that volume of the new sol-
vent through the degasser before actu-
ally using that channel for chromatog-
raphy, and closer to three or four times 
that volume if a small amount of the 
prior solvent could have a significant 
impact on subsequent analyses (for 
example, changing from triethylamine 
buffer and UV detection to formic acid 
solution and MS detection). This can be 
done either by gently pulling solvent 
through using a syringe connected to 
the outlet of the degasser, or by simply 
running the pump at a high flow rate 
(typically about 5 mL/min) for several 
minutes with the purge valve open.

Secondly, one of the weaknesses of 
older inline degassers is the tubing that 
connects the vacuum pump itself to the 
vacuum chamber associated with each 
of the solvent channels. This polymeric 
tubing ages over time, especially when 
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exposed to vapors of solvents drawn 
out of the mobile phase into the vac-
uum chamber and vacuum pump. If the 
tubing cracks or breaks, there is no way 
the vacuum can be maintained, and the 
degasser will not work. The bad news 
is that this is likely to happen at some 
point in the life of these degassers, but 
the good news is that replacing this 
tubing can be a relatively simple fix that 
may keep the degasser chugging along 
for more years.

Thirdly, a reasonable question is “Does 
the degassing step affect the composition 
of my mobile phase, especially if the sol-
vent sits in the degasser for an extended 
period of time?” Gross changes in the 
organic solvent:water ratio in a premixed 
mobile phase are unlikely. However, small 
changes in organic solvent:water ratio 
that could impact very sensitive applica-
tions, or changes in the concentrations 
of buffering components such as ammo-
nia, can occur. In this case, the best way 
to eliminate these changes as a pos-

sible effect on a separation is to purge 
the degasser following a period where 
the flow has been turned off, so that any 
mobile phase that might have been com-
promised is removed and replaced with 

“fresh solvent.”
Newer style inline degassers tend to 

have internal volumes well under 1 mL. 
This means that they can be purged quickly, 
and that the volume in solvent lines con-
necting the bottle to the degasser is the 
more important volume to worry about 
when changing to a new solvent.

Refresh on the Topic 
of Chemical Stability of 
Reversed-Phase Columns
Since the emergence of silica-based sta-
tionary phases for reversed-phase LC 
in the early days of HPLC, the chemical 
stability of these phases has been a limi-
tation, and researchers across the globe 
have worked to improve their stability and 
develop alternatives. In spite of significant 
advances in the development of stationary 

phases based on organic polymers and 
other metal oxides including alumina, tita-
nia, and zirconia, silica-based phases are 
still the dominant type of stationary phase 
for reversed-phase LC in use today by far. 
Stationary phases prepared by covalently 
bonding stationary phase ligands to the 
silica surface through siloxane (Si–O–Si) 
bonds have liabilities at both ends of the 
pH scale. On the acidic side, the station-
ary phase ligands themselves can be 
lost from the column as a result of acid 
catalyzed hydrolysis of the Si–O–Si bond 
between the silica particle itself and the 
ligand. On the alkaline end of the scale, 
the major liability is dissolution of the silica 
particle backbone (SiO2) itself. Historically, 
the conventional teaching has been that 
when using silica-based reversed-phase 
LC phases, one should stick to a pH range 
of 2–7. I see this emerge occasionally on 
discussion boards, and many bookshelves 
contain very good, but dated, books that 
carry this message. Mobile phases buff-
ered below a pH of 2 will result in the slow 
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loss of stationary phase ligands from the 
column, mobile phases buffered above 
pH 7 will cause dissolution of particles 
themselves, and both of these mecha-
nisms can lead to changes in retention, 
selectivity, efficiency, and mechanical fail-
ure of the particle bed. Given that there 
are good chromatographic reasons to 
work in mobile phases buffered above 
pH 7 (for example, increased retention 
of aliphatic amines), understanding the 
factors affecting the stability of silica-
based phases under these conditions, 
and development of novel materials 
to overcome this limitation, have been 
pursued with great interest over the 
past few decades. Two frequently cited 
articles on the topic of buffer and pH 
effects on silica-based phases above pH 
7 are those from Jack Kirkland and co-
workers; indeed, these two papers have 
been cited a remarkable 246 times (1,2).

But things change.
On the acidic side of the pH scale, 

bulky side chains at the base of silanes 
used to derivatize silica particles for 
reversed-phase LC can be used to 
slow the rate of acid hydrolysis of the 
siloxane bond tethering the station-
ary phase ligand to the silica surface 
(3). These have become known as 

“sterically-protected” phases, and are 
quite popular because they enable 
separations in mobile phases buffered 
around pH 2 for extended periods of 
time, even at elevated temperatures. 
On the alkaline end of the pH spec-
trum, progress has been slower but still 
significant. Multiple approaches have 
been used to improve the stability of 
silica-based phases in mobile phases 
buffered above pH 7, including the use 
of multidentate silanes that provide 
more than one point of attachment of 
the stationary phase ligand to the silica 
surface (3), and changes to the silica 
particle material itself, such as silica-
organic hybrid materials (4,5). Here too, 
reversed-phase LC stationary phases 
based on these technologies have 
become quite popular because they 
extend the range of pH above 7 that can 
reasonably be used without significant 
concerns about method robustness.  

Just how far above pH 7 one can reli-
ably work with these materials depends, 
of course, on other parameters to some 
degree (for example, buffer concentra-
tion and column temperature). However, 
at a minimum, these materials enable the 
use of mobile phases buffered around 
pH 10 (for example, dilute ammonia) for 
extended periods of time. Users should 
always follow the recommendations of 
manufacturers regarding conditions that 

are suitable for use of a particular column. 
Legacy stationary phases that are not 
made using these new approaches for sil-
ica-based phases still suffer the same limi-
tations with respect to pH that they did 20 
years ago. As a community, we can move 
on from the old advice to stay within the 
range of pH 2–7 to updated advice that 
says silica-based phases can be used well 
above pH 7 provided that we choose 
materials designed for this purpose.
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Technical Update on the  
Hydrophobic Subtraction 
Model (HSM) of Reversed-
Phase Selectivity
The hydrophobic subtraction model (HSM) 
of the selectivity of reversed-phase LC col-
umns was developed in the early 2000s 
by Lloyd Snyder, John Dolan, and several 
other collaborators. The HSM assumes 
that selectivity in reversed-phase LC can 
be described in quantitative terms using 
five pairs of analyte–stationary phase 
descriptors that are associated with spe-
cific types of analyte-stationary phase 
interactions. These include: hydropho-
bic interactions (the main determinant of 
retention in reversed-phase LC), resistance 
to penetration of the stationary phase by 
bulky analytes, hydrogen bonding inter-
actions (with analytes acting as hydrogen 
bond acceptors or donors), and electro-
static interactions (typically discussed as 
cationic analytes interacting with anionic 
stationary phase sites). To date, about 
750 commercially available columns have 
been characterized using the HSM, and 
the resulting data are publicly available 
for free through two different websites 
(https://apps.usp.org/app/USPNF/col-
umnsDB.html and http://www.hplccol-
umns.org). The principles of the model,  
its development, and applications to prac-
tical problems have been discussed in 
LCGC at multiple points over the past sev-
eral years (6–9). One of the most important 
practical applications of the model—and 
the initial driver for the development of the 
model—is using the database of descrip-
tors to find columns with very similar selec-
tivities (“equivalent” for practical purposes) 
that could be used as a replacement for a 
column currently in use, or as a backup col-
umn in case problems with a column cur-
rently in use are encountered in the future.  
Most recently, I wrote a perspective for 
this “LC Troubleshooting” column shar-
ing observations about the selectivities 
of commercial columns released over the 
past two years, which have been character-
ized using the HSM (10).

The type of question I’ve been asked 
most frequently about the HSM in recent 
years is focused on the extent to which 
HSM can be used to predict selectiv-

ity for a given analyte on a given column. 
Although the model was not originally 
developed with this purpose in mind, it cer-
tainly is tempting to think that the massive 
database of descriptors for 750 columns 
must have some use along these lines.  
A couple of years ago, my collaborators 
Sarah Rutan and Tony Taylor began a jour-
ney to take a serious look at this question, 
and try to develop a quantitative sense for 
what is and is not possible with the HSM 
in this regard. As part of this effort, along 
with collaborators Josep Serret and Tina 
Dahlseid, we carried out a kind of retrospec-
tive analysis and refinement of the HSM 
using all of the retention data collected over 
the past 18 years in the process of populat-
ing the HSM database with descriptors for 
commercially available columns. Whereas 
the HSM was initially developed in the early 
2000s using data from only type B C18-silica 
columns, only about half of the columns 
currently in the database fit this description.  
The other half of the database is populated 
by diverse chemistries ranging from short 
chain alkyl phases to fluorophenyl phases, 
for example. The results of this retrospec-
tive analysis, and refinement of the model 
to build what we refer to as HSM2, have 
been published recently in the Journal of 
Chromatography, A (11). The principal find-
ing of this study is that by considering selec-
tivity data from many types of reversed-
phase LC phases commercialized over the 
past 15 years, rather than just focusing on 
type B C18 phases to build the HSM, the 
predictive accuracy (that is, the ability to 
accurately predict selectivity on column 
using analyte descriptors measured using 
other columns, along with the database of 
column descriptors) of the model can be 
improved substantially. For example, we 
found that for the full data set of 8816 reten-
tion measurements (551 column x 16 ana-
lytes) the number of predictions with errors 
greater than 10% when using the original 
HSM was 235; when using the refined HSM2 
for the same predictions, this number was 
reduced to just 25. To me, this result is very 
encouraging because it shows us that selec-
tivity models like the HSM can be refined to 
accommodate diverse reversed-phase LC 
stationary phases. Moreover, further refine-
ment of such models may yield predictive 

abilities that are useful in method develop-
ment, albeit with a significant amount of 
effort to acquire the data required to refine 
and parameterize these models. Let’s see 
what the future holds!
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SAMPLE PREP  
PERSPECTIVES

Turning Up the Heat: The Effect of 
Temperature on Analytical Extractions
The application of temperature is frequently employed to enhance analytical extractions, especially with solid samples or 
volatile analytes. Dating back to the earliest development of modern chemical analysis, such as with Soxhlet extraction, 
using temperature to enhance analytical extractions continues today with more recently developed techniques. Too 
often, chemists rely on the rule of thumb from chemical kinetics, which states that reaction rates double for every 10 
degree temperature change. However, extractions are not reactions. Temperature impacts solubility, diffusion, surface 
tension, and other properties of the sample, potentially leading to solute decomposition. This month, we explore the 
role of temperature in analytical extractions.

Douglas E. Raynie

W ho am I to disagree with Bill 
Gates? Like the Microsoft founder, 

I found the book Range: How Generalists 
Triumph in a Specialized World by David 
Epstein (1) to be one of my recommended, 
thought-provoking reads during the 
COVID-19 pandemic. Epstein argues that, 
with exceptions like golf which require 
rote repetition (such as muscle memory), 
a breadth of knowledge and experiences 
are essential for personal and professional 
development. He claims that innovators 
and “systems thinkers” cultivate an “abil-
ity to connect disparate pieces of infor-
mation from many different sources” (1).  
This philosophy is embraced in the Ameri-
can Chemical Society’s push to include 
systems thinking of addressing the 
United Nations Sustainable Development 
Goals (see, for example, a special issue of  
Journal of Chemical Education [2]).

When it comes to analytical problem 
solving, the hyperspecialization of our 
discipline into high-resolution mass spec-
trometrists, vibrational spectroscopists, 
open-tubular chromatography gurus, and 
others can be to our detriment, because 
the analyst must understand what the 
nature is of the problem at hand, how 
might the samples of interest be similar 

to or different from previous samples, and 
what tools are available in the analytical 
arsenal to solve the problem. Fundamen-
tal knowledge of our techniques, and their 
limitations, is essential to applying them 
in the most appropriate manner.

Many of our analytical extraction meth-
ods manipulate temperature to enhance 
extraction yields. In Soxhlet extraction 
and its derivatives, accelerated solvent 
extraction (ASE), also called pressurized 
solvent extraction (PSE), microwave-
assisted extraction (MAE), ultrasound-
assisted extraction (USAE), and related 
methods all use increased operating 
temperatures to improve extraction 
yields and accelerate the rate of extrac-
tion. As a consequence of the increased 
solute solubility, solvent use can be dra-
matically decreased compared to room 
temperature methods. For volatile ana-
lytes, temperature is often elevated 
with purge and trap, static or dynamic 
headspace, or thermal desorption sys-
tems to drive compounds of interest into 
the gas phase for trapping and analysis.  
However, whenever increased tempera-
ture is applied to an analytical extraction, 
it is not as simple as turning up the heat, 
and more heat (higher temperatures) is 

not necessarily better. Thermal degrada-
tion of sample components is always a 
concern, but it is also important to note 
that, while there is a kinetic effect to ele-
vated temperatures, it is thermodynamics 
that drives the extraction in many cases.  
In subsequent sections, we provide a broad 
overview of these temperature effects on  
analytical extractions.

Solubility and Partitioning
Generally speaking, increasing tem-
perature increases the solubility of solid 
solutes in liquid solvents. However, the 
extent to which this occurs may vary dra-
matically between solutes. For example, 
we can see in Figure 1 that the solubility 
of sugar and potassium nitrate in water 
changes dramatically as a function of tem-
perature. For sugar, the aqueous solubil-
ity of sugar approximately doubles with 
a temperature increase of 40 °C, and the 
effect is even greater for potassium nitrate.  
On the other hand, the water solubil-
ity of salt (sodium chloride) is essen-
tially unchanged over a broad tempera-
ture range, while for cesium (III) sulfate 
(Ce2[SO4]3), there is even a solubility 
decrease as the system rises above room 
temperature. Now imagine the most 
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probable scenario when our system of 
analytical interest is a mixture. We can-
not be assured extraction enhancement, 
because increased solubility as a function 
of temperature is not equivalent for all 
analytes of interest. Luckily, it is exceed-
ingly rare where we work close to the solu-
bility limits of a chemical system.

A special case of applying increased 
temperature to liquid solvents is with so-
called subcritical or superheated water. 
At temperatures above 200 °C up to the 
critical temperature (374 °C), the dielec-
tric constant of water is lowered until it 
is similar to some common organic sol-
vents (note that increased pressure is 
also applied to keep water in its liquid 
state). In this case, the added thermal 

energy is sufficient to begin to disrupt the 
hydrogen bonding between water mol-
ecules, allowing the “hot water” to begin 
to solubilize nonpolar solutes, which 
may be completely insoluble in conven-
tional liquid water. This is the basis for  

“hot water extraction,” which has shown 
some promise in the literature, but has yet 
to be exploited for widespread use.

In supercritical fluid extraction (SFE), 
the situation is even more complicated. 
The solvating power of a supercritical 
fluid is directly related to the fluid density, 
which is a function of both temperature 
and pressure. Within a given extraction, 
pressure is most easily controlled, so tem-
perature is held at a selected value and 
pressure is used to adjust density (change 

solubility) if selectivity during extraction 
is desired. At constant pressure (often 
the case during an analytical extraction), 
increasing temperature will decrease den-
sity, and, hence, solubility. However, this 
is not always the case, and, when it is, 
there is not a clear relationship between 
temperature, pressure, and solubility. For 
example, Figure 2 shows the solubility of 
soybean oil in supercritical carbon dioxide. 
In this diagram, solubility of the triglycer-
ides is fairly low until a certain tempera-
ture (60–70 °C in this case) is reached, at 
which point solubility increases to a great 
extent. We can infer that solute fugacity 
may play some role and numerous equa-
tions of state have been developed to 
predict density and corresponding solu-
bility. Adding an additional level of com-
plexity, and not addressed in this column, 
is the common approach of adding small 
amounts (5–20%) of organic co-solvent 
(modifier) to increase solute solubility in 
supercritical fluids.

We often use equilibria to describe 
analytical extractions, though, in many 
(if not most) cases, we do not operate at 
equilibrium conditions. Commonly, the 
octanol-water partition coefficient, Kow, 
is used to estimate relative solubility in  
extraction solvents:

Kow=
[solute]octanol

[solute]aq [1]

as the octanol solubility may, for exam-
ple, mimic solute partitioning through a 
nonpolar lipid cellular membrane. Given 
that solute solubility as a function of 
temperature varies greatly from solute 
to solute, can we predict what may hap-
pen to Kow values? While there are no 
simple generalizations, we can look at 
the heat of solution and apply Le Chat-
elier’s principle—that is, if the dissolu-
tion process is exothermic (releases heat), 
the partition coefficient should decrease 
with increasing temperature, while for 
endothermic systems, which absorb heat,  
the corresponding partition coefficients 
will increase. The magnitude of the 
change in partition coefficient will be pro-
portional to the magnitude of the change 
in the molar heat of solution.
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Volatility
Like solubility, relative volatility can vary 
to a large extent with temperature, and is 
dependent on operating pressure and the 
contribution of other components of the 
sample mixture. This has even led some 
to claim that headspace extractions may 
not be quantitative and was the subject of 
this “Sample Prep Perspectives” column 
about two years ago (4). In that column, we 
claimed, “It makes sense that heating will 
increase the rate of evaporation, enhanc-
ing the mass transfer, and driving analytes 
into the vapor phase, thus increasing their 
concentration for subsequent collection. 
The problem lies in the fact that different 
molecules possess different volatilities and, 
thus, differing amounts extracted” (4). This 
is demonstrated in Figure 3, where aro-
matic hydrocarbons are sampled using 
solid-phase microextraction (SPME) in 
the headspace above samples of olive 
oil. The results show that, as the sample 
is heated, the behavior of different sets of 
compounds change in a less than straight-

forward manner. This resulting change in 
headspace composition as a function of 
temperature not only influences the extrac-
tion yield of an individual analytes, but it 
could also potentially be exploited to gain 

selectivity or the ability to isolate one com-
pound in preference to others in the sam-
ple. As a result, we admonished that the 
extraction temperature during headspace 
analysis must be well-documented.
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FIGURE 3: Thirty-minute SPME extractions of aromatic hydrocarbon standards in olive 
oil as a function of temperature; specific standards include () C1-benzene, (▲) C2-ben-
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Thermodynamic Parameters
It is well-established that chemical 
extractions do not occur solely via solu-
bility concerns, but also due to the sys-
tem thermodynamics. Most important, 
especially when isolating analytes from 
solid samples, is the role of solute diffu-
sion through the solid. Diffusion is often 
described using the Stokes-Einstein 
equation, D = kT/6πηa, where D is diffu-
sivity, k is a proportionality constant, T is 
temperature, η is viscosity, and a is activ-
ity. At first glance, there is a direct propor-
tionality between diffusion and tempera-
ture, which means higher temperatures 
result in fast diffusion. Diffusion, though, 
is also a characteristic of other solvent 
properties like viscosity and surface tem-
perature. Starting with viscosity, we can 
describe the temperature dependence 
with the Andrade equation, μ = AeB/T, 
where dynamic viscosity is related to 
temperature (T) through an exponential 
function and the constants A and B are 
available in comprehensive thermody-
namic tables. The relationship between 
surface tension and temperature is an 
even more complex function also involv-
ing the solvent critical temperature as 
surface tension decreases to zero at the 
critical temperature. Thus, increasing 
temperature will increase solute diffusion, 
speeding extractions, but the relation-
ship with extraction rate is not necessarily 
linear. We have previously discussed that 
the effect of diffusion is independent of 
extraction type (ASE/PSE, MAE, USAE) at 
constant temperature (6).

The case of supercritical fluids is a bit 
more confounding. Solute diffusion in 
supercritical fluids is indirectly related to 
density via the fluid viscosity. The diffusiv-
ity in these fluids decreases with increas-
ing pressure at constant temperature 
and increases with increasing tempera-
ture at constant pressure.

Kinetics or Rates of Extraction
Extractions generally follow a first-order 
rate model, similar to the kinetics of 
chemical reactions. However, extractions 
are due to a combination of solubility 
and analyte diffusion. Neither alone dic-
tates speed of a reaction and, as we have 

seen, neither is necessarily a linear func-
tion of temperature. So, while adages 
like “doubling the rate with every ten 
degree temperature change” may have 
merit to estimate reaction kinetics, this 
does not hold for analytical extractions.

Sample Thermal Degradation
Any time we heat a sample, break-
down, usually by oxidation, is a concern.  
A good analytical practice is to run suit-
able standards or well-characterized 
samples and check for degradation 
products. Is the degradation concern 
exacerbated with the temperatures 
used in modern analytical extractions? 
This was a concern in the early devel-
opment of ASE and was addressed 
in research by Ezzell (7). He looked at 
the ASE of dicumyl peroxide (DCP),  
a known free radical generator. Half-life 
calculations predicted that up to 30% 
decomposition would be expected in at 
7.5 min extraction at 150 °C. Next, DCP 
was spiked onto sand and extracted via 
ASE with hexane, first at 100 °C, then at 
150 °C, with a 10 min heat and extract 
time. At 100 °C, no sample degradation 
was observed, as 101% recovery with a 
5.9% relative standard deviation (RSD) 
was obtained. With an extraction at 150 

°C, extraction recovery dropped to 77%, 
close (within 75–80%) to the estimated 
30% decomposition. In both cases, the 
solvent bottle was pressurized with air 
and was not degassed. When the hex-
ane was degassed and pressurized with 
nitrogen, the extraction yield at 150 

°C increased to 91% with a 0.83% RSD, 
demonstrating that when proper pre-
cautions are taken, thermal decomposi-
tion can be avoided in many cases. It is 
assumed that these findings, with similar 
precautions, are transferrable to other 
techniques. For example, Ezzell also 
noted that degradation of unsaturated 
fatty acids during extraction of triglycer-
ides from oilseeds with ASE at 130 °C was 
similar to that observed during Soxhlet 
extraction. However, free-radical genera-
tion with ultrasound extractions is well-
known among practitioners, in this case 
because of the high sonic energy applied 
during the extraction.

Conclusions
The development of modern analyti-
cal extractions has progressed through 
the application of increased extraction 
temperature. In fact, aside from sol-
ute solubility in the chosen extracting 
solvent, applied temperature is per-
haps the single most important param-
eter (along with particle size, for solid 
samples) driving sample extractabil-
ity and, to a lesser extent, selectivity.  
However, to most effectively exploit the 
role of temperature in extraction, the 
analyst must have the suitable combi-
nation of knowledge and experience 
with their sample type and their extrac-
tion techniques.
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INTRODUCTION

As we all seek to stay abreast of important developments in separation science, whether it be the advance of 
new methods, approaches, and technologies, or the particular challenges of any given area where separations 
are applied, it is valuable to get information and views from a wide and diverse cross section of those who work 
in different aspects of the field.

The people who work at companies that manufacture chromatography instruments and consumables are often 
well positioned to be aware of developments, needs, and trends that not everyone else sees, because they 
serve customers in a range of areas of focus and with diverse demands—such as academic researchers inves-
tigating fundamental aspects of separation science techniques, industrial analysts solving problems that they 
may not be allowed to talk about at conferences, or chemists working in government laboratories in areas like  
environmental research. 

For that reason, from time to time, we like to create an opportunity for people from these companies to share 
their views, such as through this short ”Vendor Perspectives” feature. In this instance, we asked contributors to 
comment on recent developments, including: 

• what they learned from doing business during the pandemic
• what innovations they have seen in the past year, and 
• what trends they expect to see in the year that is now just starting. 

I think you will enjoy reading them. How do their views compare to yours?

Laura Bush, Editorial Director, LCGC

What have you learned from dealing with the COVID-19 pandemic that you feel would be helpful to share 
with others? 

We certainly learned how to adapt! Celebrating our 15th year of HALO® HPLC column technology, 
we’ve never encountered a pandemic. As we manufacture products used for essential pharmaceutical 
R&D and product release methods, it was critical to adjust our employee density on isolated shifts to ac-
commodate production demand and ensure the safety of our colleagues via thorough cleaning protocols, 
and use of personal protective equipment (PPE). Advanced Materials Technology took quick action and 
made arrangements for remote working where possible, and staged laboratory and office staff returns.
What important innovations have you seen in the past year?

While not an innovation per se, we cannot overlook the fact that, for the first time in recent history, 
we’ve seen an entire pharmaceutical community come together toward finding a vaccine. Once fierce 
competitors, these companies put humankind front and center, and joined forces to deliver what will 
be life-saving drugs.
What trends or developments do you expect to see in 2021?

As the first half of 2021 will look similar to 2020, I expect to see more in-person meetings and con-
ferences go virtual, and these organizations re-evaluate their traditional platforms. Particularly for LC 
analysis, we’ve seen an increase in sub-analytical scale workflows and further adoption of superficially 
porous particle (SPP) technology. Micro and capillary LC–MS demand, particularly with SPP, is increas-
ing as the industry drives to achieve more sensitivity and speed, and we expect that trend to continue. 
Oh, and those video conferencing skills? I think we’ll continue to keep them sharp!
Stephanie Rosenberg, Director of Sales & Marketing, Advanced Materials Technology

https://www.advanced-materials-tech.com/
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What have you learned from dealing with the COVID-19 pandemic that you feel would be helpful to 
share with others?

What a year 2020 has been! The COVID-19 pandemic has altered the way we interact with customers in the 
global community, as well as our internal LECO Service team. For the last six years, we provided live, online 
training services to our customers. We were already looking ahead and developing an e-Learning website when 
the pandemic hit. With the new challenges of COVID-19, we accelerated the pace in generating that training 
material. In July, we successfully launched our LECOLearn website with technical information and lessons on 
two of our product lines. That meant our customers could now get training in the comfort of their homes or 
workplaces anywhere, anytime, around the globe. They can also receive service calls remotely, as we have 
shifted our priorities from in-person to virtual troubleshooting whenever possible, using our already-existing 
remote diagnostics tools.

Internally, we owe a huge thanks to Microsoft Office 365 for having the tools available for managing a team 
remotely. With the collaborative tools such as Microsoft Planner, I was able to remotely assign and manage 
tasks to my team. As a group, we successfully held discussions and meetings remotely through Microsoft Teams, 
including the use of the built-in whiteboard. Any notes written on the whiteboard could be shared with the 
team electronically, and accessed on our mobile devices. These capabilities have allowed us to stay connected 
and keep up with productivity. 

I am very grateful to work with a team of progressive thinkers. Because of the infrastructure we had already 
put in place, we were ready to flip the switch from in-person to virtual assistance during the pandemic. Our way 
of working as a team and with our customers has changed forever.
Farai Rukunda, Customer Relations and Service Mgr., Separation Science, LECO Corporation

Why use RSA Autosampler Vials? Chemists have long struggled with the surface chemistry of ordinary glass 
autosampler vials, even with high quality “certified” types of vials. The silanol sites on the glass surface are 
very reactive, producing inaccurate data that is not precise when working with basic compounds. Inaccurate 
data can be generated from variable, glass vial surface chemistries, which can lead to investigations or flawed 
decisions can be made from these results.

The Reduced Surface Activity (RSA™) Glass Technology was developed to address these issues, and to pro-
vide chemists with sample containers for LC–MS, MS, HPLC, GC, and CE that deliver reliable, consistent results 
by not adsorbing basic analytes, or adding metals to, or changing the pH of the diluent. Made with a unique 
manufacturing process developed specifically for laboratories investigating analytes that are in low-abundance, 
pH sensitive, or basic in nature, they are also indicated for analyses that need dependable vial-to-vial and lot-
to-lot consistency, including laboratories that use mass spectrometers to help protect their ion source from 
adducts. RS is also a great choice when surface coatings or silanization are not sufficient or counter indicated 
for good chromatographic results.
What is RSA Technology? RSA vials are not coated and are made with a proprietary manufacturing pro-
cess that does not create silanols (OH groups) on Type 33, borosilicate glass as the ordinary process can.  
This manufacturing process also virtually eliminates surface metals, and will not add residual, microgram amounts 
of powders or grease found in other borosilicate glass vials that occur during the conversion of glass tubing into 
a vial. The stringent RSA manufacturing processes are continued through to final contaminate-free packaging 
and quality control, where they are tested for adsorption, metal content, and residual materials. A Certificate 
of QC Conformance is available upon request.
Bill Ciccone, President, MicroSolv Technology Corporation

https://www.leco.com/
https://www.mtc-usa.com/country_select?return=/
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What have you learned from dealing with the COVID-19 pandemic that you feel would be helpful 
to share with others? 

Last year presented plenty of challenges, and we’ve adjusted to them in numerous ways. Around the 
globe, Restek has as many employees as possible working remotely, and we established new workstations, 
shift changes, and safety measures to keep those who stayed on site healthy and productive. We are grateful 
for the dedication of our on-site workers who have sacrificed and endured, as well as for our independence 
and ability to be flexible. The challenge of responding quickly to a rapidly changing landscape is more 
important than ever. Business needs can change in hours, if not minutes. Almost overnight, some of our 
customers no longer had access to off-site resources for instrument service, but still needed parts, and also 
now needed guidance on how to maintain their instruments. That is something we have always helped with, 
but we had to change how we delivered that information. On-demand education like video became even 
more important. It provides learning exactly when and where someone needs it, and allowed us to not just 
say, but also show someone how to do some critical maintenance to keep an instrument up and running. 
And where it can be accessed is just as important. Whether reviewing a webinar on your tablet while work-
ing from home, or pausing a video on your phone as you sit in front of your instrument, our educational 
material has to be available at any time on any device.

The need for on-demand educational resources will only continue to grow. Unchanged through all of this 
is the value that analytical chemistry community places on collaboration and education, and while we may 
be using different tools to stay connected, it’s the connection itself that matters.
Jonathan Keim, Education Program Manager, Restek Corporation

What have you learned from dealing with the COVID-19 pandemic that you feel would be helpful to 
share with others?

This year, we faced a great deal of uncertainty, including moving our workplace into our home, creating 
challenges that most of us never anticipated. We are all dealing with a new way of working that includes 
reduced time in the laboratory, connectivity issues at home, and working alongside children, roommates, 
or significant others. This is an opportunity to think differently, take advantage of technology, and think of 
a way to work better with each other. There has been a plethora of new digital tools to facilitate teamwork 
in an online manner that I am glad to say we have taken advantage of.
Did you develop or adopt a new way of managing your organization or business in the analytical chem-
istry field?

We’ve had to limit personnel working on site, while at the same time provide a greater level of support 
to our customers, especially those working on projects related to COVID-19. And, because we’ve debuted 
new analytical columns and an innovative multi-angle light scattering detector, we’ve had to explore new 
ways to educate and support scientists so that they can make the best use of these new tools. To do this, 
we have started to digitally train laboratory users on new instrumentation and software. It is exciting that, in 
this day and age, a phone and a laptop can provide a better learning experience than physically being in 
the laboratory. A single live online session allows a large group to easily see specific details of a procedure 
from an operator’s perspective. Web conferencing also provides features to help moderate discussions, as 
well as record sessions to provide “training on demand.” While this has without a doubt been a difficult and 
tragic year, it has also taught us how to engage with others in a very different way, and explore new ways of 
connecting and learning.
Philip Hoang, Technical Marketing Specialist, Analytical Chromatography, Tosoh Bioscience LLC

https://www.restek.com/?gclid=EAIaIQobChMIo8D5kueW7gIVVcvICh10VA5QEAAYASAAEgIcS_D_BwE
https://www.tosoh.com/home
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What Chromatograms Can Teach 
Us About Our Analytes
Gas chromatography (GC) is among the richest data-producing techniques in analytical chemistry. A chromatogram 
can provide a wealth of information about an individual analyte in a sample, about the sample itself, and about 
how well the instrument is performing. Traditional isothermal chromatograms provide useful information about 
the thermodynamics and kinetics of the analyte-stationary phase interactions and whether these are changing 
over time. They also provide measures of instrument performance through theoretical plate and tailing factor 
calculations. Many of these determinations are automatically performed by today’s data systems, but they trace 
their origins to calculations and simplifications that were done in days when chromatograms were printed on rolls 
of paper and calculations were done with slide rules. We will see how our data systems both assist and hinder in 
obtaining maximum information from chromatograms.

Nicholas H. Snow

The fundamental data produced by a 
gas chromatography (GC) experiment 

is a plot of detector signal vs. time, called 
a chromatogram. A typical chromato-
gram comprised of a mixture of several 
common solvents is seen in Figure 1.  
The figure caption includes the experimen-
tal information that should be provided 
along with any chromatogram, including 
the instrument it was obtained with, car-
rier gas, the inlet and detector conditions, 
injection technique, column dimensions, 
stationary phase, and temperature condi-
tions. Identities of as many of the peaks as 
possible should also be provided.

In the early days of GC, most of the 
traditional data values, such as reten-
tion times, peak widths, and peak areas, 
were measured from the chromatogram 
by hand, using output from a strip chart 
recorder. Think of a paper electrocardio-
gram (EKG) strip in your doctor’s office 
or hospital, or the seismographs seen in 
movies. Strip chart recorders are often 
still used in applications like tempera-
ture monitoring. Retention times were 
calculated by hand by measuring the dis-
tance on the paper from the start of the 

chromatogram with a ruler (in cm) and 
dividing by the chart speed (in cm/min).  
Peak widths were determined by drawing 
tangent lines to the plot at the baseline 
and measuring the distance between 
them at the baseline. Peak areas were 
often determined by counting squares 
(chart recorders used rolls of graph paper) 
by cutting the peaks out with scissors 
and weighing them. Finally, the origins 
of the calculation of performance terms,  
like theoretical plate counts and tailing 
factors, go back to measuring the needed 
quantities by hand.

There are numerous calculations in 
chromatography that not only provide 
analytical performance data and figures 
of merit, but insight about the chemistry 
of the analyte and the separation as well. 
Our classical definition of the retention 
time, seen in equation 1 below, tells us 
that the total retention time (tR) is the sum 
of the adjusted retention time (t’

R), the 
time spent sorbed on or in the stationary 
phase, plus the hold-up time (tM), the time 
spent moving in the mobile phase.

tR= t’R + tM                    [1]

The hold-up time is usually determined 
in a separate experiment or calculated 
from the column dimensions, gas flow 
rate, and temperature by the data sys-
tem (1). For good chromatography, we 
often advise that t’R should be at least 
two but not more than 20 times tM.

The three most reported measures of a 
chromatographic peak, which are reten-
tion time, peak width, and peak area, 
each relate to a different and important 
aspect of the chemistry of the analyte. 
Retention time relates the thermody-
namics of the intermolecular interactions 
between the analyte and the stationary 
phase. Peak width relates the kinetics 
of the sorption process at the station-
ary phase surface and the diffusion pro-
cesses within the mobile and stationary 
phases. Finally, the peak area or height 
relates to the amount of analyte present. 
We will now discuss retention time and 
peak width, which relate to the thermo-
dynamics and kinetics of the separation.

All chromatographic techniques (and 
extraction techniques) are dependent on 
the thermodynamics of the simple chem-
ical equilibrium shown in equation 2,  
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in which an analyte that begins com-
pletely dissolved or vaporized in a 
mobile phase partitions between being 
absorbed on, or dissolved in, a stationary 
phase. For extraction, a second station-
ary phase is usually substituted for the 
mobile phase, but the same principle of 
phase transition at a boundary applies. 
In a previous column, we discussed how 
this theory leads to the concept of selec-
tivity which governs how the chemistry of 
solute-stationary phase interactions gen-
erates separation power (2).

A (mobile phase) ↔ A (stationary phase) 
[2]

The very familiar retention factor, 
k, is calculated as the ratio of the 
adjusted retention time and the hold-
up time, as seen in equation 3.

k = t’R
tM

                 [3]

The retention factor has a deeper 
physical meaning, as it is also equal to 
the ratio of the mass of analyte sorbed 
in the stationary phase at a given 
instant to the mass of analyte vapor-
ized in the mobile phase. This allows 
connection to the concentration equi-

librium constant through the phase 
ratio, which is the ratio of the volume 
of the mobile phase in the column to 
the volume of the stationary phase, as 
seen in equation 4. 

Kc = kß = xmass of A in stationary phase
mass of A in mobile phase

volume of the mobile phase
volume of the stationary phase

[4]

Classical thermodynamics that we 
all learned about in college chemis-
try classes, seen in equations 5 and 
6, provide a link to the thermodynam-
ics of the mobile phase-stationary  
phase transition. 

∆Go = –RTlnK                   [5]

∆G = ∆H = T∆S                 [6]

These thermodynamic quantities, 
calculated for many analytes on many 
stationary phases, provide the basis 
for computer simulations of GC, vari-
ous retention index calculations, and 
discussion of column polarity.

Looking back at Figure 1, we can 
now draw several conclusions and 
inferences about the analytes pres-
ent, based on intermolecular inter-
actions. First, the column is consid-
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FIGURE 1: Isothermal chromatogram of a solvent mixture injected manually on a GC–
MS system. Injection volume: 1 mL; carrier gas: helium; inlet: split 10:1, 250 oC.; column 
5% phenyl polydimethyl siloxane, 30 m x 0.25 mm x 0.25 µm; Isothermal run at 40 oC.  
Transfer line: 280 oC. Detector: MSD, 70 ev, full scan 40–200 amu. Analytes (1 mg/mL 
each): 1: cyclohexane, 2: 3-methyl pentane, 3: hexane, 4: methyl cyclohexane, 5: ben-
zene, 6: 2-pentanone, 7: heptane, 8: pyridine, 9: octane. Solvent: pentane.
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ered nonpolar, with predominately dispersive interactions 
between the stationary phase and analytes generating 
retention so it follows that nonpolar analytes, such as 
alkanes, which also primarily interact with other molecules 
through dispersive interactions, would be well-retained. 
Also note the pattern seen in the retention times of the 
n-alkanes. The gap between octane and heptane is about 
twice as long as the gap between heptane and hex-
ane. The gap between each successive n-alkane is about 
twice the time for the previous gap. This follows from 
the relationships in equations 3–6 and knowledge that 
each n-alkane differs from the next smaller n-alkane by a  
single -CH2- group. 

This provides a linear increase in the free energy change 
with the length of the carbon chain of the interaction 
between the analyte and the stationary phase, which trans-
lates through equations 3 and 5 as an exponential increase 
in the retention time. In temperature programming, which 
we discussed in a previous column, a linear increase in the 
column temperature then results in the familiar linear spac-
ing of the homologues (3). Retention time can therefore be 
really thought of as a measure of the energy of intermo-
lecular interaction between the analyte and the stationary 
phase. Differences in the energy generate differences in 
retention time and separation.

Looking at the more polar analytes in the mixture, we see 
that they are not strongly retained on this column, even at 
the relatively low temperature of 40 oC, which is well below 
all their normal boiling points and, in the higher than atmo-
spheric pressure environment of the column, their boiling 
points would be further elevated. For retention times lon-
ger than the gas hold-up time to occur at all, there must 
be some level of intermolecular interaction between these 
analytes and the stationary phase. The simple isothermal 
chromatogram shown in Figure 1 also provides several useful 
clues about the performance of the column and the overall 
instrument, including the common calculations of theoretical 
plates and tailing factor.

Theoretical plate calculations, using the common expres-
sions shown in equation 7 provide a straightforward means 
for evaluating overall instrument and column performance.

N = 5.54 ( = 16 (tR
         2    

W1/2

tR
         2    

Wb

) )                    [7]

Peak width either at baseline or half height is the raw 
data point used in these calculations and this is an exam-
ple of a kinetic measurement. It is well-known that as a 
large population of analyte molecules traverses a column,  
they will spread out in a generally random distribution 
mostly through diffusion in the mobile phase and a combi-
nation of diffusion and mass transfer in the stationary phase. 
The rate at which the resulting peak spreading occurs, and 
the randomness of the process generate the peak width 
and the symmetrical Gaussian shape that we expect.

Figure 2 shows an expansion of one of the analyte peaks 
from Figure 1 with annotations showing the classical manual 
methods for determining the width at half height or base-
line. An increase in peak width for all or most of the peaks 
in the chromatogram, perhaps following a maintenance pro-
cedure or installation of a new column is a strong indication 
of a problem with the installation. This is a kinetic phenom-
enon, usually indicating more space available for diffusion.  
Note the hand-drawn lines. These show the measurements 
that were performed to calculate N manually. If you look 
closely, you will see that the tangent lines, used to define the 
peak width at the baseline could have been drawn at several 
angles, possibly impacting the final calculation. When using 
automated calculations with a data system, beware that 
the data system software encounters the same problems, 
reminding us that many of these calculations are estimates 
and should be reported to only one or two significant figures.

Peak tailing (the later time side of the peak is elon-
gated) or peak fronting (the earlier time side of the peak 
is elongated) are two additional kinetic phenomena 
that are often observed but have very different origins.  
Current calculations of tailing (or fronting) factors also 
have their roots in classical calculations done by hand. 
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Figure 3 shows an asymmetrical peak, 
with a horizontal line hand-drawn at 
10% of the peak height and a verti-
cal line from the peak maximum to 
the baseline. A ratio of the length of 
the line segment from the back of the 
peak to the vertical line and the seg-
ment from the front of the peak to the 
vertical line gives the tailing factor.  
A tailing factor greater than one indi-
cates tailing and less than one indi-
cated fronting. A tailing factor of one 
indicates a symmetrical peak.

Doing these calculations by hand, 
at least once, provides insight in how 
the data system infers the beginning 
and end of a peak, as critical vari-
ables, when the calculation is auto-
mated. Integration parameters such 
as threshold, peak start and stop 
indicators, smoothing, and noise 
reduction can have an impact on 
how and when peak start and stop 
are identified and therefore on the 
results of calculations based on peak 
width and shape.

As a kinetic phenomenon, tailing 
of a single peak tells us that there is 
additional chemistry, possibly a dif-
ferent than expected intermolecular 
interaction, affecting just that one 
analyte. In nonpolar columns, this 
often occurs with polar analytes as 
interaction with polar surfaces within 
the instrument cause small additional 
and low-capacity retention that is 
superimposed on main retention 
mechanism in the column, thus delay-
ing a portion of the analyte molecule 
population relative to the rest and 
generating the tail. For example, the 
small tailing peak for pyridine is an 
indication of especially strong acid-
base interactions between pyridine 
and the column or inlet.

Fronting, seen in the peak for octane 
in Figure 1, has two most common 
causes. As seen in Figure 1, the ana-
lyte has a much higher normal boiling 
point than the column temperature. In 
this case, a portion of the analyte liter-
ally condenses on the surface of the 
stationary phase and is pushed ahead 
by the carrier gas flow (picture water in 
a lake or puddle on a windy day), caus-
ing it to elute early. Fronting can also 
be due to column overload, in which 
too much injected sample causes the 
same effect. Finally, a strong polarity 
mismatch between the analyte and 
the stationary phase can cause even 
low concentration analytes to exhibit 
fronting. This is often seen in the anal-
ysis of pyridine on nonpolar columns. 
The pyridine is slightly retained by the 
stationary phase, but is retained by 
the few polar active sites on the capil-

lary column wall. These have very low 
capacity so even a small sample will 
overload them.

Conclusion
A chromatogram can provide a wealth 
of information about the chemistry 
of the intermolecular interactions 
between the analytes and the sta-
tionary phase and it provides the first 
step in evaluating separation perfor-
mance and performing instrument 
troubleshooting. We discussed com-
mon parameters that are often calcu-
lated automatically by today’s data 
systems but have their roots in hand-
performed calculations that chroma-
tographers have been practicing for 
decades. It is worthwhile to make 
printouts and perform these calcu-
lations at least once, to gain insight 
about the work the data system is 
doing, how it is doing it, and where it 
might make errors.
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FIGURE 3: Expanded image of the ben-
zene peak (#5) from Figure 1 showing 
calculation of tailing factor at 10% of the 
peak height. Note the hand-drawn line 
segments highlighting the necessary 
measurements.
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FIGURE 2: Expanded image of the ben-
zene peak (#5) from Figure 1 showing the 
measurements for calculating theoretical 
plates. Note the hand-drawn tangents 
highlighting the peak width at baseline 
(tangents) and half height (line).
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Part 1: Advances in Field-
Flow Fractionation: Supporting 
Development of Novel NanomedicinesA Q&A

Christoph Johann
Global Product Manager

Wyatt Technology

LCGC: You are the product manager for 
FFF— why is Wyatt investing in FFF?

Christoph: Wyatt’s MALS detectors are 
widely utilized in conjunction with size-
exclusion chromatography (SEC) to analyze 
the molar mass, size, and conformation 
of macromolecules. However, SEC has a 
limited upper size range, and it prevents 
using SEC-MALS to characterize larger 
species such as very high-molecular-
weight polymers, liposomes, viruses, large 
protein aggregates, and similarly sized 
analytes. 

On the other hand, FFF is a separation 
technique that covers a range of 1 to 
1000 nanometers, and it can be coupled 
to Wyatt’s online instruments. FFF-
MALS determines with high-resolution 
the absolute and fully quantitative size 
distribution for various nanoparticles and 
macromolecules, which is not possible 
with SEC. Yet, it’s not subject to the 
limitations of small particle numbers that 
affect other methods such as nanoparticle  
tracking techniques. 

So, FFF greatly expands the range of 
applications for our light-scattering 
detectors, and we see some really 
important markets opening up for  
these products.

LCGC: Can you clarify what FFF means 
for Wyatt? There seems to be several 
methods and techniques that go by 
this name.

Christoph: There is a family of FFF 
methods, but we found flow FFF to be 
the most useful, with the widest range of 
applications. Among FFF techniques, flow 
FFF has the unique capability of separating 
particles purely according to size, rather 
than by a combination of properties. And 
it does so in the size range that works 
best with MALS—from a nanometer to 
a micrometer. It is gentle, meaning it has 
lower shear, which makes it ideal for fragile 
biological samples and synthetic vesicles 
such as liposomes.

For this reason, Wyatt concentrates on 
Flow FFF and has developed different 
variations, including asymmetrical-flow 

FFF with tip injection, center-downstream injection, frit-
inlet injection, and hollow-fiber flow-FFF. These variations 
meet different challenges such as very limited sample 
quantities, aggregation-prone analytes, and semi-
preparative separations. 

LCGC: How long has Wyatt been involved in FFF and 
FFF-MALS instruments?

Christoph: Wyatt Technology’s work with FFF goes back 
quite a long time. In the late 1980s, Wyatt worked with 
Professor Giddings and Professor Wahlund, the inventors 
of FFF, and coupled it with MALS detectors. Our Eclipse 
FFF product has been on the market for 20 years. During 
this time, it has been instrumental in biopharmaceutical 
development and the commercialization of monoclonal 
antibodies, viruses and virus-like particles, as well as the 
other applications mentioned earlier.

LCGC: What is special about Wyatt’s FFF product  
the Eclipse?

Christoph: Asymmetric-flow FFF (AF4) produces up 
to four different flow streams going in and out of the 
separation channel. The relative flow rates control 
separation properties such as retention time, size range, 

and resolution. The fundamental innovation of the Eclipse 
relative to earlier implementations of flow FFF was the use 
of only one pump to generate the different flows; they 
were then measured and controlled, in real time, by high-
quality flow controllers. This eliminated the unnecessary 
complication of the original method that required multiple 
pumps. When you combine multiple pumps, their pressure 
fluctuations compound, whereas with a single high-quality 
pump, pressure fluctuations are negligible. The system is 
also more compact and robust with a single external HPLC 
pump; all the flow meters and controllers are contained 
within the Eclipse device.

LCGC: Although FFF has been around for more than 
50 years, it’s still not a mainstream method. What are 
your expectations for the future development of FFF?

Christoph: Flow FFF is used in pharmaceutical, 
environmental, food, and polymer applications, but it 
has been perceived as a complex method and adoption 
has not been comparable to GPC. I believe it’s ready to 
break into a wider market as a result of two key factors: 
the advent of nanoparticle drug and gene delivery 
technologies that require the capabilities of FFF coupled 
to MALS and dynamic light scattering (DLS) to bring 
the promise of these medical advances to patients; 
and upcoming instrument and software improvements 
that will eliminate the issues of complexity and user 
intimidation, so the method can be transferred easily from 
R&D scientists to quality-control labs.

Field-flow fractionation offers a solution for the characterization of sub-micron 
particles and macromolecules. To discuss flow FFF, multi-angle light scattering 
(MALS), and more, LCGC sat down with Christoph Johann, global product 

manager at Wyatt Technology. In Part 1 of this three-part thought-leader series, 
Johann talks about Wyatt’s history with FFF products and methods, what the 
technology means for the company, and his expectations for FFF. In Parts 2 and 3 of 
this series, he discusses the benefits of coupling light scattering online, FFF’s role in 
the pharmaceutical industry, its acceptance by regulatory agencies, the company’s 
new model Eclipse NEON, and more. 
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Among FFF techniques, flow 

FFF has the unique capability 

of separating particles purely 

according to size, rather than by 

a combination of properties, and 

it does so in the size range that 

works best with MALS—from a 

nanometer to a micrometer.

 
Wyatt Technology is the recognized leader in light-scattering instrumentation for characterizing macromolecules 

and nanoparticles in solution. Wyatt’s products determine absolute molar mass, size, charge, interaction properties, 

conformation, and conjugation. The company offers a complete suite of multi-angle light scattering (MALS) instruments, 

field-flow fractionation (FFF) systems, dynamic light scattering (DLS), and zeta potential instruments and detectors to 

measure refractive index and intrinsic viscosity.
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widely utilized in conjunction with size-
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the molar mass, size, and conformation 
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species such as very high-molecular-
weight polymers, liposomes, viruses, large 
protein aggregates, and similarly sized 
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On the other hand, FFF is a separation 
technique that covers a range of 1 to 
1000 nanometers, and it can be coupled 
to Wyatt’s online instruments. FFF-
MALS determines with high-resolution 
the absolute and fully quantitative size 
distribution for various nanoparticles and 
macromolecules, which is not possible 
with SEC. Yet, it’s not subject to the 
limitations of small particle numbers that 
affect other methods such as nanoparticle  
tracking techniques. 

So, FFF greatly expands the range of 
applications for our light-scattering 
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these products.
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this name.
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FFF has the unique capability of separating 
particles purely according to size, rather 
than by a combination of properties. And 
it does so in the size range that works 
best with MALS—from a nanometer to 
a micrometer. It is gentle, meaning it has 
lower shear, which makes it ideal for fragile 
biological samples and synthetic vesicles 
such as liposomes.
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FFF with tip injection, center-downstream injection, frit-
inlet injection, and hollow-fiber flow-FFF. These variations 
meet different challenges such as very limited sample 
quantities, aggregation-prone analytes, and semi-
preparative separations. 

LCGC: How long has Wyatt been involved in FFF and 
FFF-MALS instruments?

Christoph: Wyatt Technology’s work with FFF goes back 
quite a long time. In the late 1980s, Wyatt worked with 
Professor Giddings and Professor Wahlund, the inventors 
of FFF, and coupled it with MALS detectors. Our Eclipse 
FFF product has been on the market for 20 years. During 
this time, it has been instrumental in biopharmaceutical 
development and the commercialization of monoclonal 
antibodies, viruses and virus-like particles, as well as the 
other applications mentioned earlier.

LCGC: What is special about Wyatt’s FFF product  
the Eclipse?

Christoph: Asymmetric-flow FFF (AF4) produces up 
to four different flow streams going in and out of the 
separation channel. The relative flow rates control 
separation properties such as retention time, size range, 

and resolution. The fundamental innovation of the Eclipse 
relative to earlier implementations of flow FFF was the use 
of only one pump to generate the different flows; they 
were then measured and controlled, in real time, by high-
quality flow controllers. This eliminated the unnecessary 
complication of the original method that required multiple 
pumps. When you combine multiple pumps, their pressure 
fluctuations compound, whereas with a single high-quality 
pump, pressure fluctuations are negligible. The system is 
also more compact and robust with a single external HPLC 
pump; all the flow meters and controllers are contained 
within the Eclipse device.

LCGC: Although FFF has been around for more than 
50 years, it’s still not a mainstream method. What are 
your expectations for the future development of FFF?

Christoph: Flow FFF is used in pharmaceutical, 
environmental, food, and polymer applications, but it 
has been perceived as a complex method and adoption 
has not been comparable to GPC. I believe it’s ready to 
break into a wider market as a result of two key factors: 
the advent of nanoparticle drug and gene delivery 
technologies that require the capabilities of FFF coupled 
to MALS and dynamic light scattering (DLS) to bring 
the promise of these medical advances to patients; 
and upcoming instrument and software improvements 
that will eliminate the issues of complexity and user 
intimidation, so the method can be transferred easily from 
R&D scientists to quality-control labs.

Field-flow fractionation offers a solution for the characterization of sub-micron 
particles and macromolecules. To discuss flow FFF, multi-angle light scattering 
(MALS), and more, LCGC sat down with Christoph Johann, global product 

manager at Wyatt Technology. In Part 1 of this three-part thought-leader series, 
Johann talks about Wyatt’s history with FFF products and methods, what the 
technology means for the company, and his expectations for FFF. In Parts 2 and 3 of 
this series, he discusses the benefits of coupling light scattering online, FFF’s role in 
the pharmaceutical industry, its acceptance by regulatory agencies, the company’s 
new model Eclipse NEON, and more. 
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The Multi-Attribute Method (MAM) for the 
Characterization of Biopharmaceuticals
Over the last decade or so, biopharmaceuticals have gained market share and become more complex in their 
composition. Therefore, new analytical workflows are needed to address these advances, and one of those workflows 
that has gained substantial traction over the last several years is the multi-attribute method (MAM). MAM was originally 
developed to be used throughout the product life cycle, from process development through quality control, and has 
become even more popular as quality by design (QbD) has become a more prevalent approach for biopharmaceutical 
development. MAM is designed to monitor critical quality attributes (CQAs) simultaneously and directly, such as 
sequence, post-translational modifications, and impurities, making it a more streamlined and productive workflow for 
biopharmaceutical analysis. In this column, we will discuss the role of liquid chromatography and mass spectrometry in 
MAM, as well as other new technologies and anticipated advances of MAM that are on the horizon. 

Jared R. Auclair and Anurag S. Rathore

Throughout biopharmaceut ical 
development, both drug sub-

stance and drug product are charac-
terized using a variety of analytical 
techniques. The analytical techniques 
that are used range from low resolu-
tion gel electrophoresis to high reso-
lution mass spectrometry. Over the 
last several decades, mass spectrom-
etry has been a staple of research 
and development as well as process 
development, and has made its way 
into quality control (QC) of biolog-
ics. The shift in the quality paradigm 
to a Quality by Design (QbD)-based 
approach has opened the door to 
new analytical tools for the analysis 
of biopharmaceuticals throughout 
the life cycle of the product, includ-
ing QC. In this column, we will look 
at the multi-attribute method as one 
of those new analytical tools, largely 
based on mass spectrometry.

Regulatory Landscape and 
Quality by Design (QbD)
Biopharmaceuticals such as monoclo-
nal antibodies (mAbs) are drugs that 

are produced by living cells, which 
gives them an inherent heterogeneity. 
In all the years of protein analysis it is 
rare to come across a homogeneous 
drug product. At the very least, there 
is heterogeneity in the post-transla-
tional modifications (such as deami-
dation, oxidation, and glycosylation). 
This complexity has led to a need to 
monitor biopharmaceuticals through-
out their life cycle from manufacture 
to storage. 

Over the last several years, national 
regulatory authorities have started 
to more robustly recommend a QbD 
approach to the manufacture of drug 
products (4,5). At its core, a QbD 
approach considers quality of the 
final marketed drug product from 
the very first experiment done. Qual-
ity is considered and built into the 
design and development of the drug, 
leveraging the diversity of exper-
tise needed to do so from day one.  
To put it another way, quality is con-
sidered at the beginning of the pro-
cess, and is at the heart of the entire 
drug’s life cycle. In this approach, 

product quality attributes (PQAs) of 
the drug product can be understood 
at the molecular level, ensuring the 
safety and efficacy of the drug. 

From these PQAs, as part of a QbD 
approach, a quality target product 
profile (QTPP) is developed, and spe-
cific critical quality attributes (CQAs) 
and implementation of control strat-
egies are identified to monitor and 
ensure quality, efficacy, and safety 
(1,2,5–8). For our purposes, PQAs are 
any attribute of the drug, whether 
critical or noncritical. On the other 
hand, a CQA, as defined by the Inter-
national Council for Harmonisation-
Q8 and Q11 guidelines (www.ich.org) 
is a “physical, chemical, biological, 
or microbiological property or char-
acteristic that should be within an 
appropriate limit, range or distribu-
tion to ensure the desired product 
quality.” Therefore, CQAs are a sub-
set of PQAs that are critical for the 
safety, efficacy, or quality of the drug. 
CQAs are applied to drug substances, 
excipients, in-process materials, and 
the drug product. Thus, this product 
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complexity and the QbD approach 
are developed to provide flexibility 
while reducing the product life cycle 
management burden (1). 

What is the Multi-Attribute Method? 
The need to monitor a drug through-
out its life cycle, and the movement 
to QbD approaches, has led to a 
need for more advanced analytical 
tools that are capable of monitoring 
product quality. Until recently, CQAs 
had to be monitored using a set of 
orthogonal analytical techniques, 
which included immune assays, SDS 
gel-based approaches, chromato-
graphic approaches, electrophoretic 
approaches, biophysical approaches, 
and mass spectrometry. Most of these 
techniques only monitor one charac-
teristic, and are typically indirect mea-
surements. Many techniques used to 
monitor small molecules cannot be 
used, due to limitations of these test-
ing methods for biopharmaceuticals. 

At the end of the day, the combina-
tion of multiple techniques to moni-
tor CQAs is both time consuming and 
expensive, leaving the door open for 
analytical advances that allow for the 
monitoring of CQAs throughout the 
products life cycle (8).

As the regulatory landscape 
evolved to promote QbD, advances 

in mass spectrometry (MS) also 
occurred, making MS into one of 
the most, if not the most, prevalent 
analytical technique used to charac-
terize biopharmaceutical products.  
One main advantage of MS was its 
ability to perform this analysis on 
multiple attributes in fewer analysis. 
Therefore, it was only logical that 
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mass spectrometry would be adapted to simultaneously 
monitor many CQAs, thus leading to an MS-based multi-
attribute method (MAM). MAM provides an opportunity 
to monitor multiple attributes, potentially reducing cost,  
providing a deeper knowledge of the product, and poten-
tially accelerating the product’s release. It also provides a 

direct analysis, as opposed to the indirect analysis of more 
conventional techniques. A single MAM has the potential to 
monitor 20 unique critical quality attributes (including gly-
cation, glycoslylation, mutations, and host-cell protein pro-
filing) (8) that can facilitate product review and approval at  
reduced costs.

The Multi-Attribute Method
MAM is a single analytical tool that provides analysis of 
multiple CQAs, taking advantage of the high-resolution 
capabilities of certain MS instruments. CQAs are deter-
mined through analysis of the product quality attributes. 
MAM consists of two main components: 1) targeted attri-
bute quantitation at the amino acid level and 2) new peak 
detection (NPD). Often, the targeted attribute quantitation 
includes the monitoring of an identified CQA that is a spe-
cific post-translation modification (glycosylation or oxida-
tion) or peptide of interest. On the other hand, NPD is a 
comparative analysis between chromatograms where unex-
pected changes in the product can be detected by a peak 
alignment algorithm, essentially an impurity screen. Inter-
estingly, when NPD is not used, instead of multi-attribute 
method it is referred to as multi-attribute monitoring (1,3). 

The most common MAM starts with an enzymatic digest 
of the biopharmaceutical product. It is important to ensure 
that the digestion and other steps of the MAM do not intro-
duce artificial modifications (1,9,10). After digestion, a bot-
tom-up MS approach is used; that is, the digested peptides 
are analyzed using tandem MS ( LC–MS/MS) that originally 
will be used to identify the product quality attributes to 
be monitored, including specific post-translation modifica-
tions. In addition, these PQAs can be quantitated using 
extracted ion chromatograms (EICs), enabling the first 
major component of MAM—targeted attribute monitoring. 
In addition to PTMs, the analysis also provides sequence 
coverage of the molecule (Figure 1) (1,3). 

After initial  LC–MS/MS analysis, CQAs can be moni-
tored using chromatogram fingerprinting looking for any 
differences (Figure 1). This enables the new peak detec-
tion component of MAM. Specifically, NPD allows for non-
specific, new, or lost peak detection through m/z-based 
alignment of chromatograms. It is important to ensure 
that the appropriate experimental parameters are set and 
consistently used, because any changes to these param-
eters could affect the results. In Figure 2, we see an exam-
ple of where NPD can be used (Figure 2). The test of an 
experimental sample (orange) has two peaks not in the 
reference standard (blue), and is missing three peaks from 
the reference samples. As highlighted by Figure 2, the 
detection thresholds for NPD are crucial. If the threshold 
is too high, differences could be missed, resulting in false 
negatives; if the threshold is too low, noise maybe be 
picked up as false positives that may trigger unnecessary  
further investigations (3).

Reference Standard Test

New Peak Detection

Potential
Detection

Thresholds

FIGURE 2: New peak detection (NPD). Reference standard (blue) 
compared to the test sample (orange); the bottom graph show-
ing new peek’s identified.

Source: Reprinted with permission from the American Chemical Society (3).
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Why MAM?
As discussed above, MAM allows for directed monitoring of 
specific CQAs, which is not only a potential benefit to research 
and development and process development, but also to the 
quality control environment. Thus, MAM’s quantitative ability 
and ability to identify changes in chromatogram peaks makes 
it an analytical tool well suited to monitor changes in the 
product during manufacturing, long-term storage, and prepa-
ration for clinical use (3). 

When considering MAM in the QC environment, one 
should consider four issues: risk assessment, method valida-
tion, capabilities and specification of new peak detection, and 
comparison to conventional methods. When considering risk 
assessment, we generally ask what characteristics of the bio-
logic cannot be monitored using MAM, or what characteristic 
might we miss. For example, degradation details of the bio-
pharmaceutical maybe lost due to the use of a protein digest. 
Risk assessment is in relation to the relevance of differences or 
lost information related to quality, safety, and efficacy. 

When considering method validation, one must ask 
themselves if the precision, detection, and quantitation 
limits of the instruments being used for MAM are suffi-
cient to monitor the CQAs of interest. Not only do we 
have to consider the instrument capabilities, but also the 
operator’s capabilities (3). Many MAMs use  LC–MS peak 
monitoring after the initial  LC–MS/MS analysis because 
the operators are not MS experts (2). Do the operators 
have adequate knowledge of MS to implement a success-
ful MAM? When considering new peak detection, we must 
ensure appropriate thresholds to avoid detection of noise 
or missing of relevant peaks. Lastly, when considering 
MAM, we should ask how MAMs compare to traditional 
approaches for analysis of biopharmaceuticals (3).

Over the last several years, these analyses have been per-
formed many times, generally showing that MAM is as good 
as, or better at, detecting and monitoring certain CQAs as 
other approaches. For example, Figure 3 shows an analysis 
between the traditional approach, hydrophilic-interaction 
chromatography (HILIC), to identify one of the most crucial 
CQAs for a biologic, glycans, versus MAM (Figure 3). In this 
case, you can see that MAM performed similarly to HILIC (2). 

MAM and Control Strategy
MAM can help improve control strategies and advanced manu-
facturing. ICH-Q10 (www.ich.org) defines a control strategy as 

“a planned set of controls, derived from current product and 
process understanding, that assures process performance and  
product quality.” Monitoring the product throughout its life 
cycle allows us to mitigate risk, and to increase the confidence 
in the control strategy in place throughout the product life 
cycle. MAM would allow for any deviations or changes to be 
observed, which is not possible with conventional methods.  
In addition, MAM quantitatively monitors specific attributes at 
the molecular level, allowing a direct link between PQAs and 

http://www.fused-core.com
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clinical performance. This can help estab-
lish clinically relevant specifications using 
direct attribute measurements improving 
the control strategy (1). 

The Future of MAM
MAM is in its early stages of implementa-
tion, which has been accelerated by the 
regulatory paradigm shift in the approach 
to QbD with the approval and imple-
mentation of ICH-Q8 through ICH-Q11.  
As discussed, MAM allows for monitoring 
of a biopharmaceutical throughout its life 
cycle, and with advances in automation 
(automated sampling) and data analytics, 
sampling from the bioreactor, followed 
by sample cleanup, MAM will be able to 
provide near real-time measurements of 
the product. In time, MAM will be more 
routinely considered a tool in our process 
analytical technology (PAT) toolbox (1,4,5).

As more manufactures provide 21 CFR 
Part 11 compliant software and GxP com-
pliant instruments, MAM will become 
more ubiquitous in quality control (QC) 
laboratories over time (including as a PAT). 
Also, as more regulators and regulatory 
authorities become familiar with and com-
fortable with MAM data, it will be more 
robustly used to monitor CQAs. Therefore, 
in the coming years, MAM will be used 
to assess all molecular attributes in one 
single analysis in a fully automated fash-
ion, in line with ICH guidelines and local  
regulatory guidance (2).

Improvements in analytical instrumenta-
tion will also enable further uptake of MAM 
throughout the life cycle of the biopharma-
ceutical. Currently,  LC–MS/MS is the gold 
standard in peptide mapping, post-trans-
lational modification, and peak monitoring, 
where most MAMs take advantage of bot-
tom-up proteomics. As mass spectrometry 
methods become more robust at identify-
ing tertiary and quaternary structure, one 
could envision MAM including some sort 
of structural analysis, perhaps using ion-
mobility mass spectrometry. Another such 
advancement in MS could be in top-down 
MS, where protein digest is not needed to 
analyze the product (2). 

Although still in its infancy, MAM has the 
potential to revolutionize the way we do 
analytics for biopharmaceuticals. It likely 
will allow continued monitoring of bio-
pharmaceuticals throughout the life cycle 
of the product. This is important for tradi-
tional monoclonal antibody drugs; how-
ever, as the drug products become more 
complicated, such as in the case of anti-
body drug conjugates (ADC), it becomes 
even more important to have continuous 
monitoring of the drug product to ensure 
quality, safety, and efficacy of the drug.  
Beyond traditional biotherapeutics, per-
sonalized or precision medicine could also 
benefit from MAM (with appropriate modifi-
cations to the methodology), as these drug 
products are developed for one specific 
patient. As instrumentation becomes more 

robust, automated, and easier to use, the 
use of MAM will increase as the operators of 
instrumentation for these experiments are 
often not experts. One such advancement 
in automation may come from advances 
in artificial intelligence as applied to MAM. 
Thus, MAM is an analytical technology that 
will help improve drug quality, safety, and 
efficacy for the benefit of the patient.
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Retention Loss of Reversed-Phase Columns 
Using Highly Aqueous Mobile Phases:
Fundamentals, Mechanism, and Practical Solutions
The phenomenon of retention loss observed for reversed-phase liquid chromatography (LC) columns used with 
near 100% aqueous mobile phases when stopping and resuming the flow has often wrongly been attributed to 
phase collapse of the bonded alkyl chains onto the silica surface. However, this phenomenon is now explained as 
a process of pore dewetting with the expulsion of water from the hydrophobic pore network. The driving force 
for this process is the instability of the water liquid/vapor biphasic system when water is confined in hydrophobic 
mesopores with diameters <50 nm. Water is forced to leave the mesopore space in porous reversed-phase LC 
materials by the pressure difference between the vapor and liquid phases (also known as Laplace pressure). 
While the pore-dewetting phenomenon can occur with mobile phases containing <100% water, all experiments 
shown in this paper utilized a 100% aqueous mobile phase with flow rate interruptions as a worst-case scenario. 
We have accurately measured the effect on the kinetics of pore dewetting of various experimental variables, 
such as water pressure, temperature, the amount of dissolved gases in water, average pore size, the nature 
of the surface chemistry, and the surface coverage of the hydrophobic bonded groups. From these data,  
it is demonstrated why outlet column pressures kept above 50 bar, the use of degassed mobile phases, large 
mesopores (>20 nm), wide pore size distribution, the low surface coverage of the hydrophobic ligand (<2 µmol/
m2), phenyl-bonded or charged surface alkyl-bonded stationary phases, and enhanced molecular disorder of the 
tip of the bonded phase would minimize (or eliminate) the retention loss phenomenon with fully aqueous mobile 
phases after flow rate interruptions.

Fabrice Gritti and Thomas H. Walter

Reversed-phase liquid chromatog-
raphy (LC) columns are primar-

ily utilized to separate hydrophobic 
and moderately polar compounds.  
They may also be used to retain very 
polar compounds when using highly or 
near 100% aqueous mobile phases. A 
phenomenon observed by many high-
pressure liquid chromatography (HPLC) 
practitioners is a dramatic retention 
volume or time loss after the column 
flow is stopped and resumed when 
using highly aqueous mobile phases 
with specific reversed-phase LC col-
umns. Even though the utilization of 
reversed-phase LC columns at nearly 
100% aqueous mobile phases is likely 
not a routine practice in most labora-
tories, such phenomena can become 
highly problematic for specific applica-
tions. While the easy-to-apply solutions 
listed in Table I already exist, they may 
involve changes to an established pro-
cedure that cannot be implemented 
without method revalidation.

The explanation for such retention 
losses has often invoked a so-called 
phase collapse of the hydrophobic 
bonded groups in contact with water 
(1). However, recent studies have 
demonstrated that the phenomenon 
is fundamentally explained by pore 
dewetting, where water confined in 
hydrophobic mesopores is no longer 
at thermodynamic equilibrium with 
its vapor when the flow is suddenly 
stopped, and the column returns to 
atmospheric pressure. The equilib-
rium water vapor pressure, Pvap, is 
given by the Laplace equation (2,3):

Pvap – P0 = – 2γLV cosθ
Rpore

[1]

Pvap depends on the receding con-
tact angle of water on the hydro-
phobic surface (θ ~ 93o), the liq-
uid/vapor surface tension of water  
(γLV = 72 mN/m), and the meso-

pore radius (Rpore ~ 50 Å); therefore, 
it is typically around 10 to 20 bar.  
The pressure difference, Pvap- P0 ~ Pvap, 
is the driving force for liquid water 
to be spontaneously extruded from 
the mesopore network. The reced-
ing process ends when the water has 
entirely left the pores to reach ther-
modynamic equilibrium. The kinet-
ics of this process depends on sev-
eral experimental parameters. These 
kinetics was accurately measured by 
a simple protocol based on recording 
the change in the zone retention fac-
tors of two compounds in pure water, 
one weakly retained (thiourea), the 
second more strongly retained (thy-
mine), as a function of time after the 
flow was interrupted (4). From a theo-
retical viewpoint, these dewetting 
kinetics have been studied based on 
simulations for monosized mesopores 
in the absence of bottlenecks in the 
mesoporous structure and by assum-
ing that the process is solely driven 
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by the Laplace pressure difference 
(5,6). Accordingly, the characteristic 
time necessary for water to dewet the 
pores of typical silica-based reversed-
phase LC materials  should be 
extremely short (in the range of 10 µs 
to 0.1 s), depending on the mesopore 
and particle sizes. Pore dewetting is, 
then, in theory, much faster than the 
time needed for the chromatographic 
column to depressurize (usually 1 to 
10 s, depending on particle size and 
column length [4]) after the flow is 
stopped. In practice, the observed 
kinetics of water dewetting are often 
much slower. It can last from min-
utes to several hours. The simulation 
models are an oversimplification of 
the real dewetting process, with the 
complexity of the pore network and 
surface structure not accounted for. In 
this article, we summarize the results 
of experiments designed to refine our 
understanding of the mechanism of 
pore dewetting and retention loss of 
reversed-phase LC columns.

The primary goal of this work is to 
shed light on the actual mechanism 
of pore dewetting from reversed-
phase LC columns by directly measur-
ing the impact of the most relevant 
experimental parameters (pressure, 
temperature, pore size, surface con-
centration of the bonded groups, 
and surface chemistry) on its kinet-
ics. In addition, we hope to provide 
users with some suggested mitiga-
tion strategies when using reversed-
phase LC columns with near 100% 
aqueous mobi le phases under  
isocratic conditions.

Debunking the Common  
Belief of “Phase Collapse” 
Retention losses observed for alkyl-
bonded reversed-phase LC columns 
using fully aqueous mobile phases 
have often been attributed to “phase 
collapse” of the bonded alkyl chains 
(1). This explanation has become a 
commonly accepted myth in the liq-
uid chromatography community (7). 
According to this theory, in the pres-
ence of 100% aqueous mobile phases, 

TABLE I: List of techniques used to regain retention using highly aqueous mobile phases

- Include a small amount of organic solvent in the mobile phase

- Condition the column with a mobile phase containing >40% organic solvent and switching back to
   near 100% water without stopping the flow

- Use columns compatible with 100% aqueous mobile phases
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FIGURE 1: Evidence that “phase collapse” does not occur for C18-bonded silica in contact with 
a 100% water mobile phase and is not responsible for the retention loss of reversed-phase LC 
columns. (a) Plots of the local density (y-axis) of different molecules (see top right corner of the 
panel) versus the distance (x-axis) from the silica surface obtained from molecular simulations. 
They show the extension of the C18-bonded chains (solid black curve) from the silica surface 
as a function of the content of methanol (solid blue curve) or acetonitrile (solid cyan curve) 
in aqueous mobile phases (10). The mobile phase content is indicated in the upper right of 
each graph: WAT is 100% water, ACN is 100% acetonitrile, MET is 100% methanol, 33A is 
33% acetonitrile:67% water, 67M is 67% methanol:33% water. No chain collapse is predicted, 
since the position of the Gibbs dividing surface remains the same around 14 Å, irrespective of 
methanol or acetonitrile content. (b) Plot of the pore volume fraction filled with water (y-axis) 
as a function of time (x-axis) elapsed after flow interruption. Experimental evidence that liquid 
water is fully extruded from the entire pore volume of a Symmetry-C8 column 50 min after the 
flow has been stopped. “phase collapse” is then a pure myth. With permission from reference 
(10) from Journal of Chromatography A.
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the bonded alkyl chains adopt a 
compact or collapsed conformation,  
thus severely reducing the access 
of the analytes to the stationary 
phase. This, then, dramatically low-
ers the phase ratio and retention.  
However, if this explanation were cor-
rect, then the elution volume of the 
analytes would still be as large as 
the hold-up volume, V0, of the col-
umn (since the mobile phase would 
still have access to the internal meso-
pore volume). In fact, the elution vol-
ume of the analytes can be as small 
as the interparticle column volume  
Ve (Ve < V0), giving evidence that the 
mobile phase is no longer in con-
tact with the internal surface area 
of the porous particles (2–4,8,9). For 
instance, the rapid diminution of the 
water volume present in the pores of 
95 Å Symmetry-C8 particles is shown 
in Figure 1b as a function of time after 
the flow rate was stopped.

Additionally, calculations based on 
either Monte Carlo simulations (10) 
or molecular dynamics (11) have con-
firmed that the alkyl-bonded chains in 
contact with pure water do not fully 
fold or “collapse” onto themselves. 
Instead, due to steric hindrance, they 
remain in a partially extended confor-
mation (see Figure 1a). Indeed, the 
average thickness of the C18-bonded 
layer (solid black curve) remains 
about 14 Å (vertical dashed orange 
delimitation segment) irrespective 
of the amount of water present in 
the mobile phase from either pure 
methanol or pure acetonitrile to pure 
water. Note that the dashed orange 
segment is located at half the thick-
ness of the layer where the C18 chain 
density is continuously decreasing 
towards zero. This layer gets thinner 
as the water content in the mobile 
phase increases, but its center always 
remains at the same z-position around 
14 Å from the pore surface. The main 
effect of increasing the organic con-
tent in the mobile phase is to extend 
the tip of the C18 chains deeper into 
the bulk mobile phase. Phase col-
lapse appears not to be the appropri-

ate explanation for phase retention 
loss. The retention loss phenomenon 
was explained by Walter and associ-
ates (2,3) as the dewetting of water 
from the internal hydrophobic (C8 or 

C18) pore network. These results have 
been corroborated by other research-
ers (12–16). The dewetting process is 
driven by the instability of the liquid/
vapor water system (that is, by the 
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Laplace pressure difference between 
the vapor and liquid phases after the 
water flow is suddenly stopped). 

Water Pressure
After the flow is stopped, and water 
has been expelled from the hydro-
phobic mesoporous volume of a 
reversed-phase LC column, it is pos-
sible to force water back into the mes-
opores by applying pressure higher 
than the so-called intrusion pressure 
(12). Figure 2 illustrates the concept 
of intrusion and extrusion equilibrium 

pressures associated with the fraction 
of the pore volume occupied by water 
in 80 Å silica-C18 particles (a water 
porogram). The intrusion-extrusion of 
liquid water shows a hysteresis (that 
is, the pressure at which extrusion 
occurs is lower than that required 
for intrusion, as shown in Figure 2).  
This is due to the difference between 
the advancing and receding contact 
angles, as well as to the arrangement 
of the different size pores in the pore 
network (3,12). The equilibrium pres-
sures were measured from the elution 

of thiourea by adding (intrusion) or 
removing (extrusion) a series of con-
nected capillary restrictors at the col-
umn outlet at a low flow rate of either 
0.10 or 0.05 mL/min (8). The pres-
ence of the capillary restrictors allows 
for the control of the average pres-
sure in the column from atmospheric 
pressure to 375 bar (intrusion curve,  
black star plot) and from 375 bar to 
normal pressure (extrusion curve, red 
star plot). The intrusion pressure (at 
which liquid water occupies about 
50% of the internal pore volume) is 
typically one order of magnitude 
higher than the extrusion pressure 
(where liquid water still occupies 
about 50% of the total pore vol-
ume). Therefore, in order to keep 
liquid water in at least 95% of the 
mesoporous volume, the first option 
would be to apply a water pressure 
as high as 300 bar everywhere in the 
column. This is not possible with stan-
dard instruments, because the outlet 
column pressure is rarely larger than 
15 bar. The second option would be 
relying on designing an LC system 
that would keep the average column 
pressure above the extrusion pres-
sure before and after flow rate inter-
ruption. This can be achieved by add-
ing two 4-port 2-position valves (one 
downstream, the second upstream 
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from the column), and by blocking one port of each valve. 
The details are shown in Figures 3a before and in Figure 
3b after the flow is stopped. The two plugs allow the pres-
sure to be maintained in the entire column volume.

Average Pore Size
All else being kept constant, based on the Laplace equa-
tion, increasing the average pore size of reversed-phase 
LC particles should decrease the intensity of the driving 
force for water extrusion, therefore slowing the expulsion 
of water from the mesopore volume. Experimental obser-
vations are in agreement with this theory (2,3,9,14–16). 
Figure 4 demonstrates this for columns packed with silica-
C18 particles with different average pore sizes, increasing 
from 80 Å to 110 Å and 430 Å. The C18 surface concentra-
tions for these three materials are all around 3.0 µmol/m2 
(2.7, 3.4, and 3.1 µmol/m2, respectively [9]). The data sug-
gest that selecting a pore size larger than about 200 Å is 
sufficient to keep water in the internal volume of the par-
ticle. The reason is that the extrusion pressure becomes 
smaller than a few bars. By simple interpolation, after the 
flow was stopped for about 1 h, water would still occupy 
more than 99% of the mesopore volume for a material with 
an average pore size of 200 Å. Increasing the pore size is 
then a straightforward solution to the problem of reten-
tion loss of reversed-phase LC columns using 100% aque-
ous mobile phases. However, this comes at the expense 
of reduced retention, as the surface area decreases with 
increasing pore size. Since the most common reason for 
using a 100% aqueous mobile phase is to increase the 
retention of poorly retained analytes, using > 200 Å pore 
size stationary phases is not an ideal solution.

Pore Connectivity and  
Pore Size Distribution
Unexpectedly, the dewetting kinetics of water from the 
pores of silica-C8 particles is much faster than that from 
the pores of C18-bonded silica particles having about 
the same surface concentration of 3 µmol/m2. Different 
research groups have reported this in the past (3,14).  
This contrasts with the conclusion made in the previ-
ous section, because the average pore size of silica-C8 

particles is about 15 Å larger than that of the silica-C18 
particles. This riddle was solved by comparing the total 
number of connecting branches between all the meso-
pores present in C8- and C18-bonded particles (8). Because 
the C18-bonded layer occupies a larger volume than that 
of the C8-bonded layer on the surface of the same silica 
material, the connectivity between the pores is reduced 
by about 30% (8). Low-pore connectivity minimizes the 
chance for liquid water to be expelled from the entire vol-
ume, because 1) some pores can become isolated; and 2) 
the smallest pores (from which water dewets the fastest) 
may no longer be connected to other small pores to prop-

agate the extrusion of water. The coalescence of the vapor 
bubbles is then stopped. The pore connectivity param-
eter is directly related to the intrusion-extrusion hysteresis 
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discussed earlier (Figure 5b) for 80 Å 
silica-C8 and silica-C18 materials). This 
hysteresis can be compared to that of 
the adsorption-desorption isotherms 
of nitrogen for the same porous mate-
rial (Figure 5a). Pore-size distribution 
and thickness of the bonded layer 
have a different impact on pore con-
nectivity. In conclusion, the retention 
loss can be significantly decreased for 
mesoporous materials having poorly 
interconnected pores or a wide pore  
size distribution. 

Water Temperature
HPLC column temperature signifi-
cantly impacts the pore dewetting 
kinetics of water from reversed-phase 

LC columns. Figure 6 shows the dewet-
ting kinetic data for the same column 
packed with 5 µm 100 Å silica-C18 par-
ticles at temperatures increasing from 
27 °C to 75 °C. First, it is essential to 
recall that the surface tension of water 
decreases, and the receding contact 
angle either decreases or remains 
constant with increasing temperature.  
Therefore, according to the Laplace 
equation, the driving force for water 
dewetting is expected to decrease, 
and the process should become 
slower as the temperature increases.

However, the experimental data 
shown in Figure 6 demonstrates the 
opposite behavior. This means that 
the Laplace pressure does not solely 

control the kinetics of the expulsion 
of liquid water. A possible explana-
tion for these observations is that the 
kinetics of dewetting is controlled by 
the nucleation rate of the first water 
vapor bubbles that form more rap-
idly as the temperature increases. 
In practice, the user should oper-
ate at the lowest possible tempera-
ture to minimize the retention loss 
of reversed-phase LC columns after  
flow interruption. 

Dissolved Gases in Water
It was recently shown that the con-
centration of gases dissolved in the 
water mobile phase has a moder-
ate impact on the dewetting kinet-
ics of water from the mesopores of  
C18-silica particles (4). Water satu-
rated with nitrogen was found to 
dewet nearly 50% faster relative to 
fully degassed mobile phase 15 min 
after the flow was stopped. The most 
plausible explanation is the libera-
tion of nitrogen microbubbles that 
act as nucleation sites for the forma-
tion of the first water vapor bubbles. 
Since most LC systems have built-in 
degassers to reduce the dissolved gas 
content to low ppm levels, the user is 
relatively secure regarding the pres-
ence of gases in the mobile phase.  
If degassers are not integrated into the 
LC system, the mobile phase should 
be purged with helium gas, which 
has the smallest solubility in water  
(3.8 x 10-4 M) among the most common 
gases (6.7 x 10-4 M and 1.3 x 10-3 M for 
nitrogen and oxygen, respectively). 

The Surface Concentration 
of the Bonded Ligand
Figure 7 compares the dewet-
ting curves of water from two dif-
ferent reversed-phase LC columns 
packed with the same silica par-
ticles bonded with two different sur-
face concentrations of C18 groups  
(3.5 vs. 1.5 µmol/m2). Both materi-
als were extensively endcapped to 
reduce the concentration of residual 
silanol groups. The effectiveness of 
this process was verified from the 
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excellent peak symmetry of bases 
observed on these two columns 
(data not shown). Clearly, reducing 
the C18 surface concentration con-
siderably slows down the dewetting 
process of water. One hour after the 
flow was stopped, 99% of the pore 
volume was still filled with water for 
a surface concentration of 1.5 µmol/
m2 versus 83% for a surface concen-
tration of 3.5 µmol/m2. The explana-
tion for this observation is a diminu-
tion of the receding contact angle 
(down close to 90o) with decreasing 
C18 surface concentration. The ratio 
of C18 and trimethylsilyl groups could 
cause this decrease in contact angle 
as supported by independent obser-
vations reported in the next sections. 
As revealed from molecular dynamics 
studies (9), decreasing the surface 
concentration increases the mobil-
ity of the C18 chains. It likely enables 
water molecules to penetrate eas-
ily and irreversibly between the alkyl 
chains. The dewetting process then 
becomes extremely slow. This is the 
reason why most C18 columns with 
minimum retention loss are character-
ized by intermediate C18 surface con-
centrations. This is also an excellent 
approach to increase the retention 
of poorly retained analytes because 
the dependence of retention on C18 
surface concentration shows a broad 
maximum at ca. 2 µmol/m2 (17).

Molecular Ordering of 
the Hydrophobic Layer
The presence on a surface of hydro-
phobic groups of different lengths 
has been shown to affect the water 
contact angles. Whitesides and asso-
ciates demonstrated this for a series 
of self-assembled monolayers of alka-
nethiol chains (C11 and C22) on a pla-
nar gold surface (18). In this series, the 
molar fraction of C11 relative to C22 
chains was increased stepwise from 0 
to 1 (x-axis in Figure 8). It was found 
that the receding contact angle of the 
water (y-axis in Figure 8, open circles 
data) on these two-component mono-
layers was at a minimum (around 91o) 

for a C11 mole fraction between 65 
and 85%. The receding contact angles 
measured for the two one-component 
monolayers (100% C11 and 100% C22) 
were clearly larger at 100o and 101o, 
respectively. These experimental 
results suggest that increasing the 
molecular disorder (such as by mixing 
short and long-chain ligands) enables 
the trapping of water molecules irre-
versibly at the surface of the hydro-
phobic layer. In contrast, for shorter 
and denser C8-bonded monolayers 
on silica particles, water is nearly 
instantaneously and fully excluded 
from the pore volume. Mixed bonded 
ligands could be adopted to minimize 
the dewetting of water from reversed-
phase LC stationary phases.

Surface Chemistry
Figure 9 compares the kinetics of 
water dewetting from the same sil-
ica material (1.6 µm 90 Å CORTECS 
superficially porous particle) deriva-
tized with different ligands (C8, C18, 
phenylhexyl, and charged surface 
C18 with an amine group). Surpris-
ingly, the phenylhexyl ligand prevents 
the column from any retention loss.  
The reason is that the receding contact 
angle of water on the phenylhexyl-
bonded surface is smaller than 90o (19).  
Similarly, when the C18-silica surface 
is functionalized with an amine group, 
the dewetting of water is nearly elimi-
nated because the water molecules 
interact favorably with such a surface. 
As described above for fully porous 
silica particles, CORTECS C8 dewets 
faster than CORTECS C18 by more 
than an order of magnitude despite 
a smaller Laplace pressure (due to a 
larger pore size after bonding and a 
lower contact angle). Experimental 
water porograms have revealed that 
the extrusion pressure was higher 
by about 13 bar for C8- than for 
C18-bonded CORTECS particles (8).  
Additionally, the internal porosity and 
the pore connectivity both decrease 
from C8- to C18-bonded silica, creat-
ing more pore bottlenecks and pore 
constriction in the mesopore network 

of the latter relative to the former 
material. Finally, the tip of the C18 
chains shows a higher degree of dis-
order than the shorter C8 chains for 
the same surface coverage. Conse-
quently, water vapor bubbles grow 
and coalesce more rapidly in C8- 
than in C18-bonded silica particles. 
It is noteworthy that CORTECS T3  
(120 Å, with a C18 surface concen-
tration around 1.6 µmol/m2) without 
surface charge dewets less than COR-
TECS C18 by an order of magnitude  
(cf. Surface concentration of the 
bonded ligand).

Best Practical Solutions 
and Conclusions
Based on a series of well-designed 
experiments, this work provides a 
comprehensive description of the 
mechanism of retention loss of 
reversed-phase LC columns using 
100% aqueous mobile phases after 
flow interruption.
1.  Retention loss starts with the for-

mation of the very first gas micro-
bubbles (from either dissolved 
gases or water vapor) in the meso-
pore space.

2.  It is then driven by the Laplace 
pressure difference between the 
water vapor (~20 bar) trapped 
inside the mesopores and the 
liquid water pressure outside the 
particle (at atmospheric pressure) 
as the vapor/liquid water system 
is no longer at equilibrium after 
the flow was stopped.

3.  The microbubbles grow in size 
and eventually coalesce at a rate 
that is primarily controlled by the 
surface chemistry (contact angle 
>90o), the pore size (Laplace pres-
sure greater than a few bars), 
the temperature (controlling the 
nucleation rate of the microbub-
bles), and the mesopore archi-
tecture (pore connectivity and  
size distribution).

Based on this better understanding 
of water dewetting from reversed-
phase LC columns, any HPLC exper-
imenter can adopt a simple and 
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systematic strategy to eliminate 
or at least minimize the dewetting of 
liquid water, which can cause severe 
retention losses in reversed-phase LC.  
The following strategy applies if the user 
needs to use reversed-phase LC columns 
with a near 100% water mobile phase 
under isocratic conditions, and does not 
want to modify their HPLC system. 
1.  Choose a column containing a sta-

tionary phase that is compatible 
with 100% water mobile phases. This 
may be an intermediate coverage 
C18 bonded phase on a 100 to 120 
Å pore-size silica, a bonded phase 
incorporating both hydrophobic 
and hydrophilic groups (such as a 
polar-embedded or charge-modified 
reverse-phase material), or a phenyl-
hexyl bonded phase. 

2.  Use the lowest possible temperature 
and degas the aqueous mobile phase. 

3.  Condition the column with a mobile 
phase containing a sufficient con-
centration of organic solvent to 
ensure that the pore network is filled.  
While the concentration needed 
varies with the stationary phase, 
40% organic works with even highly 
hydrophobic stationary phases (2,3). 
Change to the high water content 

mobile phase, and ensure that the 
flow is not stopped until all anal-
yses are completed. If the flow 
must be stopped, recondition the 
column with the same organic or 
water mobile phase used initially, 
then change to the high water con-
tent mobile phase and continue 
injecting samples. 
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FIGURE 9: Effect of the surface chemistry (C8 in black color, C18 in red color, C18+ in pink 
color, T3 in blue color, and phenylhexyl in green color) of 2.7 µm 90 Å CORTECS silica 
particles (except for T3 chemistry for which the average pore size is 120 Å). The sign “+” 
means that the silica surface is doped with an amine before C18 derivatization. Note the 
absence of water dewetting with the C18+, T3, and phenylhexyl phases because the 
corresponding receding contact angles are smaller than 90o. T3 symbolizes a C18 bonded 
phase with a lower than usual surface coverage of around 1.6 µmol/m2. Note the nearly 
instantaneous dewetting of water from CORTECS-C8 mesopores because of a higher than 
usual receding contact angle (95o versus 93o for C18), surface order (dense C8 layer), and 
high pore connectivity (high internal porosity). 
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Here are some great tips for opti-
mizing liquid chromatography 

(LC)–electrospray ionization (ESI)–MS 
so that you achieve the best possible 
results every time. These tips and 
tricks have been collated by my col-
leagues to form a beginner’s guide to 
LC-ESI–MS, and as a primer for those 
who are already using the technique.

Optimize the Sprayer Voltage
This is often a parameter that is set 
and never adjusted again. That may 
work the majority of the time, and 
can certainly be a good approach if a 
variety of users with a myriad of sam-
ples are using an instrument; however,  
it is not going to be ideal for all 
analytes. If you are setting a volt-
age for a walk-up and use an open-
access instrument, it is a good idea 
to use lower electrospray voltages.  
However, taking time to adjust the 
sprayer voltage can lead to vast 
improvements in MS sensitivity.

Optimize the Sprayer Position
The position of the sprayer is a param-
eter that can and should be optimized, 
but its optimal setting is likely to be 
one that is viable for providing high 
signal quality across a wide range of 
analytes. Analytes with varying sur-
face activity (sensitivity constant K) will 
exhibit different responses depending 
on the position of the sprayer relative 
to the sampling cone. Primarily, this is 
due to the time taken for the analyte to 
be liberated into the gas phase under 
the atmospheric pressure ionization 
(API) conditions (primarily the drying 
gas temperature and flow rate) that will 
differ for differing analytes depend-
ing upon their ability to migrate to 
the droplet surface, and be liberated 

into the gas phase as well as the elu-
ent composition at time of elution.  
At lower concentrations, any change in 
the sprayer position will cause the rel-
ative response of analytes to change.

Reduce or Eliminate Salts
The formation of metal adduct ions 
(such as [M + Na]+ and [M + K]+) in 
positive ion mode is a common phe-
nomenon that can result in only the 
metal adduct ion being present in the 
MS spectrum. Therefore, we need to 
be aware of, and remember to look for, 
these species. It can also be advanta-
geous to try to avoid the formation of 
adducts altogether, as their formation 
can lead to unusable mass spectra.

These types of adducts can be 
avoided by using plastic instead of 
glass vials. The glass manufacturing 
process uses a variety of metal salts 
that can be leached from the glass-
ware by aqueous solvents. However, 
the use of plastic vials can also lead 
to the presence of plasticizer peaks 
within spectra, although these tend 
to be less problematic, as they appear 
at fixed m/z values and can be dis-
counted when interpreting spectra. 
Also, note that high pressure liquid 
chromatography (HPLC) solvents, such 
as acetonitrile, can often contain sur-
prisingly high amounts of metal ions 
such as sodium—choose your solvent 
grade carefully!

Select an Appropriate Solvent
For ESI, reversed-phase solvents 
(water, acetonitrile, methanol) are 
preferable, as they favor the formation 
and transfer of ions from the liquid to 
the gas phase. Normal-phase solvents 
(hexane, toluene, dichloromethane) 
cannot support ions in solution, and 

are, therefore, not suitable for use 
with ESI (they can, however, be used 
with atmospheric pressure chemical  
ionization [APCI]).

When optimizing ESI applications, 
the surface tension of the solvents 
should be considered. Solvents with 
low surface tension (such as metha-
nol and isopropanol) allow for stable 
Taylor cone formation, and, hence, a 
stable and reproducible electrospray. 
The Rayleigh limit will be overcome at 
lower potential, and this will tend to 
lead, on average, to smaller droplets 
being produced, which aids in the ion 
formation process, and can lead to an 
increase in instrument sensitivity.

If a Little Bit Works, a Little Bit 
Less Will Probably Work Better!  
While so much about modern API-MS 
has been developed to the point of 

“load and forget,” and, in most cases, 
this approach will enable us to gen-
erate a signal for many analytes, we 
sometimes forget that a certain degree 
of optimization will generate data that 
is far superior to that obtained under 

“generic” conditions. 

This is an excerpt of a blog entry, “10 
Great Tips for Electrospray Ionization  
LC–MS.” See the full blog entry on 
our website (www.chromatographyon-
line.com) for additional tips and more 
detailed explanations.

Tips for Electrospray Ionization LC–MS
Tony Taylor

Tony Taylor is the Chief Sci-
ence Officer of Arch Sciences 
Group and the Technical 
Director of CHROMacademy. 
Direct correspondence to: 

LCGCedit@mmhgroup.com. 
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