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John B. Fenn Award Presented to 

John R. Yates III at ASMS Conference

John R. Yates III, a professor in the Depart-

ment of Molecular Medicine at The Scripps 

Research Institute (La Jolla, California), 

received the John B. Fenn Award for a Dis-

tinguished Contribution in Mass Spectrom-

etry at the American Society for Mass Spec-

trometry (ASMS) conference on June 3, in 

Atlanta, Georgia. The award recognizes 

Yates for his development of automated, 

large-scale interpretation of peptide tan-

dem mass spectral data. His SEQUEST 

algorithm laid a critical foundation for the 

field of proteomics and has enhanced the 

accuracy and effectiveness of mass spec-

trometry for understanding important bio-

logical and clinical questions.

Subsequent software developments that 

have followed from Yates’s work have con-

tinued to facilitate molecular and cellular 

biology research, in areas such as peptide 

and protein quantitation, identification of 

posttranslational modifications, and the 

use of DNA sequences to enable proteo-

genomic methods. Yates also enabled 

large-scale studies to identify the compo-

nents of protein complexes in single-celled 

organisms and mammalian cells.

This award honors the memory of John 

B. Fenn, who shared the 2002 Nobel Prize 

for the development of electrospray ion-

ization. Fenn joined ASMS in 1986 and 

remained an active member until his pass-

ing in 2010. The award is conferred at the 

ASMS Annual Conference with the presen-

tation of a $10,000 cash award, a recogni-

tion plaque, and the award lecture.

ASMS Research Awards 

Recognize Young Academics

The winners of the 2019 Research awards 

from ASMS are James F. Davies of the Univer-

sity of California, Riverside; Nicolas L. Young 

of Baylor College of Medicine (Houston, 

Texas); and Eleanor Browne, of the University 

of Colorado, Boulder. The awards were pre-

sented on June 4, in Atlanta, Georgia.

The awards promote the research of 

academic scientists within the first four years 

of joining the tenure track or research faculty 

of a North American university at the time 

the award is conferred. These awards, in 

the amount of $35,000 for each winner, are 

fully supported by Bruker, Thermo Fisher 

Scientific, and Waters Corporation.

Callie Cole of Fort Lewis College 

(Durango, Colorado) is the winner of the 2019 

Primarily Undergraduate Institution Research 

Award, presented on June 4. The $20,000 

award, sponsored by Agilent, promotes 

academic research in mass spectrometry 

by faculty members and their students at 

primarily undergraduate institutions. It is 

given to the recipient’s institution on behalf 

of the recipient’s research. ◾

CHROMATOGRAPHY 
MARKET PROFILE

LC and LC–MS in 
Food and Beverage 
Laboratories 

Rising consumer awareness for foodborne 

illness, food allergies, and food adultera-

tion has led to increased scrutiny of the 

global food supply chain. Beyond food safety and microbial testing, regulators are 

actively defining acceptable levels of chemical additives, residues, and contaminants in 

food products, leading to increased testing and the demand for liquid chromatography 

and mass spectrometry instruments.

While gas chromatography–mass spectrometry (GC–MS) remains the workhorse for 

routine food testing applications, high performance liquid chromatography (HPLC) 

methods have become increasingly popular and are typically preferred for thermally 

labile, nonvolatile, and highly polar compounds. Applications for HPLC include the anal-

ysis of preservatives, lipids and oils, vitamins, fatty acids, carbohydrates, and peptides. 

Most food and beverage laboratories use HPLC, but as in most other industrial 

segments, laboratories have been adopting UHPLC methods and replacing their 

HPLC instruments with UHPLC systems. And, with increased regulations, the use 

of mass spectrometry has become more prevalent, particularly for residue analysis, 

authenticity, and food safety. In fact, in a recent survey of Chinese testing laborato-

ries, approximately three-quarters of food and beverage laboratories were using 

LC–MS technologies. Moreover, the use of UHPLC instruments was found in over 

half of the laboratories surveyed.

In China, the market for LC and LC–MS systems in the food and beverage market 

was estimated at about $125 million in 2017. The Chinese market for LC–MS instru-

ments is expected to be robust, increasing by double digits for the next five years, 

fueled by solid growth for high-end mass spectrometers, including tandem MS 

instruments. Although indigenous HPLC suppliers are making modest inroads into 

the testing market, Waters and Shimadzu are the leading LC instrument vendors in 

China. Agilent and Thermo Fisher are also key manufacturers in this market segment.

Market size and growth estimates were adopted from TDA’s Industry Data, a 

database of technology market profiles and benchmarks covering laboratory and 

process analytical instrumentation that are updated quarterly. This market profile 

also includes data from the 2019 Instrument Industry Outlook report from inde-

pendent market research firm Top-Down Analytics (TDA). For more information, 

contact Glenn Cudiamat, general manager, at (310) 871-3768 or glenn.cudiamat@

tdaresearch.com. Glenn is a market research expert who has been covering the 

analytical instrumentation industry for more than two decades.

Chromatography installations for food and 
beverage laboratories in China
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COLUMN
WATCH

Hybrid Particle Columns: The First Twenty Years
June 2019 marked the twentieth anniversary of the introduction of the first high performance liquid chromatography 

(HPLC) columns containing hybrid organic–inorganic particles. In this article, we review the chemistry and key attributes 

of hybrid particle columns, and show examples demonstrating how these columns have been used for separations of 

a variety of analytes.

Thomas H. Walter

Since their introduction twenty 

years ago, hybrid particle col-

umns have become widely used in an 

ever-expanding range of applications. 

By combining the desirable features 

of organic and inorganic materials, 

hybrid particles offer benefits over 

both silica and organic polymer sta-

tionary phases. Compared to silica, 

hybrid particles exhibit improved 

stability to basic mobile phases and 

reduced silanol acidity. Compared 

to organic polymers, hybrid particles 

offer higher column efficiencies and 

improved mechanical strength. In this 

article, we examine the history and 

evolution of hybrid particle columns, 

highlighting examples of separations 

enabled by hybrid particle technol-

ogy for analytes ranging from small 

molecules to biopolymers. 

Hybrid Particles

Hybrid organic–inorganic materials 

contain both organic (organosilox-

ane) and inorganic (silica) compo-

nents. Although extensively studied 

by the materials science community 

(1), there were few reports of the 

use of hybrid particles in HPLC prior 

to 1999 (2). One notable early pub-

lication by Unger, Becker, and Rou-

meliotis demonstrated that organic 

functional groups such as benzyl and 

1,2-diol-3-propoxypropyl could be 

incorporated into both the internal 

and surface structure of chromato-

graphic particles by co-hydrolysis 

and co-condensation of an organo-

triethoxysilane and tetraethoxysilane 

(TEOS) (3). In a modification of this 

approach, a team at Waters synthe-

sized particles from TEOS and methyl-

triethoxysilane (Figure 1), then deriva-

tized these particles with silanes to 

yield C18-bonded hybrid particles 

(4). These particles showed signifi-

cantly improved stability to alka-

line mobile phases versus similarly 

bonded silica particles. A family of 

HPLC columns based on these hybrid 

particles was introduced in June 1999.

Chromatographic Performance

of Methyl Hybrid Columns

Compared to silica-based columns, 

the main distinguishing feature of 

methyl hybrid columns is improved 

resistance to alkaline mobile phases. 

Typical C18-silica columns are only rec-

ommended for use up to pH 8, due to 

the onset of particle dissolution and 

bonded phase hydrolysis in higher 

pH mobile phases, leading to losses 

of efficiency and retention (5). The 

presence of methyl groups through-

out the hybrid particle slows the rate 

of hydrolysis compared to similarly 

bonded C18-silica particles, result-

ing in longer column lifetimes when 

using alkaline mobile phases (6–8). A 

trifunctional C18 bonded phase based 

on these methyl hybrid particles was 

also shown to be stable to strongly 

acidic mobile phases, where bonded 

phase hydrolysis can result in a loss of 

retention (6,8). Indeed, the unbonded 

methyl hybrid particles are remark-

ably stable to acidic solutions, with no 

loss of carbon found after exposure 

to 1 M HCl at 100 °C for 16 h (6).

Another benefit demonstrated for 

methyl hybrid columns is improved 

peak shape for basic analytes, partic-

ularly when using neutral pH mobile 

phases (6,7). Peak tailing for bases at 

neutral pH is primarily caused by the 

ion-exchange interaction of proton-

ated bases with ionized silanol groups. 

Methyl hybrid stationary phases 

exhibit greatly reduced silanol acidity, 

as measured by the retention of lith-

ium ion (Li+) with a 60:40 methanol–

water mobile phase buffered to differ-

ent pH values (9). A similar conclusion 

was reached based on studies of the 

retention of the quaternary ammo-

nium ion bretylium (10). The lower 

silanol acidity of methyl hybrid col-

umns results in symmetric peaks for 

basic analytes over a wide range of 

mobile phase pH values (7).

One key benefit of using a column 

that has an extended upper pH limit is 

that it can be used to investigate the Ic
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optimum mobile phase pH for mix-

tures containing ionizable analytes 

with pKa values greater than approxi-

mately 8 (7,8). Compared to other 

parameters that influence selectivity, 

such as the stationary phase chemis-

try and the organic component of the 

mobile phase, mobile phase pH has 

been shown to have a significantly 

greater impact for ionizable analytes 

(11). An example illustrating the effect 

of mobile phase pH on the separation 

of six ionizable analytes is shown in 

Figure 2 (7). Large changes in selec-

tivity are observed as the pH is varied, 

with the retention of the basic ana-

lytes lidocaine (pKa 7.7), doxepin (pKa

9.0), imipramine (pKa 9.4), and nortrip-

tyline (pKa 10.5) increasing as the pH is 

increased, converting them from their 

protonated to their neutral forms. In 

contrast, the retention of the acidic 

analyte ibuprofen (pKa 4.4) decreases 

as the pH is increased, converting it 

from its neutral to its deprotonated 

form. Although acetaminophen is 

neutral from pH 2 to 8, the phenol 

group (pKa 9.5) is ionized at pH 10.6, 

resulting in decreased retention. The 

best separation was achieved using a 

pH of 8. Investigating low and high 

pH mobile phases has been shown 

to be a valuable strategy for method 

development (12). A related idea 

involves two-dimensional HPLC sepa-

rations using a pH 10 mobile phase 

with a C18-methyl hybrid column 

for the first dimension and a pH 2.6 

mobile phase with a C18-silica column 

for the second dimension (13). Sepa-

rations using a pH gradient from 10.5 

to 3.0 have also been demonstrated 

using a C18-methyl hybrid column for 

mixtures of ionizable analytes (14).

A second benefit afforded by using 

a column that is stable over a wide pH 

range is that the loading capacity of 

basic analytes with pKa values greater 

than approximately 8 may be increased 

by using a mobile phase in which they 

are neutral, that is one with a pH higher 

than their pKa values (15,16). Capacity 

increases of a factor of 20 or more were 

reported for several bases when chang-

ing the mobile phase aqueous buffer 

from pH 3.75 to pH 10.0 (15). At the 

lower pH, where the analytes are pro-

tonated, mutual ionic repulsion affects 

their adsorption on the stationary 

phase. The greater loading capacities 

for bases when using high-pH mobile 

phases is particularly beneficial for pre-

parative applications.

When the methyl hybrid columns were 

introduced, the family included short 

columns packed with 2.5 μm particles for 

use in fast separations. The benefits of 

using small particles to achieve higher 

speed separations had been well estab-

lished (17), and columns containing par-

ticles as small as 1.5 μm were available 

in 1995 (18). Limited by the roughly 6000 

psi pressure ceiling of the HPLC systems 

available at that time, these small par-

ticles could only be used in short (≤50 

mm) columns. Ultrafast separations (<1 

min) were demonstrated using 2.1 mm 

x 20 mm columns packed with 2.5-μm 

C18–methyl hybrid columns (19). Spurred 

by reports from Jim Jorgenson’s group 

on the use of much longer capillary col-

umns packed with 1.5-μm particles at 

ultrahigh pressures (20), studies were car-

ried out to investigate the use of longer 

columns packed with 2.5-μm C18–methyl 

hybrid particles on a prototype ultra-
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FIGURE 1: Synthesis of methyl hybrid particles from tetraethoxysilane and methyl-
triethoxysilane. In the schematic on the right, the top layer represents the surface, and 
the bottom layer represents the internal structure of the particle.
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FIGURE 2: Chromatograms showing the isocratic separation of a mixture of acidic and 
basic analytes using an XTerra RP18 5-μm, 3.9 mm x 150 mm column and mobile phases 
containing 65:35 (v/v) 20 mM buffer–acetonitrile with four different pH values. The fl ow 
rate was 1.0 mL/min and ultraviolet (UV) detection was used at 210 nm for (a) pH 2.5, (b) 
pH 5.0, (c) pH 8.0, and at 230 nm for (d) pH 10.6. Peaks: 1 = acetaminophen, 2 = lido-
caine, 3 = doxepin, 4 = imipramine, 5 = nortriptyline, 6 = ibuprofen.
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high-pressure liquid chromatography 

(UHPLC) system. Although these experi-

ments demonstrated that 2.1 mm x 150 

mm columns packed with methyl hybrid 

particles could produce the predicted 

high efficiencies, the columns were not 

mechanically stable enough to give 

acceptable lifetimes at the pressures 

generated when operating at or above 

the optimum flow rate (21). The methyl 

hybrid particles are not strong enough 

to tolerate the column packing pressures 

needed to obtain stable columns for use 

at pressures greater than 6000 psi.

Second-Generation 

Hybrid Particle Columns: 

Bridged-Ethylene Hybrid 

(BEH) Technology

The need for higher strength hybrid 

particles led to the development of 

a second-generation hybrid particle 

composition. Hybrid materials pre-

pared using organic groups bridg-

ing two or more silicon atoms had 

been reported in 1995 (22). In con-

trast to the methylsiloxane groups in 

methyl hybrid particles, such bridg-

ing organic groups do not reduce 

the number of cross-link sites when 

co-condensed with TEOS to form 

particles. Hybrid particles containing 

bridged-ethylene groups (Figure 3) 

exhibit superior strength, as well as 

a significant increase in high-pH sta-

bility (23,24). When the first UHPLC 

system was introduced in 2004, with 

a pressure limit of 15,000 psi, the col-

umns designed for it contained these 

second-generation hybrid particles in 

a 1.7-μm particle size (25). A family 

of columns containing 2.5-, 3.5- and 

5-μm second-generation hybrid par-

ticles was introduced in 2005 (24).

These second-generation hybrid 

particle columns have been found to 

be useful in a wide range of appli-

cations, including separations of 
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both low and high molecular weight 

analytes (26). A Scopus search for 

articles containing the terms “BEH” 

or “XBridge” and “columns” found 

2,142 documents as of June 10, 2019. 

One application that benefits from 

both the extended upper pH limit 

and the speed benefit of 1.7-μm 

second-generation hybrid particles 

is the reversed-phase separation 

of oligonucleotides. As shown in 

Figure 4, a 2.1 mm x 50 mm 1.7-μm 

second-generation hybrid C18 col-

umn provides baseline separation of 

a 15- to 35-mer oligodeoxythymidine 

ladder in less than 10 min (27). The 

aqueous mobile phase used for this 

ion-pairing reversed-phase separa-

tion contains triethylamine and has a 

pH of approximately 8. The column 

temperature used was 60 °C. The 

combination of the alkaline mobile 

phase and the elevated temperature 

results in short lifetimes for conven-

tional C18-silica columns. However, 

with the extended high-pH stability 

of the second-generation hybrid par-

ticles, good column lifetimes may be 

achieved under these conditions.

The extended high-pH stability of 

second-generation hybrid particles is 

also beneficial in hydrophilic interac-

tion liquid chromatography (HILIC). 

An example of a high pH HILIC appli-

cation is the separation of food sug-

ars using second-generation hybrid 

amide columns. Although amino col-

umns are commonly used for this sep-

aration, using an unbuffered acetoni-

trile–water mobile phase, the amino 

groups on the stationary phase may 

react with reducing sugars, leading to 

inaccurate peak areas (28). Poor reten-

tion time stability is also an issue with 

many amino columns. Lacking amino 

groups, amide stationary phase are 

non-reactive with reducing sugars. To 

produce single peaks for the reduc-

ing sugars, instead of resolving the 

anomers, a base such as triethylamine 

is added to the mobile phase and an 

elevated column temperature is used. 

Even under high temperature (90 °C) 

alkaline conditions (pH 10.3), a 1.7-μm 

second-generation hybrid amide col-

umn showed excellent retention sta-

bility over 2000 injections of samples 

prepared from food matrices (28). 

A number of second-generation 

hybrid variants have been created to 
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FIGURE 4: Chromatogram showing the gradient separation of a 15-to 35-mer oligo-
thymidine ladder using an Acquity BEH C18 1.7-μm, 2.1 mm x 50 mm column. Mobile 
phase A contained 15 mM triethylamine and 400 mM hexafl uoroisopropanol in water 
and mobile phase B contained 50:50 mobile phase A:methanol. The gradient started at 
19% methanol and the methanol concentration was increased linearly at 0.5%/min. The 
fl ow rate was 0.2 mL/min and the column temperature was 60 °C. 

FIGURE 5: Total ion chromatograms showing gradient separations of a tryptic digest 
of enolase using (a) Acquity BEH C18 and (b) Acquity CSH C18 columns, both 1.7-μm, 2.1 
mm x 150 mm. Mobile phase A contained 0.1% formic acid in water and mobile phase B 
was 0.1% formic acid in acetonitrile. The concentration of mobile phase B was increased 
linearly from 2 to 50% over 60 min. The fl ow rate was 0.3 mL/min and the column tem-
perature was 40 °C. The 4-sigma peak capacities determined using twelve peptides 
spanning the separations are indicated. 
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address the needs of different applications. Wide pore (300-

Å) versions were developed for reversed-phase separations 

of peptides and proteins (26,29) and HILIC separations of 

glycoproteins (30). Higher pore volume materials in a range 

of pore sizes were developed for use in size-exclusion 

chromatography (SEC) of proteins and synthetic polymers 

(31,32). In addition, specialized bonded phases on second-

generation hybrid particles have been developed for use in 

supercritical fluid chromatography (SFC) (33).

Charged-Surface Hybrid (CSH) 

Technology Columns

A recent direction in hybrid particle columns involves intro-

ducing a low concentration of positively charged groups 

into the surface of second-generation hybrid particles (34). 

The benefits of this approach include modified selectivity 

for ionized analytes and improved loading capacity and 

peak shape for basic analytes when using acidic mobile 

phases containing low concentrations of ions (0.1% formic 

acid) (35). The improved peak shape of bases in 0.1% for-

mic acid is important in LC–MS methods using electrospray 

ionization, where the use of this mobile phase modifier is 

preferred to maximize detection sensitivity. One impor-

tant application benefitting from charge-modified hybrid 

columns is the separation of basic peptides, such as those 

produced by digesting proteins with trypsin or lys-C (36). 

Charge-modified hybrid C18 columns were found to give 

higher peak capacities for basic peptides compared to 

second-generation hybrid C18 columns, particularly when 

using relatively high mass loads and mobile phases con-

taining 0.1% formic acid. This enables the use of a single 

high-resolution peptide mapping method with both ultra-

violet (UV) and mass spectrometry (MS) detection. The 

separation of a tryptic digest of enolase using 2.1 mm x 

150 mm 1.7-μm charge-modified hybrid C18 and 1.7-μm 

second-generation hybrid C18 columns with mobile phases 

containing 0.1% formic acid is shown in Figure 5 (37). The 

peptides were detected using a quadrupole time-of-flight 

(QTOF) mass spectrometer. The separation conditions 

were identical for the two columns. Twelve peptides span-

ning the separation were selected to calculate the peak 

capacity. The results show that the charge-modified hybrid 

C18 column produced a peak capacity that is 33% higher 

than that achieved using a second-generation hybrid C18

column.

The presence of the positively charged groups in 

charge-modified hybrid stationary phases enables them to 

retain polar anionic compounds that are poorly retained 

on conventional reversed-phase materials. For example, 

a charge-modified hybrid C18 column was found to pro-

vide improved retention and separation of glucosinolates 

extracted from Arabidopsis thaliana leaves (38). Glucosino-

lates are secondary metabolites that contain a sulfonated 

oxime group, along with a thioglucose moiety and a side 

chain derived from an amino acid. The mobile phase con-

tained 0.05% formic acid, chosen to minimize ion suppres-

sion for this UHPLC–TOF-MS method. The method was used 

to identify and quantify 21 glucosinolates with a total run 

time of 11 min. As a second example, a charge-modified 

hybrid phenyl-hexyl column was shown to separate 10 citric 

acid cycle metabolites using 0.1% formic acid as the mobile 

phase additive (39). The analytes were detected using tan-

dem mass spectrometry (MS/MS) in the negative ion mode. 

Excellent separations were achieved for the isobaric com-

pounds citric acid and isocitric acid and for malic acid and 

fumaric acid. Separation of the latter pair is important 

because malic acid may undergo in-source fragmentation 

followed by decomposition in the collision cell to give the 

same MS/MS transition as fumaric acid.

Conclusions

The combination of improved high- pH stability, low silanol 

acidity, and high efficiency have made hybrid particle col-

umns valuable tools for HPLC separations of a wide range 

of analytes. By expanding the accessible mobile phase pH 

range beyond that of silica-based columns, hybrid particle 

columns have allowed a wider range of mobile-phase con-

ditions to be explored during method development. This 
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expansion has enabled a broader 

selectivity space to be accessed, partic-

ularly for mixtures containing ionizable 

analytes with pKa values greater than 

approximately 8. It has also provided 

dramatically higher loading capacities 

for basic analytes. With the first UHPLC 

columns leveraging the mechanical 

strength of second-generation hybrid 

particles, hybrid particle columns 

became inextricably linked with UHPLC, 

fueling the rapid growth in applica-

tions for these columns. These appli-

cations include reversed-phase, HILIC, 

and size-exclusion separations. In the 

related area of SFC, hybrid particle col-

umns have also proved to be valuable. 

With the availability of new selectivity 

options such as those in the charge-

modified hybrid family, the range of 

applications for hybrid particle columns 

will continue to expand. As observed 

thirteen years ago, and still true today, 

“a vast number of organic–inorganic 

combinations remain unexplored at 

the molecular building block level. This 

fact hints (if not exclaims) that hybrid 

technology will continue to contribute 

to the advancement of the separation 

sciences” (2).
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Mobile Phase Buffers in LC: Effect of Buffer 
Preparation Method on Retention Repeatability
For liquid chromatography (LC) methods where the buffer pH and composition have an influence on retention, which 

buffer preparation method will provide the most repeatable results?

Dwight R. Stoll and Devin M. Makey

The measurement of pH, one of the 

most common of all analytical measure-

ments, plays a major role in many chemical 

processes, affecting everything from the 

productivity of bioreactors in the biophar-

maceutical industry, to the performance of 

separation methods in liquid chromatog-

raphy (LC) and electrophoresis. Given that 

pH measurement is so common, I think we 

can be lulled into the perception that it is 

also simple, and that the pH reported by 

any benchtop pH meter can be accepted 

at face value under all circumstances. In 

my interactions working with people at a 

variety of experience levels over the years, 

I have often felt that people preparing buf-

fers for use in LC are a little too trusting 

of the pH values reported by pH meters 

under ordinary circumstances. In prepara-

tion for this month’s “LC Troubleshoot-

ing” column, my student Devin Makey 

and I performed some experiments to 

see if we could move in the direction of 

getting answers to questions around the 

topic of the “best” way to prepare buf-

fers for use in LC. What follows here is 

a description of those experiments, and 

the data we observed. I believe that the 

results are interesting, and can support 

best practices for improving the reliability 

of LC methods. I know they are certainly 

affecting the way we operate in my labo-

ratory, and I hope you will find them useful 

as well. 

Dwight Stoll

Introduction

The Role of Eluent pH in LC

The pH of the eluent has a significant 

impact on retention and peak shape in 

several modes of LC separations. This is 

well understood in reversed-phase sepa-

rations, where retention is strongly depen-

dent on the solubility of the analyte in the 

organic–aqueous eluent. The pH of the 

eluent affects the charge state of vari-

ous functional groups (COOH, NH2, and 

so forth), and the charge state of these 

functional groups has a major impact on 

the solubility of the analyte in water; this 

is the origin of the primary influence of pH 

on retention. For example, a simple weak 

organic acid like benzoic acid will be neu-

tral (uncharged) in eluents buffered well 

below the pKa (~4.1), because the carbox-

ylic acid functional group will be proton-

ated. However, in eluents buffered well 

above the pKa, the carboxylic acid func-

tional group will be deprotonated, and 

carry a negative charge. The strong inter-

actions between the negatively charged 

carboxylate group and the highly dipolar 

water molecules result in a much higher 

water solubility of the benzoic acid in the 

high pH eluent, and thus lower reversed-

phase retention under these conditions. 

This is exemplified by the experimental 

retention data shown in Figure 1 for ben-

zoic acid on a C18 reversed-phase col-

umn, where the eluent was buffered at 

different pH levels. 

The same chemistry is relevant in hydro-

philic interaction (HILIC) separations, 

though the dependence of retention on 

pH is often more complicated than it is 

in reversed-phase separations because of 

the more influential role of electrostatic 

interactions between the analyte and the 

stationary phase in HILIC. The influence 

of pH on other LC modes such as ion-

exchange is even more evident because 

the magnitude of electrostatic interactions 

between the analyte and stationary phase 

is the dominant factor influencing reten-

tion. Thinking through these examples, it 

is clear that pH adjustment of buffered 

eluents is a topic with broad implications 

in LC.

Current Perspectives 

on Buffer Preparation

We also recognize that buffer preparation 

and pH adjustment is a pretty controver-

sial topic in the LC community. This topic 

has been covered on multiple occasions in 

this column, focusing on aspects including 

buffer selection (1), preparation methods 

(2,3), and the idea of solution pH when an 

organic solvent is added to the mix (4). In 

a recent article of our own, we discussed 

the effects of different methods of buffer 

preparation on results from HILIC separa-

tions (5). In our preparation for this install-

ment, we have found, through discussions 

with a variety of people, that they often 

have strongly held beliefs about what is 
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right and wrong when it comes to buffer 

preparation, but also that these positions 

are not always clearly supported by experi-

mental evidence. With this as a backdrop, 

we set out to make some of our own mea-

surements with the hope that they would 

add to understanding in this area.

The most commonly used approach to 

buffer preparation for use in LC involves 

adding a salt of a buffering agent to water, 

then adding a small volume of relatively 

concentrated acid or base solution until 

a target pH is reached (as indicated by 

a pH electrode), and finally diluting to 

a specified volume. For example, sup-

pose we are interested in a making 1 L 

of phosphate buffer at pH 6. Although 

there are many ways to prepare this buf-

fer, a commonly used approach would be 

to first add sodium hydrogen phosphate 

(Na2HPO4) to about 900 mL of water. The 

pH of this initial solution will be about 9. 

Then, we could add phosphoric or hydro-

chloric acid to the solution slowly and 

watch the pH meter, stopping the addi-

tion of acid when the meter reads 6.00. 

We could then transfer the solution to a 

1 L volumetric flask, and fill it to the mark 

with water. The focus of this article is really 

trying to answer the question, “If we make 

this buffer ten times, will we have added 

exactly the same amount of acid when we 

have stopped at pH 6.00, according to the 

pH meter?” If the answer is “yes,” then 

all is well, and we should expect simi-

lar results from LC separations involv-

ing these ten buffers. We will show that 

more often than not the answer is “no,” 

and that the extent of variation of the 

acid added from one buffer to the next 

is enough to cause measurable variabil-

ity in retention in some cases. At this 

point you may be asking yourself, “How 

can the answer possibly be ‘no’?” That 

in itself is a good question, and one that 

requires many more words than we can 

fit in this short article. We’ll come back 

to this question at the end of our discus-

sion, and suggest some reading mate-

rial for those interested in really digging 

into this more. For now, on to the data.

Experiments, 

Results, and Discussion

Dependence of Retention on 

pH for Some Probe Molecules

As a first step in this work, we set out 

to identify some simple probe mol-

ecules to use under reversed-phase 

TABLE I: Reagents added to make 0.5 L potassium phosphate buffers solutions in the
range of pH 2.8 to 3.2a. 

Mass KH2PO4 (g) Mass 85% H3PO4 (g) Expected PH Measured pH

4.083 0.75 2.80 2.84

4.083 0.67 2.85 2.84

4.083 0.60 2.90 2.92

4.083 0.54 2.95 2.97

4.083 0.47 3.00 2.94

4.083 0.43 3.05 3.04

4.083 0.37 3.10 3.12

4.083 0.33 3.15 3.17

4.083 0.30 3.20 3.12

a) The pH levels of all solutions used in this work were measured using a low sodium er-
ror glass electrode (Orion 8101BNWP ROSS Half-Cell Electrode, from Thermo Scientifi c 
(Waltham, MA), calibrated using pH 1.68 and 4.00 standards from VWR (West Chester, PA).
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FIGURE 1: Effect of eluent pH on the retention of benzoic acid under reversed-phase 
conditions. Chromatographic conditions: column, SB-C18; eluent, 10:90 acetonitrile–
phosphate buffer; temperature, 40 °C.
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FIGURE 2: Effect of eluent pH on the 
retention of probe compounds (2) 
4-aminobiphenyl, (3) n-butylbenzoic 
acid, (4) 4-hexylaniline, and (5) ethyl-
benzene. Uracil  (1) was used as a dead 
time marker. Chromatographic condi-
tions: column, StableBond C18 (50 mm 
x 4.6 mm i.d., 3.5-μm); flow rate, 2.0 mL/
min.; eluent, 40:60 acetonitrile–buffer; 
temperature, 40 °C.
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conditions, and measure the depen-

dence of their retentions on eluent 

pH. We chose one neutral molecule 

(ethylbenzene), one weak acid (butyl-

benzoic acid, pKa ~4.2), and two weak 

bases (4-hexylaniline, pKa ~4.8; and 

4-aminobiphenyl, pKa ~4.3), and used 

uracil in our test mixture as a column 

dead time marker. We then prepared 

about 500 mL each of nine potassium 

phosphate buffers with expected 

aqueous pH values between 2.80 and 

3.20, in increments of 0.05 units. The 

approach was to first add potassium 

phosphate (the same amount in each 

case, 30 millimoles), then add differ-

ent amounts of phosphoric acid as 

needed to reach the target solution 

pH, and finally add enough water to 

reach a total mass of 500.0 g. These 

amounts are shown in Table I, and 

were calculated by solving the charge 

balance equation for this system for 

the number of moles of phosphoric 

acid that was required at each pH 

level. Activity coefficients were cal-

culated using the extended Debye-

Hückel equation (6).

Using each of these buffers as the 

aqueous component of the eluent, we 

measured the retention times of the 

four probe compounds on a C18 col-
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umn. The resulting chromatograms for 

five of the buffers are shown in Figure 

2, and a plot of the retention factors of 

the three ionizable probes relative to 

the retention factor of ethylbenzene 

is shown in Figure 3. At this point we 

make two observations. First, Figure 2 

shows that the retention of ethylben-

zene is nominally independent of pH, 

as expected, allowing us to normalize 

the retention of the other three probe 

compounds to the retention of eth-

ylbenzene to minimize the effects of 

other variables such as temperature 

and organic to water ratio in the elu-

ent on these measurements. On the 

other hand, the retention of the other 

three probes all exhibit some depen-

dence of retention on pH, with the 

hexylaniline being the most sensitive 

of the three by far. Second, Figure 3 

shows that the observed retention of 

each of the three ionizable probes is 

a smooth function of the calculated 

pH. Although the exact dependence 

of retention on pH is unknown for 

these conditions, we would at least 

expect it to be a smooth relationship.

Comparison of pH Meter-Directed 

and Gravimetric Methods of 

Buffer Preparation

Now, let’s return to our question above: 

“If we make this buffer ten times, will we 

have added exactly the same amount 

of acid when we have stopped at pH 

6.00, according to the pH meter?” We 

prepared three replicates of a nominal 

pH 3 buffer as described in Table I by 

using two different methods:

A) pH meter-directed: In this case, 

we use the pH meter to decide when 

to stop adding phosphoric acid (for 

example, when the meter reads 3.00).

B) Gravimetric: In this case, we calcu-

late the amounts each reagent ahead 

of time, and repeat that recipe each 

time, only measuring the pH of the 

solution when the buffer is complete.

The nominal procedures for the 

two methods, and the amounts of 

reagents added for the six buffers 

used to obtain the data shown in Fig-

ure 4, are shown in Table II.

Figure 4 shows the mean relative 

retention of hexylaniline measured for 

six different buffers prepared by the 

same analyst, three by the pH meter-

directed method (all using the same 

meter and electrode), and three by the 

gravimetric method. The results are 

quite clear. They show that the buf-

fers prepared using the gravimetric 

method lead to much better repeat-
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FIGURE 4: Relative retention of hexylaniline (normalized to ethylbenzene) for six buffers 
prepared by the same analyst; (a) for pH meter-directed approach, and (b) for gravi-
metric approach. Chromatographic conditions are as in Figure 2. Details of the buffer 
preparations are given in Table II. Error bars represent one standard deviation for ten 
replicate injections of the probe compound with a given buffer.

TABLE II: Buffer preparation steps and amounts of reagents added for three different
replicate buffers made using the pH meter-directed and gravimetric approaches.

Buffer Number

Step pH Meter-Directed Approach 1 2 3

1
Weighed 4.0827 g KH2PO4
in a weighing boat

4.0827 g 4.0827 g 4.0827 g

2 Transferred salt to 500 mL beaker

3 Rinsed weighing vessel 4x with H2O

4 Added 450 g H2O

5 Titrated to pH 3.00 with 0.85% H3PO4 29.3 mL 26.9 mL 24.9 mL

6
Transferred solution to 500 mL volumetric 
fl ask and fi lled to line with H2O

Buffer Number

Step Gravimetric Approach 1 2 3

1
Weighed 4.0827 g KH2PO4
in a weighing boat

4.0827 g 4.0828 g 4.0827 g

2 Weighed 28.179 g 0.85% H3PO4 in a beaker 28.1727 g 28.1788 g 28.1734 g

3 Transferred salt and acid to solvent bottle

4 Rinsed weighing vessels 4x with H2O

5 Diluted up to 500 g with H2O 500.03 g 500.02 g 500.00 g

Measured pH 2.98 2.97 2.96

TABLE III: Percent relative standard devia-
tion (% RSD) of relative retention of hex-
ylaniline measured using buffers (n = 3 in
each case) prepared by four different ana-
lysts and two different methods.

Analyst

Approach

pH Meter-
Directed

Gravimetric

1 2.72 0.06

2 2.23 0.10

3 2.34 0.02

4 1.25 0.003
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ability of retention time in different buffers, relative to the 

repeatability observed for different buffers made using the 

pH meter-directed approach. These results are evidence that 

the answer to our question posed early in this article is “no”. 

In other words, the pH values reported by the meter are not 

sufficiently repeatable to guide preparation of the buffer 

when buffers of highly repeatable composition are needed.

Having settled on the protocol shown in Table II for the 

gravimetric method, three other analysts from our laboratory 

each prepared three replicate buffers using the pH meter-

directed approach, and three using the gravimetric approach. 

The results are shown in Table III, where we see that all four 

analysts were able to produce buffers that led to highly 

repeatable retention time using the gravimetric approach, 

whereas the buffers prepared using the pH meter-directed 

approach always led to much more variable retention times.

Closing Thoughts

Clearly not all work involving buffered solutions requires the 

level of repeatability in pH that we explored in this work. How-

ever, we believe these results show that, when working with 

analytes that have a significant retention dependence on pH 

of the eluent, the gravimetric approach to buffer preparation is 

worth considering seriously. Simply put, in most cases weighing 

reagents using a balance is a simpler operation than measuring 

pH using a glass electrode, and can be done with extraordinary 

precision compared to most other analytical methods. When 

the recipe for a particular buffer is known, and repeating the 

preparation of the buffer in a precise way is desirable, then 

the gravimetric approach is most precise. Readers interested 

in learning more about factors that influence the accuracy 

and precision of pH measurement at this level are referred to 

Bates’s book on the topic (7). Finally, readers interested in tools 

for calculation of buffer recipes that can be used with gravi-

metric approach are referred to free web-based tools devel-

oped by Professor Rob Beynon (https://www.liverpool.ac.uk/

pfg/Research/Tools/BuffferCalc/Buffer.html), and Professor 

Peter Carr and Aosheng Wang (http://zirchrom.com/Buffer.asp) 

It is important to recognize that the latter tool does not cor-

rect pH calculations to account for activity effects, which affect 

calculated pHs of solutions of high ionic strength and multiply 

charged buffer components (for example, phosphate at pH 7).
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Temperature Programmed GC: 
Why Are All Those Peaks So Sharp?
Temperature programming is used for most separations in capillary gas chromatography (GC) today. Despite this, 

many of the principles by which we understand temperature-programmed capillary column separations are based on 

ideas developed using packed columns and isothermal conditions. This installment of "GC Connections" dives into 

temperature programming. First, the differences in peak widths and retention times between temperature programmed 

and isothermal chromatograms are examined. Why are all the peaks so sharp in temperature programmed GC, yet they 

get broader (and shorter) in isothermal GC? Next, we explore some early ideas about temperature programming and 

peak broadening that explain why the peaks are so sharp in temperature-programmed GC, and why the peak spacing is 

different from isothermal GC. Finally, we examine an important consequence of our ability to program temperature: the 

need for temperature programming in splitless and other injections that use “solvent effects” and other peak focusing 

mechanisms. These points are illustrated using several historical figures and chromatograms from the early days of GC.

Nicholas H. Snow

Nearly every student of gas chro-

matography (GC) has seen chro-

matograms like the ones shown in Figure 

1. These chromatograms were originally 

published in 1959, in one of the first 

papers describing an apparatus for tem-

perature programming (1). Although 

developed on a handmade packed 

column with firebrick as the stationary 

phase, this work shows the same com-

parison and contrast between isothermal 

and temperature-programmed GC seen 

today. Starting from the bottom, Figure 

1c shows an isothermal separation of nor-

mal alkanes. Notice that as the retention 

times get longer, the peaks get broader, 

and the last peak appears to exhibit 

fronting. Also notice that the retention 

time difference between each peak 

appears to nearly double with each suc-

cessive alkane. The difference between 

C9 and C10 (the last two peaks) is about 

twice the difference between C8 and C9. 

Notice also that nearly 30 min is required 

to separate the six alkanes. 

This chromatogram illustrates the 

main limitations of isothermal GC. First, 

the range of analytes that can be sepa-

rated in a reasonable time is relatively 

small. Second, as the retention times 

get longer, the peaks get significantly 

broader (band broadening), and, as a 

result, they get shorter and harder to 

detect. If the peak area is constant, 

as a peak becomes broader, it must 

become shorter, limiting sensitivity. 

Third, the fronting of the later peaks 

is caused by the column temperature 

being too low for effective adsorption 

on the surface of the stationary phase. 

The liquid analyte condenses on the 

surface, causing some to be evapo-

rated into the mobile phase more 

quickly and to therefore elute too soon. 

This is a form of column overload. 

Moving up, Figure 1b shows a tem-

perature-programmed separation of 

the same mixture of n-alkanes with a 

temperature programming rate of 5 °C 

per min and Figure 1a shows the 

same separation with a rate of 30 °C 

per min. Note the significant differ-

ences from the isothermal separation. 

First, the run time is reduced from 30 

min to 10 and 5 min, respectively. Sec-

ond, the peaks are spaced evenly. The 

retention time difference between 

each successive alkane is about the 

same. Finally, all of the peaks are 

sharper (remember this was a hand-

made packed column); they appear to 

have about the same peak width and 

as a result all have about the same 

peak height, while the isothermal 

peaks get broader and shorter. 

Figure 1 raises two critical questions: 

1. Why are the retention times evenly 

spaced in the temperature pro-

grammed separation, while the 

spacing doubles from peak to peak 

in the isothermal run? 

2. Why are all the peaks sharp in the 

temperature-programmed separation, 

while the later peaks get significantly 

broader in the isothermal separation?

We will address these questions by 

drawing some simple pictures of the 

chromatographic process, followed 

http://www.chromatographyonline.com
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by descriptions based on theories 

for both isothermal and temperature-

programmed GC that were devel-

oped in the first 10 years of GC. 

For an analyte to move along a GC 

column, it must have a vapor pressure 

of at least a few torr at the operat-

ing temperature. Remember that 

this vapor pressure is affected by 

both the normal vapor pressure and 

any change resulting from interac-

tions with the stationary phase. Fig-

ure 2 shows a simplified picture of 

the inside of a capillary column, with 

the analyte molecules represented as 

dots (2). This compound has nine dots 

in the stationary phase and three in 

the mobile phase, giving a retention 

factor (k) of 3. A higher value of k indi-

cates that more of the dots, a larger 

mass of the analyte, will be in the 

stationary phase, causing the analyte 

to be retained longer. The carrier gas 

forces the three dots in the mobile 

phase to move along the column. 

When they encounter fresh stationary 

phase, their attraction to the station-

ary phase and low (but finite) vapor 

pressure cause them to condense 

onto and dissolve in this new region 

of stationary phase. In isothermal 

GC, the thermodynamics of the par-

titioning process between the mobile 

phase and the stationary phase is gov-

erned by the enthalpy of vaporization 

(the change in heat content) for the 

analyte from the stationary phase into 

the mobile phase. For the alkanes seen 

in Figure 1, the enthalpy of vaporization 

increases linearly as each -CH2- unit is 

added to the carbon chain. Through 

the Gibbs equation, which relates 

enthalpy and temperature, this results 

in an exponential increase in K and k, 

leading to an exponential increase in 

retention time. The full theory and ther-

modynamics are discussed elsewhere 

in more detail with the relevant equa-

tions (3–5).

In temperature programming, the 

column temperature usually increases 

linearly with time as the separa-

tion proceeds. This has the effect of 

increasing the vapor pressure and 

decreasing k of the analytes with time. 

From general and physical chemistry 

courses, we know that vapor pressure 

increases exponentially with tempera-

ture, with the linearized form of the 

relationship expressed by the Clau-

sius-Clapeyron equation:

[1]

where Pvap is the vapor pressure, ΔHvap 

is the enthalpy of vaporization, R is 

the gas constant, T is the temperature 

in degrees Kelvin and β is ΔS/R. Gas 

chromatographers often use a similar 

expression, the van’t Hoff equation, 

which relates the equilibrium con-

stant for a reaction and the tempera-

ture, assuming a constant change in 

enthalpy ΔH, and entropy ΔS:

[2]

where K is the partition coefficient 

which in GC is related to the reten-

tion factor (k) by the phase ratio (β), 

the ratio of the volume of the sta-

tionary phase to the volume of the 

mobile phase. In 1963, less than 10 

years after the initial inception of GC, 

Giddings provided a model for tem-

perature programming, depicted in 

Figure 3, based on the Clausius-Clap-

eyron equation, modified for the spe-

cific case of GC and on relationships 

derived previously by Dal Nogare and 

Harris and Habgood (6–9). One equa-

tion for describing temperature pro-

gramming and relating it to the same 

thermodynamic quantities as seen in 

isothermal GC, derived by Harris and 

Habgood is seen in equation 3:

(a)

0

0

0

2

21

3

3

6

4

8

8 16 24 32

2 MV.

4 MV.

5

10D
E
T
E
C

T
O

R
R

E
S
P
O

N
S
E

(b)

(c)

FIGURE 1: Temperature-programmed and isothermal chromatograms of a C5–C10 al-
kane mixture. The temperature program in (a) is 30 °C per minute starting at 40 °C and  
in (b) is 5 °C per minute starting at 40 °C, and (c) is isothermal at 75 °C. Reproduced with 
permission from Reference 1, copyright 1959, American Chemical Society.

FIGURE 2: Simplifi ed picture of analyte partitioning in a capillary GC column. Analyte 
molecules are represented by dots. There are nine dots in the stationary phase and 
three in the mobile phase, giving k = 3. Reprinted from Reference 2 with permission of 
the author. 
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T
∫

α

e
β

R dT Rate=
To t

M
(T) 1+ ( ( ) )∆H/RT [3]

where To is the initial temperature 

of the temperature program, TR is 

the elution temperature of the ana-

lyte, tM(T) is the gas hold-up time at 

temperature T, α = ΔS/R, and β is 

the column phase ratio. Rate is the 

slope (°C/min) of the linear tempera-

ture program. Equation 3 must be 

solved numerically for the second 

integration constant, which provides 

the elution temperature of the ana-

lyte (easily translated into retention 

time using the starting temperature 

and programming rate), and provides 

the basis for several of the computer 

simulation programs for GC that have 

been developed over the years (10,11). 

For computer simulations of GC, ΔH

and ΔS are easily measured and have 

been termed thermodynamic reten-

tion indices (12). With knowledge of 

these for a given analyte and station-

ary phase, and equation 3, it is pos-

sible to predict the retention time of 

any analyte on that same stationary 

phase under any conditions. 

In Figure 3, the exponential curve 

describes the rate of zone or peak 

migration as the column temperature 

in increased. This exponential curve 

resembles a vapor pressure curve, 

and can be approximated as such, 

with the addition that acceleration of 

the analyte along the column is faster 

than predicted by vapor pressure 

alone, due to expansion of the carrier 

gas as it travels from the higher pres-

sure at the column inlet to the lower 

pressure at the outlet. This demon-

strates that, as the column tempera-

ture is increased, the peak acceler-

ates as it simultaneously travels along 

the column, because its vapor pres-

sure increases and the carrier gas is 

expanding inside the column as it 

flows from the inlet to the outlet. 

In order to simplify the model, the 
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FIGURE 3: Step function approxima-
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exponential curve is broken up into 

six 30 °C steps, a so-called “step 

approximation” for temperature pro-

gramming. As seen in Figure 3, with 

temperature programming condi-

tions, in contrast to isothermal condi-

tions, analytes move slowly when first 

injected, and accelerate exponentially 

as the temperature is increased and 

the chromatographic run proceeds. 

This exponential acceleration has the 

practical effect of linearizing the rela-

tionship between carbon chain length 

and retention time for the n-alkanes, 

as seen in Figure 1. 

As an example of using the step 

approximation, Giddings described a 

temperature program from 85 to 265 °C, 

with the steps being six 30 °C inter-

vals. He demonstrated that 50% of 

a peak’s migration down the column 

occurs in the final 30-degree segment. 

In short, the peak travels about half of 

the column length in the last 1/6 of the 

retention time, and about 3/4 of the 

column length in the last 1/3 of the 

total retention time. Likewise, at the 

beginning of the run, the peak travels 

about 1/64 of the column length in 

the first 1/6 of the retention time, and 

about 3/32 of the column length in the 

first 1/3 of the retention time. 

From this discussion, we see that 

retention times in temperature-pro-

grammed GC are based on the same 

thermodynamic quantities as in iso-

thermal GC. However, in tempera-

ture programming, in contrast to iso-

thermal conditions, the relationship 

between the enthalpy of vaporization 

and the retention time becomes lin-

ear, due to the linear increase in tem-

perature giving rise to an exponential 

increase in vapor pressure, as seen in 

the Clausius-Clapeyron equation, or 

in K as seen in the van’t Hoff equa-

tion. This explains the first aspect of 

the temperature programmed chro-

matogram seen in Figure 1: Alkane 

peaks are evenly spaced.

Turning to the second observation 

about Figure 1, that all of the peaks 

in the temperature-programmed run 

are of similar width, the step approxi-

mation can help explain that, as well. 

Giddings developed the step approx-

imation so that the six segments 

could be further approximated as iso-

thermal segments at the mean tem-

perature of the segment. This allows 

us to think about each segment as a 

single isothermal portion of the run, 

and to apply the Golay equation, 

shown below in abbreviated form, to 

the conditions in each segment: 

H = B +(C
s
 + C

M
)

u

u [4]

where H is the height equivalent to 

a theoretical plate, B is related to 

solute diffusion rates in the mobile 

phase, CS and CM are related to mass 

transfer rates in the stationary and 

mobile phases, respectively, and u–  is 

the average velocity of the carrier gas. 

A full explanation of the Golay equa-

tion and the principles related to the 

kinetics of band broadening is pro-

vided in References 4 and 5. The Golay 

equation reminds us that the rate of 

band broadening (expressed by H, 

the height equivalent to a theoretical 

plate) is a consequence of diffusion in 

the mobile phase, mass transfer in the 

mobile phase, and mass transfer in the 

stationary phase, as well. Simplified 

views of diffusion and mass transfer 

are shown below in Figure 4.

From the Golay equation, we see 

that band broadening caused by dif-

fusion in the mobile phase, illustrated 

in Figure 4a, is inversely related to 

the average linear carrier gas veloc-

ity. Using the step model, we see that, 

in the first segments immediately fol-

lowing the injection, the bulk of ana-

lyte molecules reside in the stationary 

phase, so they are not affected much 

by mobile phase diffusion. As the 

separation proceeds in the later seg-

ments, the bulk of analyte molecules 

are in the mobile phase, and mov-

ing very rapidly as they approach the 

column outlet. This minimizes band 

broadening due to molecular diffu-

sion, because of the inverse relation-

ship with the carrier gas velocity. 

Next, we turn to band broaden-

ing due to mass transfer, which is 

somewhat more complicated, but 

can be explained using similar logic. 

In capillary columns, there are terms 

(a)

Flow
Mobile
Phase

Stationary
Phase

(b)

FIGURE 4: Diffusion and mass transfer in a capillary column: (a) molecular diffusion oc-
curring in the mobile phase and relating to the B term in the Golay equation; (b) mass 
transfer occurring in both the mobile and stationary phases and referring to the C terms 
in the Golay equation.
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related to mass transfer in both the 

mobile and stationary phases. In this 

case, the rate of band broadening 

is directly proportional to the aver-

age velocity of the carrier gas, and is 

related to k and the respective mobile 

phase and stationary phase diffusion 

constants, illustrated in Figure 4b. On 

the left side of the figure, a symmetri-

cal peak with k = 3 is shown, with its 

relative portions in both phases. On 

the right side of Figure 4b, the peak is 

seen to distort, or spread, caused by 

the mass in the mobile phase being 

shifted down the column (to the right 

in the figure), followed by the result-

ing evaporation of new analyte on the 

left of the figure. 

The step approximation is useful 

here, as well. In the early steps, with 

the bulk of analyte molecules in the 

stationary phase, mass transfer is lim-

ited by the low temperature at the 

start of the temperature program. 

The analyte band is essentially “fro-

zen” in place. In later segments, when 

the bulk of the analyte molecules are 

in the mobile phase, the time spent to 

traverse 50% of the column is short—

1/6 of the total retention time—limit-

ing the effect of mass transfer in the 

mobile phase. For mass transfer in 

the stationary phase, k gets smaller 

as the temperature increases, push-

ing the analyte more and more out of 

the stationary phase into the mobile 

phase, also limiting stationary phase 

mass transfer. In short, the narrow 

initial band, once it starts to move, 

accelerates and moves very quickly 

along most of the column length, min-

imizing the time for significant mass 

transfer as it is moving. The Golay 

equation and the step approximation 

together explain why the peaks are 

all sharp and about the same width in 

temperature-programmed GC. 

The step approximation also pro-

vides a useful explanation for many 

practical aspects of temperature- 

programmed GC beyond the appear-

ance of the chromatogram in Figure 1. 

Best practice in performing splitless 

injections provides a good example. 

The basics of splitless injection were 

recently reviewed in this column, and 

are the subject of an excellent review 

and book by Konrad Grob, so they 

will not be reviewed again in detail 

here (13–15). For this discussion, the 

important principles in splitless injec-

tions are that the injection process 

itself may require up to 60 s to com-

plete, and splitless injection is always 

used in combination with tempera-

ture programming. Despite the long 

time required for the injection pro-

cess, the peaks seen in separations 

that employ splitless injection are 

often very sharp. The step model of 

temperature programming can help 

to explain this phenomenon. 

In a splitless injection, there are two 

peak focusing mechanisms at work 

once the sample reaches the column: 
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solvent effects, and thermal focusing 

or “cold trapping”. The step approxi-

mation explains how both can work in 

combination with temperature pro-

gramming to generate sharp peaks. 

First, assume a splitless injection in 

combination with a temperature pro-

gram that starts at a temperature well 

below the boiling point of the sample 

solvent, and even further below the 

boiling points of the analytes. For 

example, if using hexane as solvent, 

which has a normal boiling point of 

68  °C, I start my temperature pro-

grams at 40 °C. As the sample and sol-

vent transfer into the column, the low 

initial column temperature causes the 

solvent to condense as a long plug 

of liquid at the head of the column. 

Analytes with higher boiling points or 

strong affinity for the stationary phase 

will be strongly retained by the sta-

tionary phase. This is cold trapping.

Analytes with lower boiling points or 

stronger affinity to the solvent will be 

initially retained in the solvent plug, 

followed by retention as a narrow 

initial band on the stationary phase 

as the solvent evaporates. This is the 

solvent effect. A detailed description 

of solvent effects is provided in the 

text and article by Grob (14,15) 

The step approximation applies to 

splitless injections whether the peaks 

are refocused by solvent effects or by 

cold trapping. All the peaks are broad-

ened as the splitless injection process 

proceeds during the initial purge-off 

time, with the peak width determined 

by the length of the purge-off time. 

The cold initial column temperature 

effectively condenses the analytes into 

a narrow band at the column head. As 

the column is heated, the analytes 

begin to move down the column one 

by one, determined by their heat of 

vaporization from the stationary phase 

to the mobile phase. The process is 

similar for solvent effects, except that 

the initial bands are focused by evapo-

ration of the solvent plug during the 

early stages of the separation. As an 

example, picture two analytes, one 

with a retention time of 12 min, and 

one with a retention time of 18 min. 

When the first analyte elutes after 12 

min, the second analyte will have trav-

eled about 1/4 of the column length. 

It will travel the final 3/4 of the col-

umn in the remaining 6 min. As dis-

cussed above, this process of refocus-

ing, either by cold trapping or solvent 

effects, followed by temperature pro-

gramming, keeps all of the peaks in a 

splitless injection sharp. 

Temperature-programmed GC has 

been in common use for about six 

decades, and continues to be among 

the most powerful, yet easy to use, 

high resolution separation methods 

available. However, much of the the-

ory of GC was developed assuming 

isothermal conditions, and continues 

to be discussed on that basis. The the-

ory of temperature-programmed GC 

is much more complex than for iso-

thermal GC, but is still based on the 

same fundamental thermodynamic 

and kinetic principles. In temperature-

programmed GC, retention time 

relates linearly to the enthalpy of 

vaporization, while in isothermal GC 

the relationship is exponential. Com-

bined with the high temperature sta-

bility of columns, this allows a wide 

range of analytes to be separated in a 

single run. The temperature-program 

step approximation provides a simple 

means for understanding how the 

peaks in temperature programmed 

GC remain sharp throughout the 

run, based on acceleration of the 

migration rate along the column as 

the temperature program proceeds. 

These principles make temperature-

programmed capillary GC still the 

most powerful chromatographic sep-

aration technique available today. 
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Environmental Method Development: 
Key Challenges and Unmet Needs
Whether working in commercial environmental laboratories or academia, many analytical chemists agree that 

the number and variety of pollutants requiring analysis today is straining the capabilities of current methods 

and technologies, the introduction of new standard methods is far too slow, and the community sorely needs 

a system by which new and up-to-date methods are more easily developed, shared, and adopted. These issues 

were all raised in some recent LCGC roundtable discussions.

Michael MacRae

I n February 2019, the U.S. Environ-

mental Protection Agency (EPA) 

unveiled (1) a comprehensive plan 

to deal with one of today’s most per-

sistent and pervasive classes of pol-

lutants: per- and polyfluoroalkyl sub-

stances (PFAS). Used since the 1940s 

in a vast array of industrial and con-

sumer products, including food pack-

aging, firefighting foams, and fabric 

protectants, PFAS has been shown in 

laboratory studies to be associated 

with reproductive and developmental 

problems, liver and kidney function, 

immunological effects, and cancer. 

Among other actions, the EPA plans 

to develop new tools to character-

ize PFAS in the environment, and to 

set maximum levels for two common 

PFAS chemicals—perfluorooctane 

sulfonate (PFOS) and perfluoroocta-

noic acid (PFOA)—in drinking water.

The new EPA policies build on 

the agency’s 2018 expansion of its 

Method 537 (2,3), which specifies the 

use of solid-phase extraction (SPE) 

and liquid chromatography–tandem 

mass spectrometry (LC–MS/MS) for 

the determination of PFAS in drinking 

water. The changes reflect a move to 

regulate a wider range of PFAS com-

pounds, including so-called GenX 

chemicals and other newer products 

developed to replace specific PFAS 

compounds no longer on the market.   

Although some environmental activ-

ists have welcomed the plan as a step 

in the right direction, the PFAS story 

is emblematic of a larger challenge 

facing today’s environmental labora-

tories. Tens of thousands of chemicals 

of emerging ecological concern are 

released into the environment daily, 

posing a daunting array of scientific 

and regulatory issues for analytical 

chemists working in testing labora-

tories, academia, and the scientific 

instrument manufacturing industry. 

New findings about the health impacts 

of compounds such as glyphosate-

based herbicides, microplastics, and 

dioxane are currently making head-

lines. The myriad of largely undis-

closed chemicals used by the oil and 

gas industry in hydraulic fracturing 

(“fracking”) are a source of ongoing 

public controversy. Meanwhile, a large 

class of persistent organic compounds, 

including dichloro-diphenyl-trichlo-

roethane (DDT) and polychlorinated 

biphenyls (PCBs), continues to cycle 

through the environment, appearing 

decades after the compounds were 

last manufactured. Whether working 

in commercial environmental labora-

tories or academia, many analytical 

chemists agree that the number and 

variety of pollutants requiring analy-

sis today is straining the capabilities 

of current methods and technolo-

gies, the introduction of new standard 

methods is happening far too slowly, 

and the community sorely needs a 

system by which new and up-to-date 

methods are more easily developed, 

shared, and adopted. These issues 

were all raised in some recent LCGC

roundtable discussions. This report-

ing on trends in environmental analy-

sis was underwritten by GE Healthcare.

Regulatory Ambiguity

Testing laboratories are often unsure 

of which regulatory statutes apply to 

certain sample types, says William 

A. Lipps, the chief science officer at 

Eurofins Eaton Analytical (Monrovia, 

California). For example, although the 

existing EPA guidelines for PFAS anal-

ysis in drinking water take the guess-

work out of that particular application, 

the guidelines do not address one of 

the largest sources of PFAS contami-

nation: wastewater. “As far as I know, 

there’s really no activity to make a 

method for wastewater,” said Lipps.

http://www.chromatographyonline.com
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Lipps says that with more than 6000 

known PFAS compounds in the envi-

ronment, more up-to-date methods 

could help laboratories face an array 

of tough questions: “Who knows 

which ones to look for? How do you 

run them? Do you use this column or 

that column? This mobile phase or 

that mobile phase? Is it an ion? Is it 

an organic? At commercial laborato-

ries, we don’t really have time to deal 

with that stuff anymore.”

PFAS compounds as a class com-

prise molecules across a wide size 

range, and the challenge of select-

ing the appropriate chromatographic 

technique is yet another conse-

quence of the lack of PFAS standards, 

says Kevin Schug, the Shimadzu Dis-

tinguished Professor of Analytical 

Chemistry at the University of Texas 

at Arlington. “If you look at the thou-

sands of variants of these PFAS com-

pounds, you’re talking about small 

molecules that are easily LC-able, 

and then [on the other end], you have 

really big polymeric species,” he said. 

“There are very different analytical 

challenges with characterizing those 

and—again—there are no standards.”  

Similar ambiguity surrounds the 

selection of analytical methods for 

recycled water: processed wastewa-

ter that is increasingly being used in 

agriculture, landscaping, and other 

applications that increase the risks 

of human exposures to hazardous 

pollutants. In principle, Lipps notes, 

recycled water could fall under either 

wastewater or drinking water regu-

lations, but there are consequences 

of the choice, and important impli-

cations for which methods would be 

used and how the laboratory would 

apply quality control. “Wastewater 

methods allow you to make some 

modifications, but drinking water 

methods don’t,” he explained. “If 

there’s significant turbidity, the drink-

ing water method won’t work. You’re 

probably going to need a combina-

tion of both, but there’s really no EPA 

statute that handles recycled water as 

it is.”

Laboratories working to measure 

the environmental impact of fracking 

chemicals face special challenges, due 

to the large array of chemicals cur-

rently in use by the oil and gas industry, 

most of which are not publicly reported 

because they’re part of proprietary pro-

cesses. “Even the oil and gas operators 

don’t know exactly what they’re using, 

in some cases,” Schug adds. 

One of the many issues is that there 

are a lot of different chemicals being 

used, in extremely high volumes, to 

stimulate the ground when compa-

nies are trying to extract oil and gas. 

“There’s the potential for waste to be 

mishandled and to touch the environ-

ment, to get into drinking water and 

groundwater,” said Schug. “There’s 

not the kind of EPA standard methods 

to look at water quality through the 

lens of all those different chemicals.” 

Lipps agrees. “Nobody knows 

what they’re sticking down that hole, 

and they’re not going tell anybody, 

because it’s proprietary,” he said. 

“And so [fracking involves] all these 

different compounds. We have no 

methods for them. We don’t know 

what they are.”

Industry’s response to the regula-

tion of certain toxic compounds is 

often to develop chemically similar 

variants that offer similar performance, 

but sidestep existing regulatory stat-

utes. The manufacturer creates a new 

compound that does the same job 

as the original substance, but has an 

unknown toxicity profile. “It’s almost 

like a designer street drug type of 

situation,” Schug remarked.

These issues underscore the con-

cern raised by many environmental 

chemists that the EPA’s development 

of new methods has simply not kept 

pace with the dramatic changes in 

the volume and variety of pollutants 

needing analysis. They say that the 

agency’s methods are largely focused 

on compounds that are no longer 

manufactured, and, that when the 

EPA does develop a new method, it 

often is based on the capabilities of 

outdated analytical equipment. 

“The EPA methods were written for 

priority pollutants, like organochlorine 

pesticides, or organochlorine solvents,” 

Lipps said. “We’re sitting around moni-

toring things that were banned 40 years 

ago, and yet there are absolutely no 

methods for the new things that are 

coming out. EPA just doesn’t move fast 

enough.” And by the time the agency 

does release a new method, he added, 

it may have been developed on a piece 

of equipment that may be more than a 

decade old.  

Jennifer Field, a professor in the 

Department of Environmental and 

Molecular Toxicology at Oregon 

State University (Corvallis, Oregon), 

said that, although she isn’t required 

to follow EPA methodology in her 

research, she also believes that exist-

ing EPA methods often call for the 

use of older techniques that add 

complexity to the analytical process 

without substantially improving per-

formance. “PFAS is where my labora-

tory spends 99% of its time now, so 

we’re watching the development of 

EPA methods,” she says. “EPA meth-

ods tend to be lagged in time, tech-

nology-wise.” 

Field points to the mandated use of 

SPE in many EPA methods as a prime 

“We’re sitting around monitoring things 
that were banned 40 years ago, and yet 
there are absolutely no methods for the 
new things that are coming out.” 
William A. Lipps, 
Chief Science Officer, 
Eurofins Eaton Analytical
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example of the agency’s adherence 

to older technologies that may not 

be necessary or even appropriate. “I 

personally want to see the use of SPE 

decline,” she stated. “It’s really not 

necessary for so many applications. 

I think SPE has a history and [exists 

for] a reason, but there are a lot of 

problems that come with it, in terms 

of cost, time, and waste.”

Field considers SPE a “crude tool,” 

that requires inordinate amounts of 

time, labor, and sample matrix to 

obtain just the few microliters needed 

for analysis. “People have been told 

from infancy that SPE protects columns 

and mass spectrometers. I haven’t had 

an application yet where that’s true,” 

she said, citing her laboratory’s alter-

native practice of using the mass spec-

trometer’s divert valve to eliminate salts 

and other components that are eluted 

prior to the analytes of interest. “I get 

the same functionality with much better 

control and resolution [than with SPE]. If 

you know your LC instrument very well, 

you can essentially achieve everything 

for water samples you can achieve with 

SPE. It’s greener, faster, there’s less 

labor, there are fewer problems with lot 

changes, and you just have much finer 

control. But this is a hard sell.”

Lipps shares Field’s concerns about 

SPE, but says he has no choice other 

than to use it. “As a commercial lab, 

we’re stuck with it, especially for 

drinking water. There’s really no rea-

son for it, but we have to do it. So, we 

take an analysis that is maybe 15–30 

minutes per sample on the instru-

ment, and we add four hours to a day 

of sample preparation to it.”

Filling the 

Method Development Void

Academic environmental laboratories 

and volunteer organizations, such as 

American Society for Testing and Materi-

als (ASTM) International, are positioned 

to fill the void in analytical method 

development. However, many chemists 

say that it’s difficult to secure the time, 

resources, and human capital for a task 

that is typically under-valued inside an 

organization, and under-utilized by the 

chemistry community at large. 

“Developing methods for wider use is 

kind of the goal,” said Sascha Usenko, an 

associate professor in the Department of 

Environmental Science at Baylor Univer-

sity (Waco, Texas). “But with the varia-

tions in approaches and technologies—

which are somewhat competitive—it’s 

kind of hard to get even a good method 

broadly accepted.”

Field agrees that academic laborato-

ries face barriers in transferring methods 

to the broader community and com-

mercial environment. “For example, our 

main vector is to put papers in peer-

reviewed journals,” she said. “But not 

everybody outside academia has sub-

scriptions to those, nor wants them.” The 

open-source vehicles for disseminating 

methods might facilitate more efficient 

technology transfer, she added.  

As a contract laboratory scientist who 

also serves as a volunteer chairman of 

ASTM International’s Committee D19 on 

Water, Lipps views the issue of standard 

method development from a unique van-

tage point. “ASTM is all-volunteer, so the 

speed at which we can bring a method 

forward is based on the speed of the 

volunteers and the voting process,” he 

explained. “We’ve had some methods 

go through in as fast as a year, and oth-

ers take five years.” Finding qualified vol-

unteers willing to sign on for the tedious, 

time-consuming work of ASTM method 

development is no small task, he 

added. “For the most part, it’s roughly 

20 or 30 people in the United States 

doing all the methods being devel-

oped at ASTM,” he said. “There is just 

not that much interest. It’s hard, it’s a 

challenge, it takes a lot of time. And it’s 

a very expensive endeavor.” 

Lipps said that the environmental anal-

ysis community is reluctant to adopt non-

EPA methods, even though the agency 

recognizes many standards developed by 

others. He cited past efforts to develop 

three EPA-approved ASTM methods for 

cyanide that significantly reduced sample 

preparation time. “Roughly eight years 

after the fact, I only know of two labora-

tories that are running one of them,” he 

said. “You would think that commercial 

laboratories would jump at this, but the 

adoption is almost nothing.” 

ASTM has developed “probably 

about 10 LC–MS/MS methods that don’t 

use SPE…[for] polar pesticides, herbi-

cides, other organic compounds like 

glycols—those are the types of meth-

ods we’re developing at ASTM that do 

a modified form of direct injection LC–

MS/MS,” Lipps added. “They are pub-

lished. They are standardized. And the 

world just absolutely rejects them.” 

A fundamental challenge for academ-

ics who seek to spend time or money on 

method development is the widespread 

lack of appreciation for the complexity 

of the method development process 

itself. “In the environmental world, a lot 

of my colleagues and collaborators are 

engineers,” Field remarked. “They just 

want you to measure stuff. They think 

these methods grow on trees. They 

don’t realize that method development 

is a whole discipline that requires a very 

systematic validation for each matrix of 

interest. The time and effort are sim-

ply undervalued by everybody except 

an analytical chemist.” As a result, she 

continued, academic chemists are 

rarely able to secure funding specifically 

for the time and materials required to 

develop new methods, and often end 

“Even the oil and gas operators don’t 
know exactly what they’re using, in 
some cases.” 
Kevin Schug, 
Professor of Analytical Chemistry, 
University of Texas at Arlington 
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Flash Chromatography: 
Discover What’s New 
in an Old FieldA Q&A

Dr. J Preston, PhD  
Manager, Applications Laboratory 
Global Product Manager for Chiral, 

Prep, Bulk and Flash Products  
Phenomenex

What makes Flash a power purification 

technique for several industries?

F 
lash has been around for decades and its primary use has been in pharmaceutical 

drug discovery R&D. When an organic chemist or medicinal chemist synthesizes a new 

drug candidate molecule, the compound of interest must be “cleaned up” or purified 

before it can be further studied and evaluated. The crude reaction mixture is typically passed 

through a flash chromatography column and the pure drug compound is isolated by selective 

elution. If you have ever taken a prescription medication, the chances are very high that flash 

chromatography was used at some point in the research and development of that drug.

So, even though flash is an “old” chromatography, it is still the primary purification technique 

used in the pharmaceutical R&D enterprise because it is fast (Flash!), easy to use, and versatile. 

Because of these characteristics, flash chromatography is also finding use in the purification 

of natural products and is being used to isolate and purify cannabinoids for use in edible 

products.

LCGC recently spoke with Dr. J Preston, PhD, manager of the Applications Laboratory 

and Global Product Manager for Chiral, Prep, Bulk, and Flash products, at Phenomenex 

about where flash chromatography fits in the scope of purification solutions, the advanced 

technologies of flash chromatography, and tips and techniques for flash product selection.

LCGC: How would you compare flash 
chromatography today to previous 
years?
Dr. J Preston: Flash chromatography is one 

of the oldest versions of chromatography, 

dating back more than 100 years. It has 

been updated and modified over the years, 

but the current version is a breakthrough 

from previous versions. Before, flash chro-

matography was a low-pressure gravity-fed 

system; now, instrumentation pumps the fluid 

through the flash cartridges. You no longer 

have to hand-pack glass columns. You 

can now use pre-packed plastic cartridges, 

which are faster, more convenient, and more 

reproducible. This change allows for better 

chromatographic media to be packed into 

each cartridge/column, which produces 

better results.

LCGC: How do these advantages affect 
how flash chromatography is used in 
purification?
Preston: In purification, flash chromatog-

raphy is now a mainline tool that produces 

a high-quality material. It can also be used 
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to clean up very dirty samples that would then be used by 

more high-powered purification techniques.

LCGC: What are the advantages of using flash chroma-
tography compared with prep or similar techniques?
Preston: One advantage of flash chromatography is that 

it typically utilizes a pre-packed, disposable column. You 

can put some of the dirtiest syn-

thetic mixtures or natural product 

extracts onto the column and 

subsequently receive reasonably 

pure or highly pure material without 

worrying about the cost related to 

an expensive prep column.

In addition, the instrumenta-

tion to use flash chromatography 

can be simpler and the cost of 

those instrumentations is more 

affordable.

LCGC: What are some popular applications for 
Phenomenex ClaricepTM Flash columns?
Preston: The Claricep flash product line includes a range 

of standard cartridges that can be used in all the normal 

organic methodology, whether in early development or a 

specialty chemical area. Additional development of newer 

reversed phase and hydrophilic interaction liquid chromatog-

raphy (HILIC) stationary phases has helped align the product 

line for purification of peptides, natural products, and other 

industries.

Continuous innovation within the Claricep brand has lead 

to the availability of both irregular and spherical particle mor-

phologies, a large range of stationary phases, many particle 

size offerings and media that has been base deactivated to 

increase inertness.

LCGC: What are the emerging industries for flash 
chromatography?
Preston: The cannabis industry is interested in using flash 

chromatography for isolating desired components and for 

removing some of the impurities, solvents, pesticides, and 

fungicides that go into the production.

Another emerging industry for flash chromatography has 

been the peptide industry, which 

has traditionally depended on low-

pressure, large-scale purification. 

They have recently found that flash 

fits nicely as a quick purification tool, 

especially because of the availability 

of pre-packed reversed-phase 

cartridges.

Historically, flash chromatography 

only focused on normal phase chro-

matography, but with pre-packed 

cartridges and better instrumenta-

tion, both HILIC and reversed-phase 

are becoming more popular.

LCGC: Who is currently using flash chromatography?
Preston: We are having a hard time finding places not using 

flash chromatography. Pharmaceutical companies, universi-

ties, peptide companies, the cannabis industry, and natural 

product isolation groups all use flash chromatography. The 

key has been the advancement of both instrumentation 

and pre-packed plastic bodies for flash chromatography 

cartridges that has allowed the technique to become wide-

spread in many industries.

The instrumentation has pushed flash chromatography 

into a much wider realm and made it a legitimate step in the 

purification process.

“The instrumentation has 

pushed flash chromatography 

into a much wider realm and 

made it a legitimate step in the 

purification process.”
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up doing the work while in the process 

of performing other funded studies. 

Technological Challenges

Many environmental chemists also say 

they feel current analytical technologies 

do not adequately meet their current 

needs, although they cite a wide variety 

of reasons for that view. Many environ-

mental chemists share the perception that 

innovation in environmental analytical 

instrumentation and methods has lagged 

behind the more lucrative pharmaceutical 

and life science markets. Other scientists, 

typically those working in unregulated 

academic laboratories, seek instrumenta-

tion for highly specific, complex measure-

ments that aren’t possible with standard 

commercial systems. Furthermore, for 

many laboratories across the spectrum 

of environmental analysis, advanced 

instrumentation and the skilled personnel 

required to operate it to its full potential 

are economically out of reach.

Lipps, who formerly worked in market-

ing and product management for several 

instrument manufacturers, described 

something of an innovation stalemate 

in the environmental sector. Instrument 

manufacturers are hesitant to spend 

money to develop a new technology 

for environmental applications because 

the EPA continues to base its methods 

on older technologies, and laboratories 

are reluctant to buy new instrumentation 

unless it is specifically blessed by EPA-

approved methods.  

Usenko said that if laboratories 

can’t afford to acquire the technolo-

gies they need, they have to “ask dif-

ferent questions, based on the tech-

nology they have in hand.” He said 

that he personally devotes significant 

time and money to modifying instru-

ments to achieve desired measure-

ments. “For my proton-transfer reac-

tion (PTR) MS system, I actually built a 

cold trap system so I could reduce the 

amount of moisture” when measur-

ing compounds like formaldehyde in 

atmospheric samples. “All of a sudden, 

I’ve got to put a $50,000 modification 

onto that instrument—and that’s just 

me building stuff.”

Laboratories that do manage to 

acquire advanced instrumentation, such 

as high-resolution mass spectrometers 

for chromatographic analysis, can feel 

hindered by the incompatibility of the 

various manufacturers’ proprietary data 

platforms. Field said in the case of her 

laboratory’s recent purchase of a quad-

rupole time-of-flight (Q-TOF)-MS system 

intended to be used in collaboration 

with another laboratory, the decision 

was based more on the need to share 

data than on the capabilities of the data 

collection hardware. “There are people 

trying to fix that with independent pro-

grams and ways to translate files so they 

are comparable, but it’s not routine and 

not commercially available yet, to my 

knowledge,” she remarked.

Role of Untargeted Analysis

Advances in full-scan mass spectrometry 

in recent years have enabled analytical 

chemists to determine large numbers of 

substances in a variety of sample types 

without knowing in advance what they 

were looking for. Untargeted analysis 

also enables users to search stored data 

from previous samples for the presence 

of compounds of emerging interest. The 

environmental analysis community seems 

to be gradually moving in the direction 

of untargeted analysis, although the 

change isn’t happening overnight.

“There’s absolutely a wave in that 

direction,” Field stated. “The amazing 

power—and the challenge, resource-

wise—is in the reduction and analysis of 

the data. The files are huge. They collect 

everything all the time.” Advanced tools 

like Q-TOF, she said, can determine tar-

geted analytes, suspected compounds of 

interest, and complete unknowns. “The 

instrument has all these capabilities,” she 

said, “but the magic and the mystery and 

the challenge is dealing with the data. 

There’s tremendous strength and power, 

but it’s going to require a very talented 

workforce. It’s going to take very expen-

sive instrumentation. It takes faster com-

puters just to deal with it. And, of course, 

data storage is a monster. The regulatory 

world isn’t even close to dealing with 

things for which there are no standards—

which is where this instrument shines.”

Lipps agrees. “In my opinion, there’s 

a very big demand to do untargeted 

testing, but it takes somebody that 

really, really knows what they’re doing to 

ensure the resulting data is actually use-

ful,” he said.

Sample Preparation Issues

Problems with sample collection, prepa-

ration, and introduction are perpetual 

challenges in environmental analysis, 

and account for the vast majority of 

errors. Sample preparation is a compli-

cated, and often tedious, step in the 

experimental process that many experi-

enced chemists take pains to avoid, and, 

like method development, the time and 

expertise required for efficient sample 

prep is rarely appreciated by colleagues 

from other disciplines.  

Despite these challenges, not every-

one dislikes this part of the analytical 

process. “I enjoy sample prep” admit-

ted Usenko. “There’s a lot of opportunity 

within sample preparation to improve 

your overall analytical throughput, where 

you have less instrument downtime 

because the bulk of the heavy lifting is 

done with sample prep.”

“In the environmental world, a lot of 
my colleagues and collaborators are 
engineers. They think these methods 
grow on trees. They don’t realize that 
method development is a whole discipline 
that requires a very systematic validation 

for each matrix of interest.”

Jennifer Field, 
Professor of Environmental 
and Molecular Toxicology, 
Oregon State University 
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Field has taken the opposite approach 

in her lab. “I have dumped as much sam-

ple prep as I humanly can,” she said. “Our 

lab hasn’t run SPE for anything through an 

LC–MS in probably 12 years.”

Nevertheless, laboratories using EPA 

methods are routinely required to per-

form SPE before analysis, adding to the 

sample handling complexity of analyzing 

samples like those containing PFAS-con-

taining substances. PFAS samples typically 

contain high concentrations of suspended 

particulate matter and organics that can 

clog SPE columns and cause matrix effects. 

Removal of suspended solids before 

extraction using conventional filtration can 

absorb analytes of interest, contaminate 

the sample, and results in the determina-

tion of only the dissolved fraction of the 

sample. 

EPA methods mandate other sample-

handling procedures that cause headaches 

for contract laboratories. For example, 

according to EPA methods, PFAS samples 

cannot be held for more than two weeks 

before analysis. “The PFAS has been out 

in the environment for 20 years and hasn’t 

changed,” Field said. “But contract labora-

tories are stuck with a lot of things that are 

mandated for which there just simply isn’t 

any scientific basis. As an academic, I would 

love to create methods for that community, 

yet these laboratories are constrained.”

Potential Solutions

Acknowledging his bias as an editor of 

ASTM standards, Lipps believes closer 

collaboration between the EPA and 

ASTM would help method develop-

ment proceed more quickly. He gets the 

impression that the EPA is reluctant to 

share information with volunteer consen-

sus bodies, because of legal or other con-

cerns. He says EPA worked much more 

closely with organizations like ASTM in 

the 1980s and 1990s, but those close col-

laborations aren’t as common anymore.

“It would really help if [academics] were 

able to get their methods out there a little 

bit quicker and EPA could just adopt them 

or post them in the Federal Register and 

say, ‘These things are allowed,’” As it is, he 

stated, contract laboratories are unable to 

use methods unless they first appear in the 

Federal Register. “People at universities 

develop methods, and we just can’t use 

them. Even though we know we’re going 

to get the right number with it [a new 

method], it doesn’t matter. We know that 

we might be reporting the wrong num-

ber [by using an outdated but approved 

method], but that doesn’t matter. The 

wrong number is EPA-approved, so that’s 

what we report.”

From the academic perspective, Usenko 

believes policy-makers, regulators, and 

research funders must return to the idea 

that investing in new technologies and 

method development work is worth tax-

payer dollars. “There are always going to 

be new threats or new issues, but if we 

want to do the best for environmental and 

human health, it’s a worthwhile investment.”

Another step forward—although “a bit 

of a pipe dream”—said Field, would be for 

the United States to follow the European 

Union’s lead in requiring manufacturers to 

disclose more data (and analytical meth-

ods) about their new compounds before 

they are permitted to market them. “One 

of my beefs,” she said, “is that I get fed-

eral dollars to reverse-engineer proprietary 

formulations that were released on a large 

scale to the environment. Taxpayers are 

getting hit over and over again in this coun-

try to pay for solving problems they didn’t 

create. This is how you basically let industry 

slide on their responsibilities toward envi-

ronmental stewardship and public health.”

Future Outlook

Environmental chemists may face some 

significant challenges, but the next gen-

eration of environmental chemists is a 

source of optimism that things will get 

better. “There’s a lot of talent out there,” 

Field said. “There are a lot of young peo-

ple who want to make a difference. It’s a 

wonderful field to be in, and I’ve really 

enjoyed watching it unlock the ingenuity 

and creativity in students. Method devel-

opment is challenging, it’s fun, and it’s our 

way of saving the world.”

Disclaimer

The views expressed here are the views of 

the individuals quoted, and do not neces-

sarily reflect the views of Eurofins or any 

other organization.
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The Determination of Trace Per- and 
Polyfluoroalkyl Substances and 
Their Precursors Migrated into Food 
Simulants from Food Contact Materials 
by LC–MS/MS and GC–MS/MS
The determination of multiple per- and polyfluoroalkyl substances (PFAS) migrating from food contact material 

gained in importance as an increasing range of PFAS has been found migrating from food contact material into 

food. In this study, an integrated analytical approach that combines high performance liquid chromatography–

tandem mass spectrometry (HPLC–MS/MS) and gas chromatography–tandem mass spectrometry (GC–MS/MS) 

was established for detecting 36 PFAS migrating from food contact materials into four food simulants (3% acetic 

acid, 10% alcohol, 50% alcohol, and olive oil). The response surface methodology was applied to optimize the 

selection of solvents in sample treatment. This target analytical method was appropriate for the determination 

of multiple PFAS, with recoveries ranging from 81.8 to 118.7%. The relative standard deviations (RSDs) ranged 

from 2.4 to 7.8%, and detection limits were in the range of 0.3 to 10 μg/kg in relevant food simulants.

Dan Li, Zi-hao Zhang, Huai-ning Zhong, Lei Zhu, Jing-jing Pan, Jian-guo Zheng, Qin-bao Lin, and Hui Liu

P er- and polyfluoroalkyl substances 

(PFAS) are a family of synthetic 

substances that do not occur natu-

rally in the environment. They are a 

concern due to their stable physical 

and chemical properties with strong 

C-F bonds, including their chemi-

cal inertness, thermal stability, high 

surface activity, and hydrophobic-

oleophobic properties (1–3). PFAS 

are widely used in consumer goods, 

household products and food con-

tact materials (4–5). In food contact 

material (FCM), PFAS are mainly used 

in nonstick cookware, as well as the 

coatings of paper and other resistant 

materials, due to their oil- and water-

repellent properties (6–7). Studies 

have indicated that the migration of 

PFAS from FCM into food is likely to 

be the main route of consumer expo-

sure to these substances (8–11).

PFAS have been found to be highly 

resistant, and could persist in the 

environment for long periods of time, 

as well as in human serum, milk, and 

tissues (12–17). Certain type of PFAS, 

such as perfluorocarboxylic acids 

(PFCA) and perfluorosulfonic acids 

(PFSA), are likely to be toxic and bio-

accumulate, posing adverse effects 

on human health (18–21). Perfluorooc-

tane sulfonic acid (PFOS) and perfluo-

rooctanoic acid (PFOA) are two of the 

most studied PFCA and PFSA. There 

is suggestive evidence from human 

epidemiology studies that PFOS 

and PFOA may cause abnormal liver 

enzymes, antibody response, and 

cancer (21–23). To reduce the occur-

rence of PFOS and PFOA, a number 

of PFAS, such as perfluoro-alcohol 

and its derivatives, have been used as 

substitutes to replace PFCA and PFSA 

in FCM. However, studies indicated 

that these substitutes could also pose 

health risks to humans, as PFSA and 

PFCA precursors are more toxic than 

the PFSA or PFCA themselves (24). In 

addition, these precursors could be 

absorbed into the human body, and 

degrade into PFOA and PFOS by an 

oxidation mechanism (25). For exam-

ple, 8:2FTOH (flurotelomer alcohol) 

and 10:2FTOH could be converted 

into PFOA, and PFDA, and N-methyl 

perfluorooctane sulfonamido ethanol 

(N-MeFOSE) and N-ethyl perfluorooc-

tane sulfonamido ethanol (N-EtFOSE) 

could be capable of conversion into 

PFOS. Therefore, besides known 

harmful PFAS, the migration of PFAS 

precursors from food contact mate-

rial must also be taken into account 

to ensure its safety. 

To protect consumers from exposure 

to PFAS migrated from FCM, strin-

gent regulatory approaches have been 

adopted to control  their production, 

application, and migration. The Dan-

ish Food and Veterinary Administra-

tion set a recommended limit for the 

total organic fluorine content in paper 

and cardboard at 0.35 μg per square 

decimeter of paper. The U.S. Food and 

Drug Administration (FDA) finalized an 

amendment to regulations that cer-

tain type of PFAS were not permitted 

as additives used in the manufacture 

of FCM (26). In China, the National 

Food Safety Standard GB 9685, which 

is the regulation for the use of addi-

tives in FCM, added an amendment in 

2016 that no longer authorized PFAS as 

additives in the manufacture of FCM 

(27). In 2017, The European Chemicals 

Agency (ECHA) added seven types of 

http://www.chromatographyonline.com
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PFCAs and PFSAs to the Substances 

of Very High Concern (SVHC) list (28), 

which attracted much attention con-

cerning the occurrence of PFAS, and 

their effects on the environment and 

human health. 

Comparable results for measure-

ment of PFAS migration from FCM is 

crucial for official control purposes. 

To achieve this objective, the guid-

ance for choice of food simulants and 

migration test conditions for plastics 

have been provided in relevant regula-

tions (29), which define the food simu-

lants that should be used to mimic a 

specific foodstuff, and what standard-

ized conditions of time, temperature, 

and contact should be performed. Var-

ious analytical approaches have been 

investigated for measuring the migra-

tion of PFAS from FCM (30–35). GC–

MS is usually used for detecting vola-

tile fluorine-containing compounds, 

such as perfluoroalcohols and per-

fluoroalcohol acrylates. LC–MS/MS, a 

highly sensitive and selective tool, was 

applied to detect more than 10 PFAS 

that mainly refer to straight-chain per-

fluorinated carboxylic acids or per-

fluorinated sulfonic acids. However, 

an analytical approach that is suitable 

for determination of multiple PFAS to 

detect migration from food contact 

materials has not been well estab-

lished, especially for the increasing 

range of precursors, including PFCAs 

and PFSAs. In addition, the previous 

studies mainly focused on measuring 

the residue of PFAS in different matri-

ces of FCM, such as extracts of paper. 

Few studies have been carried out on 

detecting migration of PFAS by using 

conventional simulants that represent 

the specific foodstuff. 

To meet official control purposes, this 

present study aims to establish an effec-

tive method for simultaneously measur-

ing multiple PFAS migrated from FCM, 

and possibly containing both PFAS and 

their precursors, including fluorinated 

carboxylic acid, hydrogen-substituted 

fluorinated carboxylic acid, and hydro-

gen-substituted fluorinated alkyl acid 

amides. To achieve this objective, the 

optimization of sample treatment was 

carried out by using a response surface 

methodology. An integrated analytical 

approach of combining high perfor-

mance liquid chromatography–tandem 

mass spectrometry (HPLC–MS/MS) and 

gas chromatography–tandem mass spec-

trometry (GC–MS/MS) was established 

in four conventional food simulants (3% 

acetic acid, 10% alcohol, 50% alcohol, 

and olive oil) that are considered to rep-

resent specific foodstuffs. 

Experimental

Reagents and Materials

Ultrapure water was purified using a 

Milli-Q system (Millipore, Milford, Massa-

chusetts). Alcohol and methanol (HPLC-

grade) were purchased from TEDIA 

Company. Ammonium acetate and ace-

tic acid were purchased from Guangzhou 

Chemical Reagent Factory (Guangzhou, 

China), and olive oil was purchased from 

Sinopharm (Shanghai, China). 

www.kromasil.com
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A total of 36 PFAS standards (Table I) 

were purchased from Wellington Labo-

ratories (Guelph, Ontario, Canada), Dr. 

Ehrenstorfer Company (Augsburg, Ger-

many), Chiron Company (Trondheim, 

Norway), and TRC Company (North 

York, Ontario, Canada). An intermedi-

ate standard solution containing 27 

PFAS (0.1 μg/mL, Group 1) was pre-

pared by dissolving the commercial 

standards in methanol. An intermedi-

ate standard solution containing nine 

PFAS standards (1.0 μg/mL, Group 2) 

was prepared by dissolving the com-

mercial standards in dichloromethane.

The standard working solutions used 

for LC–MS/MS analysis were prepared 

by transferring the intermediate stan-

dard (1.0 μg/mL), containing 27 PFAS 

(Group 1), into a 10 mL volumetric flask, 

spiked with 50 μL (1.0 μg/mL) 1,2,3,4-
13C4 perfluorooctanoic acid (MPFOA) of 

internal standard, and then made up to 

10 mL with the food simulants (10% [v/v] 

ethanol, 3% [w/v] acetic acid, and 50% 

[v/v] ethanol), respectively. The standard 

working solutions used for GC–MS/MS 

analysis were prepared by transferring 

the intermediate standard (1.0 μg/mL) 

containing nine PFAS (Group 2) into a 

10 mL volumetric flask, spiked with 50 

μL (0.2 μg/mL) methyl margarate-d33 of 

internal standard, and then made up to 

10 mL with the food simulants (10% [v/v] 

ethanol, 3% [w/v] acetic acid, and 50% 

[v/v] ethanol), respectively. Then, 2 mL 

dichloromethane was added, vortexed 

for 5 min, allowed to separate, and the 

lower solvent layer was collected for fur-

ther analysis.

The standard working solutions for 

the food simulant (olive oil) were pre-

pared by transferring the intermedi-

ate standard of Group 1 (0.1 μg/mL) 

and Group 2 (1.0 μg/mL) into 10 g 

olive oil, spiked with internal standard 

of 10 μL MPFOA (1.0 μg/mL) and 50 

μL (0.2 μg/mL) methyl margarate-d33. 

Then, 2 mL acetonitrile was added, 

vortexed for 5 min to allow stratifica-

tion, and the upper solvent layer was 

taken for further analysis.

Equipment

An LC–triple quadrupole mass spec-

trometer and a GC–triple quadrupole 

mass spectrometer (6410 Triple Quad 

LC–MS, 7000c Triple Quad GC–MS, 

Agilent Technologies, Palo Alto, Califor-

nia) equipped with automatic injectors, 

were employed for the identification 

and quantification of PFAS.

The LC column employed was a 15 

cm Poroshell120 EC-C18 column (2.7-

FIGURE 1: The recovery for PFNA shown in 3D plots of response surface and contour map, 
where the z-axis is the recovery rate for all fi gures: (a) acetonitrile concentration (A, %) versus 
volume of extraction solvent (B, mL); (b) acetonitrile concentration (A, %) versus vortex time 
(C, min); and (c) extraction solvent (B, mL) versus the vortex time (C, min).
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FIGURE 2: Extraction effi ciency by recovery rate of solvents: (a) recovery rate (%) of olive oil, 
and (b) recovery rate (%) of aqueous simulants.
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μm particle diameter and 2.1-mm i.d., 

Agilent Technologies), while the GC 

column employed was 30 m DB-5 col-

umn (0.25-μm particle diameter and 

0.25-mm i.d., Agilent Technologies). 

The LC mobile phase consisted of water 

(solvent A) and HPLC grade methanol 

(solvent B). The gradient elution pro-

cedure was as follows: 0–3 min, 10% B; 

3–4 min, 20% B; 4–5 min, 45% B; 5–11 

min, 70% B; 11–18 min, 85% B; 18–19 

min, 100% B; 19–20 min, 75% B; 20–21 

min, 50% B; 21–24 min, 20% B; 24 min, 

10% B. The injection volume was 5 μL, 

and the flow rate was 0.2 mL/min. ESI 

was used in negative mode with the 

following conditions: spray ion volt-

age, 4000 V; nebulizer, 20 psi; gas flow, 

8 L/min; and capillary temperature, 

350 °C. The GC temperature program 

was as follows: 75 °C for 3 min, 30 °C/

min to 250 °C for 0 min, 50 °C/min to 

300 °C for 6 min. The injection volume 

was 2 μL and pulsed splitless. The gas 

flow was 1.5 mL/min, with an electron 

ionization (EI) source and multiple 

reaction monitoring (MRM) mode. All 

of the ionization parameters and col-

lision cell parameters were optimized 

for each analyte (Table I).

Migration Experimental 

Migration experiments were carried 

out in accordance with European 

Union (EU) regulation 10/2011 for 

plastic materials and articles intended 

to be in contact with food (29).

Each sample was exposed to the 

food simulants with a ratio of contact 

area-to-volume at 1000 mL:6 dm2, and 

then placed in an incubator at 70 °C. 

The food simulants were collected 

from each sample at 2 h, followed 

by cooling at room temperature, and 

then further analysis. 

Instrumental Analysis

The majority of PFAS being investigated 

are fatty acid compounds that can ionize 

protons, and negatively charged parent 

ions in aqueous solution. For this reason, 

LC–MS/MS was used to detect 27 of this 

type of PFAS (Group 1). For the rest of 

the nine PFAS being investigated (Group 

How sweet it is!
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bphplc.com
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2), these are generally considered vola-

tile compounds in which perfluoroal-

cohols and perfluoroalcohol acrylates 

would not easily be ionized in aqueous 

solutions; these compounds are more 

susceptible to ionization in an EI source 

than in an ESI source, therefore GC–MS/

MS was preferred for their analysis. 

The PFAS analytes were extracted 

from the relevant food simulant col-

lected following an exposure step. For 

the determination of 27 PFAS (Group 

1), the food simulants (10% ethanol, 

3% acetic acid, and 50% ethanol) were 

transferred into a 10 mL volumetric 

flask, and filtered by a 0.22 μm syringe 

filter, followed by direct LC–MS/MS 

analysis. 

The aqueous simulants containing 

nine PFAS (Group 2) were extracted 

http://www.chromatographyonline.com
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TABLE I: Optimized parameters of GC–EI-MS/MS and LC–ESI-MS/MS for 36 PFAS standards. 

No
Compound 

(Abbreviation)
CAS

Number
Structure

Retention 
Time (min)

Precursor 
Ion (m/z)

Product 
Ion (m/z)

Fragmentor 
(V)

Collision 
Energy 

(eV)

Group 1

1
Perfl uorobutyric

acid (PFBA)
375-22-4 12.36 213.0 168.9 60 1

2
Perfl uoropentanoic

acid (PFPeA)
2706-90-3 13.18 262.9 218.9, 69.1 61 1, 47

3
Perfl uorohexanoic 

acid (PFHxA)
307-24-4 13.94 313.0 269.0, 118.9 67, 68 5, 20

4
Perfl uoroheptanoic

acid (PFHpA)
375-85-9 14.76 362.8 319.0, 168.9 75, 75 5, 15

5
7H-Dodecafl uorohep-
tanoic acid(HPFHpA)

1546-95-8 14.97 344.9 280.9, 131.1 70, 70 5,25

6
Perfl uorooctanoic

acid (PFOA)
335-67-1 15.76 413.0 369.0, 168.9 90, 90 5, 15

7
Perfl uorononanoic

acid (PFNA)
375-95-1 16.71 462.8 419.0, 218.9 106, 106 5, 10

8
Perfl uorodecanoic

acid (PFDA)
335-76-2 17.69 512.8 468.9, 218.9 90, 90 10, 15

9
2H,2H-Perfl uorodeca-

noic acid (H2PFDA)
27854-31-5 17.59 476.9 393.0, 243.0 90, 90, 20, 25

10
Perfl uoro-3-7-dimethyl 

octane carboxylate 
(PF-3,7-DMOA)

172155-
07-6

17.69 512.8 218.9, 168.9 88, 88 20, 33

11
Perfl uoroundeca-
noic acid (PFUnA)

2058-94-8 18.74 562.9 518.9, 268.9 90, 90 5, 15

12
2H,2H,3H,3H-Per-
fl uoroundecanoic
acid (H4PFUnA)

34598-33-9 20.76 490.7 366.9, 386.9 96, 96 23, 11

13
Perfl uorododeca-
noic acid (PFDoA)

307-55-1 19.74 613.0 569.1, 168.9 96, 96 4, 24

14
Perfl uorotridecanoic

acid (PFTRIDA)
72629-94-8 20.69 663.1 619.0, 168.9 101, 101 8, 28

15
Perfl uorotetradeca-
noic acid (PFTEDA)

376-06-7 21.60 713.0 669.1, 168.9 114, 114 8, 24

16
Perfl uorohexadeca-
noic acid (PFHeDA)

67905-19-5 23.27 813.0 768.9, 168.9 100, 100 5, 26

17
Perfl uorobutanesul-

fonic acid (PFBS)
375-73-5 13.28 299.1 80.0, 99.0 120, 120 35, 35

18
Perfl uorohexanesul-
fonic acid (PFHxS)

355-46-4 14.77 398.8 80.0, 99.0 161, 161 48, 36

19
Perfl uoroheptanesul-

fonic acid (PFHpS)
375-92-8 15.74 448.9 80.0, 99.0 114, 114 61, 56

(Table continued on page 470)
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with dichloromethane, and a volume of 

10 mL of aqueous food simulants was 

transferred into the headspace bottle, 

with 50 μL (0.2 μg/mL) methyl marga-

rate-d33 added as the internal standard. 

Dichloromethane was then added, and 

vortexed for stratification. The bottom 

layer was filtered, and used for GC–MS/

MS analysis. 

For treatment of the olive oil, 10 g of 

olive oil was transferred into the head-

space bottle, and 10 μL (1.0 μg/mL) 

MPFOA and 50 μL (0.2 μg/mL) methyl 

margarate-d33 were added as the inter-

nal standards. After acetonitrile was 

added and vortexed for stratification, 

the supernatant liquor was filtered and 

analyzed by LC–MS/MS and GC–MS/MS.
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No
Compound 

(Abbreviation)
CAS

Number
Structure

Retention 
Time (min)

Precursor 
Ion (m/z)

Product 
Ion (m/z)

Fragmentor 
(V)

Collision 
Energy 

(eV)

20
Perfl uorooctanesul-

fonic acid (PFOS)
1763-23-1 16.65 498.8 80.0, 99.0 120, 120 60, 60

21
1H,1H,2H,2H-Perfl u-
orooctanesulphonic 

acid (H4PFOS6:2)
27619-97-2 15.71 426.8 407.0, 81.1 124, 124 43, 5

22
Perfl uorodecanesul-

fonic acid (PFDS)
335-77-3 18.56 598.8 80.0, 99.0 195, 195 80, 60

23
Perfl uoroctanesul-
fonamide (PFOSA)

754-91-6 20.14 497.9 77.9, 147.9 161, 161 49, 29

24
N-Methyl-Perfl uo-

roctanesulfonamide 
(N-MeFOSA-M)

31506-32-8 21.67 511.8 168.9, 218.9 116, 116 31, 29

25
N-Ethyl-Perfl uoroc-

tanesulfonamide 
(N-EtFOSA-M)

4151-50-2 22.32 526.1 168.9, 219.1 124, 124 31, 28

26
N-Methyl-Perfl uoroc-
tanesulfonamido ace-
tic acid (N-MeFOSAA)

n.a. 18.75 570.2 511.9, 418.9 135, 135 24, 28

27
N-Ethyl-Perfl uoroc-

tanesulfonamidoacetic 
acid (N-MeFOSAA)

n.a. 19.42 584.2 525.9, 418.9 135, 135 23, 25

Group 2

28
1H,1H,2H,2H-Perfl uo-

ro-1-hexanol (4:2FTOH)
2043-47-2 1.78 196.0, 94.8 50.9, 69.0 / 25, 25

29
1H,1H,2H,2H-Perfl uo-

ro-1-octanol (6:2FTOH)
647-42-7 2.46 94.9, 131.0 69.0, 69.0 / 23, 27

30
1H,1H,2H,2H-

Perfl uoro-1-decanol 
(8:2FTOH)

678-39-7 3.69 94.9, 131.0 69.0, 69.0 / 25, 25

31
1H,1H,2H,2H-Per-

fl uoro-1-dodecanol 
(10:2FTOH)

865-86-1 4.78 94.9, 131.0 69.0, 69.0 / 26, 25

32
1H,1H,2H,2H-

Perfl uorooctylac-
rylate (6:2FTA)

27619-97-2 4.40 55.1, 131.0 27.2, 69.0 / 15, 30

33
1H,1H,2H,2H-

Perfl uorodecylac-
rylate (8:2FTA)

17527-29-6 5.34 55.1, 131.0 27.2, 69.0 / 5, 20

34
1H,1H,2H,2H-Perfl u-

orodecylacrylate
(10:2 FTA)

27905-45-9 6.05 55.1, 131.0 27.2, 69.0 / 60, 45

35
N-Methyl-Perfl uoroc-
tanesulfonamidoeth-

anol (N-MeFOSE)
24448-09-7 7.29

130.9, 
526.0

69.0, 169.0 / 25

36
N-Ethyl-Perfl uoroc-

tanesulfonamidoeth-
anol (N-EtFOSE)

1691-99-2 7.53 130.9,540.0 69.0, 169.0 / 25

Internal Standard

37
1,2,3,4-13C4- Per-

fl uorooctanoic 
acid(MPFOA)

n.a. 15.76 417.0 371.9, 168.9 95 5, 15

38 Methyl Margarate-d33
1219804-

81-5
11.28 155.0

107.0, 78.9, 
62.0

/ 10, 15, 20

(Table continued from page 468)
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Results and Discussion

The Choice of Mobile Phase

A mixture of 27 PFAS comprising a standard at a concen-

tration of 100 ng/mL was used to check the mass spec-

trometric response and separation power of four differ-

ent mobile phases, including methanol–water solution, 

methanol–10 mmol/L ammonium acetate solution (pH = 

7), methanol–(containing 0.1% ammonia) water solution, 

and acetonitrile–10 mmol/L ammonium acetate solution. 

The results indicated that the weakest MS signal for target 

analytes was observed for acetonitrile–10 mmol/L ammonium 

acetate solution, and the strongest MS signal was observed for 

methanol–aqueous solution (containing 0.1% ammonia). This is 

likely due to the MS signal of PFAS analytes being related to the 

formation of the negative parent ion of PFAS, and the degree 

of ionization of the proton as well. Methanol allows analytes to 

generate target ions more easily, and be atomized on the elec-

trospray ionization process, while acetonitrile may decrease the 

ionization of analytes. The poor peak shapes and baseline dis-

turbances were observed for certain analytes, such as PFBA and 

PFPeA when methanol–water (containing 0.1% ammonia) was 

applied. Therefore, methanol–water (containing 0.1% ammonia) 

was not chosen as the mobile phase for further experiments.

Either methanol–water solution or methanol–10 mmol/L 

ammonium acetate solution was considered satisfactory 

as a suitable mobile phase, given that a similar ion peak 

response was obtained, and good chromatographic peak 

shapes were observed. It can be explained that the ion-

ization of a proton occurs more often in a neutral or weak 

alkaline mobile phase, leading to an increase of formation 

of parent ions. Considering the methanol–water solution 

has the advantage of making maintenance of instrument 

pipelines simpler and more effective, the methanol–water 

solution was preferred for further experiments.

The Choice of Chromatography Column

Three different LC columns, including Agilent Zorbax SB-C18 

(150 mm × 4.6 mm, 5-μm), Poroshell 120 EC-C18 (150 mm × 

3.0 mm, 2.7-μm), and Eclipse XDB C-18 (150 mm × 4.6 mm, 

3.5-μm), were compared in the separation of a mixture of stan-

dards (27 PFAS), at a concentration solution of 100 ng/mL. 

The results indicated that all three columns could effectively 

separate the target analytes, particularly n-alkane PFAS. How-

ever, due to the occurrence of a high number of target PFAS 

analytes, the chromatographic peaks of various analytes may 

overlap each other, causing difficulty in further analysis. The 

Poroshell 120 EC-C18 was shown to be able to completely 

separate 27 PFAS analytes in 25 min with the same gradient 

elution program. Therefore, the Poroshell 120 EC-C18 was 

chosen as the stationary phase for further experiments.

For the selection of a GC column, baseline separations 

could be achieved for nine target PFAS using a low or 

medium polarity column. Therefore, the DB-5, DB-17, or 

DB-35 column could be chosen to perform the analysis.

The MRM chromatogram of 36 PFAS compounds is shown 

in Figures 3 and 4.

The Choice of Extraction 

Solvent for Olive Oil

Olive oil, as a fatty simulant, cannot be directly analyzed due to 

interference from compounds it contains. Therefore, it must be 

converted into a suitable solution before analysis. To achieve 

the objective, a recovery experiment was conducted in an olive 

oil blank spiked with 0.1 mL PFAS standards (10 μg/mL), aimed 

at selecting a suitable solvent to extract the PFAS from the olive 

oil. Four different solvents—methanol, acetonitrile:water (1:1), 

acetonitrile:water (3:1), and acetonitrile—with serial extraction 

volumes (1 mL, 1.5 mL, 2 mL, 2.5 mL, 3 mL), were investigated. 

The recovery rate for each solvent is indicated in Figure 2a. 

The results indicated that acetonitrile:water (3:1) and acetoni-

trile had the highest extraction efficiency, and a slightly higher 

recovery rate was obtained for acetonitrile compared with that 

of acetonitrile:water (3:1). One of the reasons might be that 

the PFAS being investigated are long-chain aliphatic com-

pounds, and the pure organic phase is more favorable for the 

extraction of the target analytes. For methanol, the separation 

of the methanol and olive oil layers was not clearly observed 

after mixing because of the emulsification effect, although 
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the fluorinated fatty alcohol and some 

perfluorinated carboxylic acids had the 

highest recovery rates. In the case of 

acetonitrile:water (1:1) solvent, delami-

nation was not clear, and the recovery 

rate was low, therefore acetonitrile:water 

(1:1) was not suitable for GC–MS analysis. 

Given the test results indicted, acetoni-

trile was chosen as the solvent to extract 

the PFAS from the olive oil.

The extraction conditions of PFAS in 

olive oil were optimized by applying a 

single-factor experiment derived from 

the response surface methodology. 

PFNA was taken as the sample to be 

investigated, and the acetonitrile con-

centration (A, %), volume of extraction 

solvent (B, mL), and the vortex time (C, 

min) were assigned as independent vari-

ables. The recovery rate of PFAS were 

taken as the response value based on 

the principle of the Box-Behnken central 

composite design. A secondary poly-

nomial regression model was obtained 

from 15 experiments with three factors 

and three levels: recovery = 72.46 + 7.77 

× A + 1.47 × B + 5.23 × C - 1.35 × A × 

B + 0.50 × A × C + 1.75 × B × C + 3.70 

× A2 + 0.60 × B2 + 0.69 × C2. The results 

of the recovery of PFNA obtained by 

the response surface methodology are 

shown in Table II and Figure 1. 

It can be found from the F-value (Table 

II) that the sequence of influence of a 

single factor on the recovery rate was A 

> C > B, suggesting that the influence of 

A2 was significant in the quadratic term, 

while B2 and C2 were not. Thus, 100% 

acetonitrile was considered an appro-

priate extraction solution. The highest 

extraction efficiency was observed when 

the extraction time was 5 min, and the 

extraction volume was 2 mL.

The Choice of Extraction 

Solvent for Aqueous Simulants 

In this study, GC–MS was employed 

for detecting fluorinated fatty alcohols, 

fluorinated fatty alcohol acrylates, and 

fluoro-sulfonamide fatty alcohols in the 

extraction of aqueous simulants. A com-

parison experiment was conducted on 

two aqueous simulants (3% acetic acid 

and 50% ethanol) to check the extrac-

tion efficiency of the solvents n-hexane, 

dichloromethane, and ethyl ether:n-

heptane (1:1). 

The results showed that all selected 

solvents were well able to extract the 

analytes of the aqueous simulants. 

However, n-hexane was not a suitable 

solvent to extract fluorinated fatty alco-

hols, due to its weak polarity. A mix of 

solvents consisting of ethyl ether and 

n-heptane did not demonstrate suf-

ficient extraction efficiency. In addi-

tion, ethyl ether may cause a hazard 

to the analyst during vortexing at high 

pressures. The data indicated that the 

highest recovery rate was obtained 

when dichloromethane was applied for 

measuring fluorinated fatty alcohols 

and fluorinated fatty alcohol acrylates, 

which may be due to its medium polar-

ity and strong density that is lower than 

water-based solutions. Thus, dichloro-

methane was chosen as the extraction 

solvent. Figure 2b shows the extraction 

efficiency for three different solvents 

by measured recovery rate. The high-

est extraction efficiency was achieved 

with a 5 min extraction time with a 2 mL 

extraction volume.

Optimization of 

Mass Spectrometry

The mass spectrometry methods for 27 

PFAS in Group 1 and 9 PFAS in Group 2 

were optimized to directly detect each 

PFC (1 mg/L) in methanol. Standard 

solutions were scanned by perform-

ing a first-stage mass spectrometry full 

FIGURE 5: The chromatograph profi les of a coated cardboard using (a) GC–MS/MS and 
(b) LC–MS/MS.
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scan in negative ion ESI mode with cor-

responding transmission voltages. The 

results showed that the strongest peaks 

of the perfluorocarboxylic acid, hydro-

gen substituted fluorocarboxylic acid, or 

perfluorosulfonamide compounds were 

the quasi-molecular ion peaks [M-1]– or 

the molecular ion peaks following the 

loss of the carboxyl group [M-45]–. The 

strongest signal of the perfluorosulfonic 

acid or hydrogen substituted perfluo-

rosulfonic acid compounds observed 

were quasi-molecular ion peaks [M-1]– 

and sulfonic acid group molecular ion 

peaks [SO3]–. Nine types of PFAS from 

Group 2 were scanned by conducting a 

first-stage mass spectrometry full scan 

under the positive EI mode. The results 

indicated that the fluorinated fatty alco-

hols and fluorinated fatty alcohol acry-

lates formed smaller fragmentary ion 

peaks [C3H5F2O]+ (M = 95), (C3H3O]+ (M 

= 55) or [C3H3F4O]+ (M = 131), which are 

shown in Figures 3 and 4. 

Ion beam scanning was performed 

with a collision energy of 0–60 eV target-

ing each quasi-molecular ion to obtain 

the daughter ion information and the 

collision energy values that were suit-

able for the daughter ion response 

sizes. Daughter ions of perfluorocar-

boxylic acid compounds are a series of 

molecular ions following the loss of the 

carboxyl group, and there are several 

CF2 fragments between each molecule, 

including the ionic fragment of [C3F7]–, 

[C4F9]–, [C5F11]–, having a general struc-

tural formula of [CnF2n+1]–. The ions of 

the perfluorosulfonic acid compounds 

were those molecular ions that lost sev-

eral [CnF2n+1]– saturated carbon chain 

groups and had sulfonic acid functional 

groups, such as [CnF2nSO3]–, [SO3]–, and 

[FSO3]– ions. Both the fluorinated fatty 

alcohols and fluorinated fatty alco-

hol acrylates contained the ion-pair 

[C3H3F4O]+ (M = 131) to [CF3]+ (M = 69). 

Therefore, the fragment ions with the 

largest response and least interference 

were chosen as the quantitative and 

qualitative ions. To obtain better sen-

sitivities, the parameters including the 

selection of daughter ions, fragmenta-

tion voltage, and collision energy were 

optimized (see Table I). 

Quantification and Validation

Linear Range and Quantitative Limit

Using the method described above, 

the 36 PFAS compounds were ana-

lyzed in the multiple reaction monitor-

ing mode (MRM). The concentration 

and peak area of each compound was 

taken as the abscissa and ordinate, 

and a standard curve was drawn. The 

linear range of the recovered curve 

was between 1 and 1000 ng/mL, and 

the limits of quantification (10 S/N) 

were 0.35–9.72 μg/kg in 3% acetic 

acid, 0.29–8.43 μg/kg in 10% alcohol, 

0.28–8.73 μg/kg in 50% alcohol, and 

0.43–9.86 μg/kg in olive oil.
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Recovery and Precision

An experiment was carried out where 

samples were spiked with 10 and 

100 ng standards in 3% acetic acid, 

10% alcohol, 50% alcohol, and olive 

oil, respectively. The recovery rates 

for the four different food simulants 

ranged from 81.8 to 118.7%, and the 

relative standard deviations (RSDs) 

ranged from 2.4 to 7.8%.

Analysis of Real Samples

A total of 70 food contact materials 

were collected from local supermar-

kets, which include coated paper 

board, multilayer paper packaging, 

multilayer plastic food packaging, 

heat-resistant rubber articles, and 

coated heat-resistant metallic con-

tainers. The novel analytical approach 

was applied to perform the analysis. 

Some specific PFAS compounds were 

found in paper samples with concen-

trations of 0.01 mg/kg to 0.05 mg/kg 

of food simulants, which accounted 

for 5% of the total number of samples 

analyzed. Multilayer cardboard and 

coated paper board were the main 

types of packaging in which PFAS 

compounds were found with average 

concentrations of 0.02 mg/kg. The 

highest migration of PFAS was 0.08 

mg/kg. The type of PFAS compounds 

found were mainly straight-chain per-

fluorinated acids and perfluorinated 

alcohol compounds. The chromato-

gram profiles of the PFAS in typical 

samples are shown in Figure 5.

Conclusion

A target approach was established for 

the determination of 36 PFAS migrat-

ing from food contact material into 

food simulants of 3% acetic acid, 10% 

alcohol, 50% alcohol, and olive oil. A 

total of 36 PFAS were divided into 

two groups, and measured by LC–MS/

MS and GC–MS/MS. LC–MS/MS was 

used to detect 27 fatty acid PFAS, 

while 9 PFAS with volatile properties, 

including fluorinated fatty alcohols 

and fluorinated fatty alcohol acrylates 

were measured by GC–MS/MS. The 

response surface methodology was 

a useful tool to simplify the selection 

of solvents with optimized conditions. 

This integrated analytical approach 

was appropriate for the determina-

tion of multiple PFAS with recovery 

rates that ranged from 81.8 to 118.7%, 

the relative standard deviation (RSD) 

ranged from 2.4 to 7.8%, and the 

detection limits ranged from 0.35 to 

9.72 μg/kg in 3% acetic acid, 0.29 to 

8.43 μg/kg in 10% alcohol, 0.28 to 8.73 

μg/kg in 50% alcohol, and 0.43 to 9.86 

μg/kg in olive oil. This target approach 

had the advantage of simultaneously 

measuring the migration of multiple 

PFAS from food contact materials with 

satisfactory sensitivity, accuracy, and 

reliability. The test results showed that 

PFAS were found in coated paper and 

board at mg/kg levels, suggesting that 

further investigation is needed for the 

migration of PFAS from coated paper 

and board. 
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Preparing for Those Nasty 
Samples: Solid Phase Extraction 
with Challenging MatricesA Q&A

Andrew Taylor  
Applications Chemist  

Biotage

The catch-all solution for solid-phase extraction 

with challenging matrices

S
olid-phase extraction (SPE) is a powerful sample preparation technique capable of 

extracting and pre-concentrating hundreds of semivolatile organic compounds, even 

in the most challenging matrices. And as any analytical scientist knows, some matrices 

are challenging, indeed.

That’s why proper disk choice is so 

critical to recouping valuable results from 

an extraction. The right SPE disk needs the 

chemical and physical capacity to handle 

the sample matrix—whether it’s high in sus-

pended solids, particulates, or…restaurant 

grease. After all, no one wants to risk losing 

a sample—let alone accurate quantitative 

results—just because a disk clogged during 

the extraction.

LCGC recently sat down with Andrew 

Taylor, applications chemist at Biotage, to hear 

his tips on how to customize your extraction 

to process even the nastiest sample matrices 

and ensure success every time.

LCGC: Can you give some examples of 
challenging sample matrices?
Taylor: Some of the more challenging sample 

matrices that I encounter are around the 

Environmental Protection Agency (EPA) 

Methods for wastewater such as: 608, 625, 

and 1664. These samples can include 

high total suspended-solid influence from 

a wastewater treatment plant, particulate-

laden industrial wastewater samples, and 

even restaurant grease trap samples. In one 

instance, we actually analyzed a food sample; 

it was a commercially available can of olives 

and we were looking for the oil and grease 

content in the olive brine. It was particularly 

challenging because, not only did the sample 

have particulates, but it also had a high salt 

content and a lot of organic matter.

LCGC: Why do these samples have to be 
filtered before they can be extracted?
Taylor: There are a few different reasons 

why you need to filter a sample before SPE 

can take place. The first is to ensure that the 

entire sample can be processed through the 

disk. Many EPA methods require that a full 

one-liter sample be extracted. If you’re dealing 

with samples that have high total suspended-

solids content, it’s important that pre-filters be 

used to ensure that this whole sample can be 

processed through.

The second major reason is regarding the 

capacity of the disk. The SPE disks that are 

used for EPA Methods 608 and 625 are 47 

mm in diameter, which allows for faster flow 

rates. But without proper pre-filtration, the 

active sites of the solid-phase media can 

actually become physically blocked by par-

ticulates, which can adversely affect the ability 

of the disk to capture the analytes.
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LCGC: When preparing a disk for extraction, what are 
some things you should consider?
Taylor: When you’re preparing a disk for SPE, you really need 

to examine the sample matrix first. The first thing you look for 

is clarity. A transparent sample makes life a lot easier. You can 

visibly see particulates in the sample, if there are any. And if 

there aren’t, you may not even need pre-filtration.

In contrast, if you have a completely opaque sample, you 

will need a fair amount of pre-filters built in to ensure the 

sample can process through.

LCGC: Can you process samples that contain obvious 
particles such as pebbles, leaves, or sticks?
Taylor: Absolutely. Those types of particulates are actually 

easier to capture than some of the finer particulates. In that 

case, you can just place a fine mesh screen on top of your 

pre-filter stack and that will capture the larger sticks, leaves, 

and pebbles. These things are more commonly observed in 

groundwater samples, but the principle still is the same.

LCGC: Can you use glass wool as a pre-filter?
Taylor: Glass wool is an incredibly useful pre-filter when 

you’re dealing with particulate-laden samples. When you’re 

assembling a disk holder for really dirty samples, you want 

to start with a 1-μm pre-filter and stack a 5-μm pre-filter on 

top. Then, glass wool can be placed on top of the pre-filters 

themselves. When you use the glass wool, it’s good practice 

to pull it apart to ensure that the fibers are going in all different 

directions. This allows the filtration to be more effective.

A fine-mesh screen can be placed on top of the glass 

wool to compress it down to ensure you get consistent flow 

through the whole area and catch large particulates with 

that, as well. And if it’s absolutely necessary, a filter aid such 

as diatomaceous earth can even be placed on top of this. 

This layering technique allows for the analysis of those really 

tough samples.

LCGC: What happens if your disk clogs partway through 
an extraction?
Taylor: This is a really interesting scenario. If proper pre-

filtration is not used and the disk clogs or becomes too dirty for 

the sample to flow through, you can do a few different things.

The first scenario is only applicable if you have multiples 

of a sample. In that case, you can completely abandon that 

sample, select another replicate of that sample, dilute it to 

reduce the concentration of the matrix components, and try 

the extraction again. If you do this, it’s vital to multiply the final 

calculated concentration by your dilution factor.

In most cases, though, this isn’t applicable because the 

customer gives you only one sample. This creates a chal-

lenging problem. The first thing I would do is stop the flow 

through the disk of that clogged filter. Then, I would set up 

another disk holder on another station and pack it with the 

proper amount of pre-filter material, and I would extract the 

remaining sample on another station. When you do this, you 

need to combine both the extracts that you get at the end 

to make sure that all the extracted material is accounted for.

LCGC: How do you know how many pre-filters to use?
Taylor: That’s a great question. The number of pre-filters to 

use can only be determined by trial and error. I always like 

to err on the side of caution the first few times I’m running a 

dirty sample. It’s better to have too many pre-filters than not 

enough, and you can always back off on the amount later.

Once the extraction is complete, I lay out all the compo-

nents that were used in the filtration process. I put a paper 

towel in the hood and I take the pre-filters out layer by layer. 

This allows you to visibly see which pre-filters are dirty and 

which ones are clean, which tells you exactly which ones are 

useful in the filtration process. This gives you a better idea 

of how you should configure the pre-filter stack next time a 

sample like this needs to be analyzed.

LCGC: Should you use a 47-mm disk or a 90-mm disk 
for extracting very challenging samples?
Taylor: When following EPA Method 1664, you always want to 

use a 90-mm SPE disk if you’re analyzing dirty samples. The 

larger surface area of this disk provides higher flow rates, and 

it’s also more difficult to clog.

The same principle applies for Methods 625 and 608, 

however, a 47 mm disk is used instead of a 90 mm disk. For 

these applications, a fast flow disk holder can be used to 

tackle really challenging sample matrices. This disk holder 

allows a 47 mm SPE disk to be used, however, it allows for 

high-surface-area, 90-mm pre-filters to be stacked on top of 

the 47-mm disk, while leaving plenty of room for things like 

glass-wool filter aids. This disk holder is the key to being able 

to process through those dirty samples.

LCGC: How do you complete your extraction if you form 
an emulsion?
Taylor: In SPE, it is rare to have an emulsion, but in the 

few instances when you do, the best thing to do is to use 

a phase-separation membrane to physically separate out 

the emulsion.

LCGC: What should you do if your sample is oily or 
soapy?
Taylor: If your sample has a visible layer of oil, or if it has 

something resembling a surfactant in it, the best thing to do 

is stack several pre-filters on top of your SPE disk and add 

a layer of diatomaceous earth. That diatomaceous earth will 

most likely catch whatever oil and soap you’re looking at, and 

you’ll be able to process through the rest of the sample.
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Chromatography Fundamentals, Part VII: Influence 
of Peak Broadening on Detection Sensitivity, Solute 
Dilution, and Efficiency of Coupled Columns 
In this contribution, we examine the degree to which injected samples become diluted during chromatographic elution, 

reducing detection sensitivity. Equations are also introduced for estimating the plate count of column sets that comprise 

different column lengths and efficiencies.

Howard G. Barth

The purpose of this tutorial is to 

present equations for estimating 

the extent of broadening that a sol-

ute undergoes as it migrates through a 

chromatographic column in high perfor-

mance liquid chromatography (HPLC). 

These relationships can then be used 

for predicting the degree of solute dilu-

tion that in turn will influence detection 

sensitivity, as well as the effectiveness 

of semipreparative HPLC. Furthermore, 

equations are derived for estimating the 

number of theoretical plates generated 

when joining columns of different effi-

ciencies and lengths.

Background

Peak broadening is a complex process 

involving the resistance of mass trans-

fer and molecular diffusion of solutes, 

coupled with hydrodynamic-flow proper-

ties of the mobile phase as it permeates 

through the packed bed. As a result of 

these mechanisms, solutes emerge from 

the column as broadened peaks that take 

the form of a Gaussian distribution (1,2). 

Chromatographic peaks are character-

ized by a mean and standard deviation, 

σ, better known as the peak-maximum 

retention time, tr, and peak width, w, 

such that w = 4σ. Although 4σ includes 

only 95.6% of the peak area, it is, never-

theless, a good approximation, consider-

ing that chromatographic peaks are usu-

ally slightly tailed or asymmetric. 

The number of theoretical plates, N, is 

the figure of merit that defines column 

efficiency as

2
rrN = t   /σ   = 16 t  /w

2 2 2
 [1a]

where tr is the retention time of a test 

solute; typically, but not necessarily, 

an unretained solute. Since retained 

components include additional peak 

broadening caused by the station-

ary phase, plate count measured in 

this manner is significantly lower than 

with an unrestrained solute. Because 

the units of retention time and peak 

width are the same, N is a dimension-

less property of a column measured at 

specific conditions. Please note that 

the accepted definition of theoretical 

plates is now equation 1b, where w0.5

is peak width at half height.

N = 5.54 (t   /w
0.5

)2

r  [1b]

To a first approximation, the num-

ber of theoretical plates generated 

by a column is defined by the column 

packing, most notably particle size, 

shape, and particle-size distribution. 

This value, however, can be increased 

to some extent by decreasing the flow 

rate, reducing injection volume, or 

increasing column temperature. 

The impact that peak broadening 

has on separations cannot be over-

stated. To fully appreciate its impor-

tance, it is instructive to compare 

hypothetical chromatograms with and 

without broadening. In the absence of 

peak dispersion, components would 

be eluted as razor-sharp, rectangular-

shaped peaks, each with a peak vol-

ume corresponding to the injection 

volume. Thus, a 5-μL injection at a flow 

rate of 0.5 mL/min would produce geo-

metrically shaped peaks with 0.15-s 

peak widths. Under these conditions, 

a peak that is retained for 10 min, for 

example, would generate roughly 1.6 

x 107 plates, as compared to about 104

plates with normal broadening with 

a high-efficiency column. With these 

extraordinarily high numbers of theo-

retical plates, it would be feasible to 

separate compounds based on subtle 

chemical or structural differences.

Influence of Peak Broadening 

on Solute Concentration

The Gaussian distribution function,

f (x) = (1/σ √2π)exp[– (x – μ) /2σ ]
2 2

 [2]

forms the basis of chromatographic 

theory (1,2), where the pre-exponential 

term, (1⁄(σ√2π), is a normalization fac-

tor that ensures that all peaks have an 

area of unity. The first moment of the 

distribution, μ, is the peak-maximum 

retention time of a Gaussian-shaped 

peak, and x is the retention time with 

a corresponding peak height, f(x) = y.

As peaks broaden, f(x) or peak height 

decreases at each elution-volume 

increment along the peak.

With the use of equation 2, we can 

derive the following relationship: 

V N 

2π

inj

rV

√

√

Cmax
=

C0
[3]

Here, cmax/c0 is the ratio of the solute 

concentration at peak maximum, cmax, 

relative to the initial injected concen-

tration, c0, Vinj is the injection volume, 

and Vr is the retention volume. The 

ratio, cmax/c0, is also equal to the dilu-

tion factor of an eluting solute.

http://www.chromatographyonline.com
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 Equation 3 is useful for monitoring 

the extent of solute dilution, especially 

for semipreparative fractionation; if col-

lected fractions are too dilute, a con-

centration step may be required before 

proceeding to the next step. This equa-

tion tells us that solute dilution is propor-

tional to retention. In other words, the 

greater the peak broadening, the more 

dilute the solute becomes, as would be 

expected. 

Example calculations are given in 

Table I, which shows the effects of col-

umn efficiency and injection volume on 

sample dilution. Plates per column range 

from 1000 to 30,000, with injection vol-

ume ranging from 5 to 40 μL; these data 

do not take into account efficiency loss 

with increasing injection volume, which 

would further increase sample dilution.

It is interesting to note the high degree 

of solute dilution that occurs even when 

injecting a small volume with respect to 

the elution volume of the solute. With a 

low-efficiency of 1000 plates, an injec-

tion of 5 μL would result in 98% dilution; 

at these same experimental conditions, 

a high-efficiency 30,000-plate column 

would dilute the solute by 91%. However, 

with increased injection volume, and by 

keeping elution volume constant, solute 

dilution decreases. For example, a 40-μL 

injection using a 1000-plate column, 

would result in 87% dilution, as com-

pared to 32% for the 30,000-plate col-

umn. (For semipreparative separations, 

the injection volume should be as large 

as possible. )

Equation 3 is applicable only for iso-

cratic elution; with gradients, peaks 

can be compressed, depending upon 

the gradient program, and analytes are 

eluted in a more concentrated form.

Effect of Peak Broadening 

on Detection Sensitivity

Equation 3 can also be used for pre-

dicting relative detection sensitivity, 

an important HPLC parameter, which 

is defined as the slope of detector 

response of a solute versus injec-

tion concentration, a value used for 

calculating detection limits. As dis-

cussed in the previous section, peak 

broadening has a pronounced effect 

on detection limits, influencing both 

accuracy and reproducibility. Thus, 

another consequence of peak broad-

ening is decreased peak height at 

peak maximum, characterized by the 

ratio cmax/c0.

In Table II, we define detection sen-

sitivity as the relative percentage of 

detector response: (cmax/c0) x 100. This 

value is calculated for three hypotheti-

cal columns that have the same plate 

number (20,000), but different lengths: 

250, 100, and 50-mm, packed with 

decreasing particle size. The injec-

tion volume is kept constant at 5 μL. 

As shown in Table II and in equation 

3, the elution volume of a given sol-

ute decreases with decreasing column 

length, and the relative detection sen-

sitivity increases with decreasing col-

umn length. For example, the detec-

tion sensitivity of a 250-mm column 

is only 7%, but increases to 35% for a 

50-mm column of corresponding effi-

ciency. The reason for this trend is that 

cmax/c0 scales with Vinj/Vr at constant 

plate count. From a practical consid-

eration, a relative detection sensitiv-

ity of about 10% should be adequate 

for most applications, except for trace 

analysis, where a higher ratio would be 

required to overcome baseline noise.

Keeping the same LC conditions 

and column dimensions, we can also 

estimate the required number of the-

oretical plates, N2, to obtain a given, 

relative detector response (cmax)2, 

using the following ratio:

N 

N
1

√

√

(Cmax)2 2

1(Cmax)
= [4]

For example, increasing plates 

from 2000 to 10,000 would more than 

double detector response for a given 

method.

Equation 3 can be rearranged to 

estimate the injection volume V inj 

needed to obtain a given cmax/c0 ratio, 

for a solute with retention volume Vr

and number of plates,

TABLE I: Infl uence of theoretical plates, N, and injection volume, VinjVV , on solute dilution 
ratioa or percent solute dilutionb, using equation 1, where VrV = 4 mL. 

Solute Dilution Ratio (Percent Solute Dilution)

Column N VinjVV  = 5 μL VinjVV  = 10 μL VinjVV  = 20 μL VinjVV  = 40 μL

1 1,000 0.016a (98%)b 0.032a (97%)b 0.064a (94%)b 0.13a (87%)b

2 5,000 0.035 (96%) 0.070 (93%) 0.14 (86%) 0.28 ( 72%)

3 10,000 0.050 (95%) 0.10 (90%) 0.20 (80%) 0.40 (60%)

4 20,000 0.071(93%) 0.14 (86%) 0.28 (72%) 0.56 (44%)

5 30,000 0.087 (91%) 0.17 (83%) 0.34 (66%) 0.68 (32%)

a cmax/c0
b Percent sample dilution is defi ned as 100 x (1 − cmax/c0).

TABLE II: The infl uence of column length, L, and elution volume, VrV , on detection sensitivityrr
a

of a hypothetical solute, assuming Vinj = 5 μL, 1 mL/min fl ow rate, and 4.6-mm i.d. columns 
(see equation 3).

Column
L

(mm) 
Vr  

(mL)
Theoretical 
Plates (N)

Theoretical 
Plates/250 

mm

Injection
Volume (μL)

Rel. Detection
Sensitivity at 

Peak Max (%a)

1 250 4 20,000 20,000 5 7

2 100 1.6 20,000 50,000 5 18

3 50 0.8 20,000 100,000 5 35

a (cmax/c0) x 100 is the ratio of the detector response at peak maximum relative to the detector response of the
solution before injection, that is, with no peak broadening. This ratio is also equivalent to solute concentration 
at peak maximum to solute concentration before injection.

http://www.chromatographyonline.com
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2π / N ) √√(C
max/ C

0) (VVinj r= [5]

For example, an injection volume of 

50 μL would be needed to obtain a 

relative detection sensitivity of 0.5 

using a 10,000-plate column for a 

solute with a 4-mL retention volume. 

For a 12-mL retention-volume peak, 

a 150 μL injection would be required 

to obtain a comparable detector 

response.

 An interesting relationship is 

obtained by expressing equation 3 in 

terms of the peak standard deviation, 

σv, by substituting 

N = (V
r
/σ

v
)2 [6]

into equation 3, and canceling out 

retention volume to give

2π√

Cmax
=

C
0

Vinj

σ
v

[7]

Although equations 3 and 7 are equiva-

lent, we can obtain insight into the sepa-

ration process by examining results from 

both. Such an application is given in Table 

III, which shows the influence of theoretical 

plates on peak width (w = 4σv ), and rela-

tive detector response of a 10-μL injection 

with a 4-mL peak retention volume. With a 

conventional, low-efficiency column of 400 

plates (column 1), there would be consid-

erable peak broadening: The initial 10-μL 

injected volume would spread by a fac-

tor of 80x to about 800 μL, with a relative 

detection sensitivity of only 2%. Detection 

limit can be improved by a factor of five-

fold with a 10,000-plate column (column 4). 

To achieve a peak width of only 16 μL, we 

would have to generate close to one mil-

lion plates (column 7). With modern HPLC 

columns, we typically can keep the relative 

detection sensitivity to about 8–20%.

Coupling Columns

A practical approach for increas-

ing plate counts is to simply couple 

together columns of the same packing 

that have equivalent lengths and the-

oretical plates. The total plate count 

of a multiple-column set consisting 

of columns that have the same length 

is simply the sum of the theoretical 

plates of the individual columns,

N
t
 = N

i
∑

n

i=1  [8]

The number of theoretical plates can 

correspond to either an unretained or 

retained compound, depending on the 

situation, but it must be either one or the 

other. The reason why we add theoretical 

plates, rather than variances (2), is that 

variance and plate counts are interre-

lated through σ2 = tr
2 /N.

Difficulty arises when coupling columns 

of different lengths or plate counts, in which 

case equation 8 is no longer valid. When a 

solute leaves a highly efficient column (col-

umn 1) and enters a second column (column 

2) of lower efficiency, the peak will broaden 

to a greater extent. Conversely, if column 2 

has higher efficiency than column 1 (such 

as when adding a precolumn to a column), 

the peak cannot reverse course, but would 

continue to broaden. In other words, once 

a peak broadens, it cannot be reversed or 

remedied by entering a column of higher 

efficiency. (We can, however, concentrate 

the solute onto the head of a second col-

umn by decreasing eluent strength, but this 

involves employing a different strategy not 

considered in this paper.)

For a single column, the number of theo-

retical plates, using either an unretained or 

retained component with units of time, is 

calculated with

N = t2/σ2
t
 [9]

where t is elution time, and σt
2 is the 

peak variance of the corresponding 

peak in units of time. For column 

sets comprising columns with differ-

ent lengths or efficiencies, the total 

plate count of either an unretained or 

retained peak is 

N
total

 = (t
1
+ t

2
)2/(σ2         σ2   ) = t,1 t,2+

 [10]

(t
1
 + t

2
)2/(t

1
 /N

1
+ t  /N

2
)2 2

2

where subscripts 1 and 2 refer to the 

two columns. The general equation 

for calculating the total plate count 

of an unretained or retained peak of a 

bank of n columns is therefore

N
t 
= [∑    t

i
]  /∑    (t  /N

i
) n 2 2

i
n
i=1i=1 [11]

Likewise, for a single column, the 

number of theoretical plates of an 

unretained component using column 

length as the unit of measure is

N
 
= L /σ

22
L [12]

where L is column length and σL
2 is 

the peak variance of an unretained 

peak in units of length. For a coupled 

column comprising two columns, the 

total plate count of an unretained 

peak is 

N
 total 

= (L
1
 + L

2
)2 / (σ       σ    ) = 2

L,1
2
L,2+

(L
1
 + L

2
)2 / (L2/N

1
 + L2 /N

2
) 1 2

[13] 

where subscripts 1 and 2 refer to the 

two separate columns. The general 

equation for calculating the total 

TABLE III: The infl uence of theoretical plates on peak broadening and relative detector 
response. Injection volume is 10 μL; retention volume is 4 mL (see equations 6 and 10).

Column
Theoretical 
Plates (Na)

Peak Width 
(μLb)

Relative Detection 
Sensitivity (%c)c

1 400 800 2%

2 1.6 x 103 400 4%

3 6.4 x 103 200 8%

4 1 x 104 160 10%

5 4 x 104 80 20%

6 16 x 104 40 40%

7 1 x 106 16 100%

a. See equation 3.
b. w = 4w σv; see equation 7.
c. cmax/c0 x 100%; see equations 3 and 7

(Continued on page 489)
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Under Pressure to Perform: Impact of 
UHPLC Technology on Pharmaceutical 
Research and Development
An informal survey of industrial chromatographers reveals some insights into the different ways that ultrahigh-pressure 

liquid chromatography (UHPLC) technology has had an impact on modern pharmaceutical research and development.

Christopher J. Welch

I   recently spoke at the James L. Waters 

Symposium on Ultrahigh-Pressure Liquid 

Chromatography (UHPLC) at Pittcon 2019 

in Philadelphia, Pennsylvania, where I had 

the honor of sharing the stage with Jim 

Jorgenson, Pete Carr, Ed Bouvier, and Bill 

Barber, key figures in the origin of UHPLC 

(1,2) (Figure 1). The James L. Waters sym-

posium has become an important part of 

the annual Pittcon meeting and provides 

a window on the creation and evolution 

of a significant new analytical technology. 

Privately endowed by Jim Waters and now 

in its 30th year, this year’s James L. Waters 

Symposium was organized and chaired by 

Steve Weber, who explained to me that 

my role was to describe the many ways 

in which UHPLC technology has trans-

formed pharmaceutical research. While I 

had some personal opinions, the scope of 

the assignment led me to choose a survey 

approach, in which I discussed the matter 

with colleagues, then compiled the results 

into a short presentation. I received several 

requests to share this information, so I have 

reprised some of the content here for this 

article.

I recently retired from industry, and now, 

in the post-retirement phase of my career, I 

am leading the Indiana Consortium for Ana-

lytical Science and Engineering (ICASE), a 

joint venture between Purdue, Notre Dame, 

and Indiana University, focusing on research 

collaborations in measurement science 

and instrumentation. My work with ICASE 

often brings me into contact with industrial 

scientists, so I began the project by survey-

ing friends, associates, and contacts in the 

pharmaceutical industry for testimonials 

and examples of how UHPLC technology 

has transformed research in their areas. 

I soon learned that the “UHPLC advan-

tage” means different things to different 

people. I spoke with chromatographers 

interested in analytical release testing, 

high throughput screening, drug metabo-

lism, bioanalysis, drug discovery, formula-

tion studies, and preparative separations. 

Researchers in drug discovery and early 

development often focused on speed 

advantages, while researchers from late-

stage development, commercialization, 

and manufacturing often touted perfor-

mance advantages relating to quality. There 

are many types of chromatographers in 

industry, some with formal training in the 

subject who know the equations and the 

theoretical underpinnings, and others who 

have learned on the job, developing a fine-

tuned chromatographic sensibility derived 

from decades of practical experience. I 

set out to survey both extremes as well as 

those in the middle. Attribution is provided 

whenever possible, although a number of 

informants preferred to remain anonymous. 

UHPLC Means 

Faster Separations

Naijun Wu, a well-known chromatographer 

from Celgene, provided an overview of 

UHPLC’s impact on pharma, noting that in 

the drug discovery sector, fast “universal” 

sub-minute UHPLC methods for routine 

samples have now replaced the 5 to 10 

min HPLC methods that were previously 

used. This increase in speed allows for 

faster decision making and overall shorter 

experimental cycle times. 

Comparable speed advantages have pro-

foundly changed the field of high through-

put synthesis (where different catalysts and 

reaction conditions are rapidly screened) 

and in drug metabolism and pharmacoki-

netics studies (where thousands of plasma 

or urine samples are often analyzed). UHPLC 

speed advantages have also revolutionized 

in-process control (IPC) analysis, where 50 

min end-of-reaction HPLC assays have been 

replaced by <5 min UHPLC methods. This 

faster turnaround allows for denser monitor-

ing of reaction progress, and the ability to 

quickly intervene and adjust reaction condi-

tions when necessary.

UHPLC has also allowed automated 

multicolumn screening for method devel-

opment (such as six columns × three pH lev-

els × two mobile phases) to evolve from an 

overnight or even multiday task in the era 

of HPLC to a job that can be accomplished 

in a single morning using UHPLC (3). The 

pace of research is greatly increased when 

method development can be performed 

within a single day, as opposed to waiting 

for several days. 

The impact on the pharmaceutical com-

mercialization and manufacturing sector has 

also been profound, with batch release (the 

task of ensuring quality of newly prepared 

batches of active pharmaceutical ingre-

dients [APIs]) shrinking from two workday 

shifts in the HPLC era to a couple of hours 

with UHPLC. Naijun noted that this batch 

release constitutes more than a dozen chro-

matographic runs, for example, two blanks, 

eight system suitability samples, two refer-

ence standards, and three batch samples, 

analyzed in duplicate. 

Several chromatographers from major 

pharmaceutical companies observed that 

it is important to place the UHPLC speed 

advantage in the proper context, noting 

that, in the days before the introduction of 

UHPLC, many separations in pharma were 

http://www.chromatographyonline.com
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incompletely optimized, with 45 min purity 

assays and 10 min reaction screening meth-

ods being regarded by researchers as nor-

mal. In those days, it was not uncommon to 

see 10 min chromatographic runs used for 

monitoring single component dissolution 

assays. Simply put, optimizing the speed 

of HPLC separations was often not empha-

sized, perhaps owing to a less compelling 

need for speed and a historical emphasis on 

data quality, with researchers often doubling 

safety margins “just to be certain.” When 

UHPLC arrived on the scene, there were 

some exaggerated claims of improvement 

in analysis speed, resulting from the compari-

son of nicely optimized UHPLC separations 

to essentially unoptimized HPLC separations. 

Nevertheless, there is an actual UHPLC 

speed advantage compared to HPLC that 

can be profound. An example is shown in 

Figure 2, where both the HPLC and the 

UHPLC chromatograms are nicely opti-

mized, resolution is comparable for the two 

methods, and substantial speed advantage 

for the UHPLC separation is observed. 

In this example, a ninefold increase in 

pressure (1450 psi for HPLC, 13,000 PSI for 

UHPLC) coincidentally affords a ninefold 

improvement in separation speed; however, 

several factors in addition to pressure and 

the nearly fivefold increase in linear veloc-

ity in the UHPLC method contribute to the 

observed speed advantage. In particular, 

the HPLC column is packed with 5 μm par-

ticles, whereas the UHPLC column is packed 

with 1.7 μm particles. Figure 3 illustrates the 

well-established improvements in chromato-

graphic efficiency that are observed with 

columns packed with smaller particles (4). 

This increased efficiency generally leads to 

enhanced resolution, which can be traded 

for increased speed (5,6). In addition, the sig-

nificantly lower extracolumn volume of cur-

rent UHPLC instruments enables the use of 

smaller columns and faster gradients without 

a significant falloff in performance (7).

Irrespective of the various factors con-

tributing to the UHPLC advantage, users 

have been quick to derive practical advan-

tage from faster UHPLC techniques. An 

example of the tremendous gains in sepa-

ration speed in recent years can be seen 

in the realm of chiral chromatography, 

which is primarily concerned with resolving 

the two peaks corresponding to the two 

enantiomers of a chiral substance (8). Fig-

ure 4 shows the historical evolution of the 

“world speed record” for resolution of the 

enantiomers of flurbiprofen, a represen-

tative chiral molecule. Other compounds 

show similar precipitous drops over time, 

reflecting dramatic improvements brought 

about by the introduction of new UHPLC 

and supercritical fluid chromatography 

(SFC) instrumentation, as well as introduc-

tion of new stationary phases containing 

smaller particles.

FIGURE 1: Speakers and organizers from the James A. Waters Symposium on ultrahigh-
performance liquid chromatography (UHPLC) at Pittcon 2019, l to r, Stephen Weber, 
Peter Carr, James Jorgenson, Christopher Welch, Ed Bouvier, William Barber. Used with 
permission: Photo Copyright Notice:  2019 Roy Engelbrecht – royephoto.com 

Conventional HPLC

(a)

(b)

Fast UHPLC

APl
Starting
Materials

Starting
Materials

20

10

5

0

0 5

60

50

40

30

20

10

0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

10 15 20 25 30 35

15

Impurities

Retention time (min)

Retention time (min)

Impurities

APl

40 min

4.5 min
•Wu, N*; Clausen, A.; Wright, L.; Vogel, K.; Bernardoni, F. American Pharmaceutical Review 2008, 11, 24-33.

FIGURE 2: Fast UHPLC for reaction monitoring. Representative example of the speed 
advantage of (a) conventional HPLC analysis relative to (b) modern UHPLC analysis with a 
speed advantage of nine times. Conventional HPLC conditions: column 250 mm x 4.6 mm, 
5-μm symmetry C18, 210 nm detection at 5 Hz, 10 μL injection, 40 °C, Agilent 1100, 1.0 
mL/min 1450 psi, 60:40 to 5:95 1% phosphoric acid–acetonitrile in 40 min, 10 min post run. 
UHPLC conditions: column 100 mm x 2.1 mm, 1.7-μm Acquity BEH C18, 210 nm detection 
at 40 Hz, 2 μL injection, 40 °C, Waters Acquity system, 0.60 mL/min, 13,000 psi, 60:40 to 5:95 
0.1% phosphoric acid–acetonitrile in 4.5 min, 2 min post run. 
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Greener Separations Using UHPLC

Kelly Zhang and Pete Yehl from Genentech 

commented on the importance of speed, 

but also brought up another factor that was 

widely reported among respondents—the 

green chemistry solvent savings afforded 

by UHPLC. The green chemistry movement 

in pharma seeks to reduce the use of toxic 

materials and the generation of waste in the 

discovery, development, and manufacturing 

of pharmaceuticals (9). While the greatest 

impacts are often obtained in the manufac-

turing realm, green chemistry is very much an 

endeavor where “every little bit counts,” thus 

chromatographers have been focusing for 

some time on the various ways that solvent 

use can be minimized during pharmaceutical 

analysis (10). Mike Hicks from Merck reported 

that UHPLC counts among the greatest con-

tributions to green analytical chemistry, and 

that it has revolutionized modern pharma-

ceutical analysis. Christine Aurigemma from 

Pfizer noted that the advent of UHPLC, as 

well as next-generation SFC systems, means 

that solvent consumption and waste genera-

tion have been drastically reduced while sep-

aration speed has increased tremendously.

Faster Injections Needed 

to Compete With MS

Xiaoyi Gong from Merck cautioned that, 

while the UHPLC speed advantage has revo-

lutionized many pharmaceutical workflows, 

UHPLC is still too slow for addressing many 

of the challenges of high throughput analysis. 

The pace of analysis of 96 well microplates 

was greatly increased by the development of 

fast analysis techniques such as MISER (mul-

tiple injections in single experimental run) 

(11), and multiplexed HPLC (12) and capillary 

electrophoresis (CE) (13) techniques. But the 

challenge of same day analysis of 1536 well 

microplates by UHPLC requires additional 

innovations. Conventional UHPLC analysis of 

1536 samples currently takes more than 9 h, 

owing to limitations in the speed of injection 

via the robotic autosampler (14). A recent 

study reported a 2.4 h “plate time” for 1536 

samples using MISER UHPLC–MS, although 

this approach relied on an eightfold mass 

spectrometry (MS) multiplexing strategy, in 

which groups of eight wells containing mass-

differentiated products were combined 

prior to analysis (15). In contrast, direct MS 

measurement of 1536 well microplates can 

be completed in only 8 to 10 min using 

droplet microfluidics-MS (16), matrix-assisted 

laser desorption–ionization (MALDI) (17), or 

desorption electrospray ionization (DESI) (18) 

analysis. With the next generation of UHPLC 

separations sometimes taking less than a 

second (19), new ideas and approaches for 

sample injection will have to be developed 

to maintain the competitiveness of UHPLC 

for high throughput analysis. 

Enabling the Investigation 

of New Modalities

In a phone conversation, Genentech’s Pete 

Yehl pointed out that UHPLC has greatly 

enabled the exploration of the new thera-

peutic modalities that have been a signifi-

cant focus for pharma over the past decade. 

Newly found resolving power provided by 

UHPLC was immediately put to use to study 

problems of ever-increasing complexity 

including small interfering RNA and other 

oligonucleotides (20), proteolysis-targeting 

chimeras (PROTACs), antibody–drug conju-

gates (ADC), and peptidic macrocycles. In 

addition, conventional small molecule drug 

candidates continue to increase in complex-

ity, especially with regard to the presence of 

multiple stereocenters. Analysis and char-

acterization of this next generation of phar-

maceuticals is incredibly complex, taxing 

conventional HPLC and even the improved 

resolving power of UHPLC. Increasingly, 

multidimensional chromatographic separa-

tion approaches with orthogonal detection 

techniques are used to address these thorny 

problems (21,22).

Increasing Focus on 

Instrument Utilization

Several interviewees mentioned that the ini-

tial wave of UHPLC instrument introductions 

created an increased focus in pharma on 

instrument utilization rates, with instrument 

companies arguing that purchases of the 

more expensive UHPLC instruments would 

be justified by increased productivity, with 

a single UHPLC instrument doing the work 

of two conventional HPLC instruments. Irre-

spective of the merits of this argument or the 

actual UHPLC for HPLC replacement metric 

(several sources suggest that the actual ratio 

was more like 1:1), this focus on instrument 

productivity captured the attention of cor-

porate procurement accountants and effi-

ciency experts, who began to be increasingly 

involved in coordinating instrument lifecycle 

management. 

Instrument utilization rates in certain areas 

of pharmaceutical discovery and develop-

ment are often quite low, owing to the dedi-

cation of individual instruments to specific 

tasks, either on a project-by-project basis or 

on the basis of function—such as method 

development screening, walk-up “standard 

gradient” systems, and high throughput 

analysis systems. Consequently, the UHPLC 

revolution did little to either reduce instru-

ment numbers or increase utilization. Going 
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FIGURE 3: Impact of decreasing particle size on improving effi ciency, resolution, and speed 
of chromatographic separations (4). Note chromatograms (a) through (i) with improvements 
in speed from 10 min to 30 s.
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forward, improved software to better 

facilitate automated transitions between 

several discreet functions within a single 

instrument is an area of considerable inter-

est among pharmaceutical researchers (3). 

Bill Farrell from Pfizer cites the series of 

solvent washes required to transition an 

instrument from reversed-phase mode to 

normal-phase mode and then back again 

as a potentially easily automated routine 

task that currently requires too much user 

oversight and guidance.

Larry Miller from Amgen reports that 

instrument utilization software that is 

now commonplace on newer HPLC and 

UHPLC instruments helps him track the 

number of injections for each instru-

ment, which guides instrument main-

tenance and replacement scheduling, 

and also informs decisions on how 

best to place open-access instruments 

around the laboratories to best serve 

users. Larry claims that this data is also 

helpful when justifying the purchase of 

new instruments.

In the End, 

It’s All About Performance

Tim Olah from Bristol Myers Squibb 

summed things up nicely by noting that for 

many researchers in pharma, it’s all about 

performance. The significant impact of 

UHPLC on research operations has often 

been more about resolution and specific-

ity than about speed (although, of course, 

these factors are linked). Tim and his col-

leagues have been able to develop and 

implement very sensitive and specific mul-

tiple component bioanalytical methods 

using UHPLC and MS detection that are 

capable of simultaneously quantifying ther-

apeutic agents and definitive biomarkers in 

small biological samples, including tissue 

biopsies and dried blood spots (DBS) in 

a way that was simply not possible before 

the advent of modern UHPLC technology. 

They and other researchers are glad that 

UHPLC has become an integral technology 

that underpins research activities across the 

entire spectrum of pharmaceutical discov-

ery, development, and manufacturing.
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PRODUCTS & RESOURCES

 Headspace syringe
Hamilton Company’s 

HDHT headspace syringe is 

designed for high-tempera-

ture applications up to 200 

°C. According to the company, 

the syringe’s high-dynamic 

HD plunger uses a spring in 

the plunger tip that compen-

sates for the materials’ differ-

ent expansion coefficients. 

Hamilton Company, 
Reno, NV.
www.hamiltoncompany.com

 Flow modulator
The FLUX flow modulator 

from LECO is designed for 

routine GC×GC analysis. 

According to the compa-

ny,the flow modulator does 

not require cryogens to 

carry out GC×GC analysis, 

and a simplified method 

development feature 

requires the user to man-

age only two parameters. 

LECO Corporation, St. Joseph, MI.
www.leco.com/flux-gcxgc-flow-modulator

 Benchtop mass spectrometer
Thermo Fisher’s Orbitrap Exploris 

480 mass spectrometer is designed 

for rigorous, high-throughput protein 

identification, quantification, and 

structural characterization of biother-

apeutics and translational biomarkers 

within a compact, benchtop instru-

ment. According to the company, the 

system allows researchers to conduct 

rapid, multiplexed analysis of proteins 

within complex biological matrices. 

Thermo Fisher Scientific, San 
Jose, CA. www.thermofisher.com

 Adsorbents
Sorbtech’s high-purity adsorbents 

for chromatography and purification 

processes are designed to perform 

simple to complex analytical and pre-

parative chromatographic techniques 

for laboratory, pilot, and industrial 

process applications. According to the 

company, a broad selection of adsor-

bents, including silica gel, bonded 

phases, alumina, polymeric resins, and 

size-exclusion media, allows research-

ers to have one source for a project and a continuous scale-up path 

without variability. Sorbent Technologies, Inc., www.sorbtech.com

 Work assignment and resource planning module
A work assignment and 

resource planning module 

available from LabVantage 

is designed to let laboratory 

managers assign work based 

on technician availability, work 

capacity, and training status, 

and instrument certification 

status and availability. Accord-

ing to the company, testing 

master data can be configured to identify preferred laboratory instru-

ments and users so that incoming work can be assigned and optimized. 

LabVantage Solutions, Inc., Somerset, NJ. www.labvantage.com

 Fraction collector for HPLC
Shimadzu Scientific’s FRC-40 fraction 

collector is designed for high-per-

formance liquid chromatography. 

According to the company, the 

collector incorporates fraction 

simulation to ensure pure frac-

tions, and users can change system 

parameters, such as the pump flow 

rate and detector settings, during 

analysis to maximize efficiency. 

Shimadzu Scientific 
Instruments, Columbia, MD. 
www.ssi.shimadzu.com

Li quid-filled permeation tube
Kin-Tek’s Trace Source liquid-filled 

permeation tube is designed for use 

in Kin-Tek gas calibration systems to 

generate moderate-to-high concen-

tration mixtures of low-vapor liquids 

or solids such as water, benzene, 

various sulfur compounds, and form-

aldehyde. According to the company, 

the tubes are small compared to 

high-pressure gas cylinders, and con-

tain only a small amount of chemical, 

eliminating the possibility of acute 

exposure. Kin-Tek Analytical, Inc., La Marque, TX. www.kin-tek.com

I EX column
Imtakt’s Intrada organic acid ion 

exchange (IEX) column is designed 

for the analysis of organic acids. 

According to the company, the 

silica-based column does not 

require the use of ion-paring 

reagents or analyte derivatization 

to provide retention and separation 

of organic acids and can distinguish 

between multiple charge variants. 

Imtakt USA, 
Portland, OR. 
www.imtaktusa.com 
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 Multitechnique sample preparation system
Markes’ Centri multitechnique system 

is designed for sample automation and 

concentration for gas chromatography– 

mass spectrometry. According to the 

company, four sampling modes are 

available: HiSorb high-capacity sorptive 

extraction; headspace, solid-phase 

microextraction; and thermal desorption. 

Markes International, 
Llantrisant, UK.
chem.markes.com/Centri

 Artificial body fluids
Pickering’s artificial body 

fluids are designed to meet 

official product testing 

specifications from AATCC, 

ISO, DIN, BS, EN, and other 

worldwide standards orga-

nizations. According to the 

company, the artificial body 

fluids are suitable for product 

development, quality testing, 

and research applications. 

Pickering Laboratories, Mountain View, CA.

www.pickeringlabs.com

 Syringes
VICI Precision Sampling 

Pressure-Lok analytical 

syringes are made with 

polytetrafluoroethylene (PTFE) 

plunger tips. According to 

the company, the tips are 

designed to remain smooth, 

without the seizing or residue 

of conventional metal plunges, 

and have leak-proof seals. 

Valco Instruments Co., Inc., 
Houston, TX.
www.vici.com

 LC accessories
Accessories from Restek are 

designed for use in liquid chro-

matography analysis. According 

to the company, products include 

bottle top inlet valves, outlet 

valves, couplers, fittings, unions, 

tees and crosses, PEEK stainless 

steel tubing, mobile-phase main-

tenance and safety products, 

bottle tops, valves, filters, spargers, 

replacement parts, and supplies. 

Restek Corp., Bellefonte, PA. 
www.restek.com

 Ion chromatograph
Metrohm’s Eco IC ion 

chromatograph is designed for 

the routine analysis of anions, 

cations, and polar substances 

in water. According to the 

company, the chromatograph 

includes a suppressor, a 

conductivity detector, and 

software, and allows for automatic 

analysis of up to 36 samples. 

Metrohm USA, 
Riverview, FL.
www.metrohmusa.com

 MALS instruments
The NEON generation of 

multi-angle light scattering 

(MALS) refractive index and 

intrinsic viscosity instruments 

are designed with updated opti-

cal, electrical, and mechanical 

components. According to the 

company, its Smart Services 

platform provides customer-first 

enhancements for ease-of-use. 

Wyatt Technology,
Santa Barbara, CA.
www.wyatt.com/nextgen

 Column
Tosoh’s TSKgel FcR-IIIA-

NPR column is designed 

for the analysis of IgG 

glycoforms. According 

to the company, the 

stationary phase uses 

a recombinant human 

Fcγ receptor III as a ligand bound to a nonporous polymethac-

rylate polymer, providing an elution profile of the glycoprotein 

that mimics antibody-dependent cellular cytotoxicity activ-

ity, which is correlated to the composition of the N-glycans. 

Tosoh Bioscience LLC, King of Prussia, PA. 
www.tosohbioscience.com

 Laboratory water system
MilliporeSigma’s redesigned 

Milli-Q IQ 7003/7005 Ultra-

pure and Pure laboratory 

water system is designed to 

provide Type 1 and Type 2 

water directly from tap water. 

According to the company, the 

system’s design features include 

system auto-rinsing prior to 

production; an integrated vent filter; a built-in ech2o bactericidal

UVC LED lamp, and automatic recirculation of 

stored water through the purification loop. 

MilliporeSigma, Burlington, MA. www.emdmillipore.com

http://www.pickeringlabs.com
http://www.vici.com
http://www.restek.com
http://www.emdmillipore.com
http://www.tosohbioscience.com
http://www.wyatt.com/nextgen
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CALENDAR

25–29 August 2019

American Chemical Society Fall 2019 

National Meeting & Exposition

San Diego, CA

www.acs.org/content/acs/en/

meetings/national-meeting.html

1–4 September 2019

ITP 2019: 26th International 

Symposium on Electroseparation and 

Liquid-Phase Separation Techniques

Toulouse, France

www.itp2019.com/index.php

1–5 September 2019

EuroAnalysis 2019

Istanbul, Turkey

http://euroanalysis2019.com/

4–6 September 2019

Cannabis Science Conference

Portland, OR

www.cannabisscienceconference.com

3–5 September 2019

40th British Mass Spectrometry 

Society Annual Meeting

Manchester, UK

www.bmss.org.uk/bmss-

annual-meeting-2019

6–12 September 2019

AOAC Annual Meeting 

and Exposition

Denver, CO

https://www.aoac.org/

11–13 September 2019

12th Balaton Symposium 

on High-Performance 

Separation Methods 

Siófok, Hungary

http://www.balaton.mett.hu/

15–18 September 2019

30th International Symposium 

on Pharmaceutical and 

Biomedical Analysis

Tel-Aviv, Israel

www.pba2019.org

15–18 September 2019

25th International Symposium 

on Separation Science 

(ISSS 2019)

Lodz, Poland

www.isss2019.p.lodz.pl

17–20 September 2019

16th Symposium on the 

Practical Applications of 

Mass Spectrometry in the 

Biotechnology Industry 

(Mass Spec 2019)

Chicago, IL

www.casss.org/page/MS1901

23–26 September 2019

23rd International REID 

Bioanalytical Forum

Cambridge, UK

https://chromsoc.com/event/23rd-

international-reid-bioanalytical-forum/

24–26 September 2019

Analytica Latin America

São Paulo, Brazil 

www.analiticanet.com.br/en

29 September–1 October 2019

SFC 2019: International 

Conference on Packed 

Column SFC

Philadelphia, PA

www.greenchemistrygroup.org/

current-conference/sfc-2019

29 September–2 October 2019

Society of Forensic 

Toxicologies (SOFT 2019)

San Antonio, TX

http://www.soft-tox.org/

8–11 October 2019

American Council of 

Independent Laboratories 

(ACIL) 2019 Annual Meeting

Nashville, TN

https://acil.events.idloom.com/

acil-annual-meeting-2019

13–18 October 2019

CE in the Biotechnology & 

Pharmaceutical Industries

Bethesda, MD

www.casss.org/page/CE1900

15–16 October 2019

Gulf Coast Conference

Galveston, TX

https://gulfcoastconference.com/

27-31 October 2019

Microtas 2019: The 23rd 

International Conference 

on Miniaturized Systems for 

Chemistry and Life Sciences

Basel, Switzerland

https://microtas2019.org/

5–8 November 2019

9th International Symposium

on Recent Advances in Food Analysis

Prague, Czech Republic

www.rafa2019.eu/ 

18–20 November 2019

Eastern Analytical Symposium 

and Exhibition

Princeton, NJ

www.eas.org 

http://www.itp2019.com/index.php
http://euroanalysis2019.com/
http://www.cannabisscienceconference.com
https://www.aoac.org/
http://www.balaton.mett.hu/
http://www.pba2019.org
http://www.isss2019.p.lodz.pl
http://www.casss.org/page/MS1901
http://www.analiticanet.com.br/en
http://www.soft-tox.org/
http://www.casss.org/page/CE1900
https://gulfcoastconference.com/
https://microtas2019.org/
http://www.rafa2019.eu/
http://www.eas.org
http://www.chromatographyonline.com
http://www.acs.org/content/acs/en/meetings/national-meeting.html
http://www.bmss.org.uk/bmss-annual-meeting-2019
https://chromsoc.com/event/23rd-international-reid-bioanalytical-forum/
http://www.greenchemistrygroup.org/current-conference/sfc-2019
https://acil.events.idloom.com/acil-annual-meeting-2019
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SHORT COURSES

Hyphenated
17–18 November 2019

LC–MS: Theory, Instruments, 

and Applications

Princeton, NJ

easinc.org/wordpress/?page_id=947

18–20 November 2019

Practical LC–MS Method 

Development for Small Molecules

Princeton, NJ

easinc.org/wordpress/?page_id=5953

HPLC
On Demand 2019

High Performance Liquid 

Chromatography Basics

proed.acs.org/content/proed/en/

on-demand/high-performance-liquid-

chromatography-basics.html 

26–27 August 2019

Fundamentals of High 

Performance

Liquid Chromatography

San Diego, CA 

proed.acs.org/content/proed/en/in-person/

fundamentals-high-performance-

liquid-chromatography.html

1–4 October 2019

High Performance Liquid 

Chromatography: Fundamentals, 

Troubleshooting, and 

Method Development

Chicago, IL

proed.acs.org/content/proed/en/

lab-component/high-performance-

liquid-chromatography-fundamentals-

troubleshooting-method.html

2-16 October 2019

Modern HPLC/UHPLC for 

Practicing Scientists 1: 

Fundamentals

Online Live

proed.acs.org/content/proed/en/online-

live/modern-hplc-uhplc-practicing-

scientists1-fundamentals.html

8 October 2019

Modern HPLC/UHPLC for 

Practicing Scientists 2: 

UHPLC, Method Development, 

HPLC Operation, and 

Troubleshooting 

Online Live

proed.acs.org/content/proed/en/

in-person/modern-hplc-uhplc-

practicing-scientists2-method-

development-biopharmaceutical-

applications.html

21–23 October 2019

Solutions and Workflows in 

(Environmental) Molecular 

Screening and Analysis

Erding, Germany

www.swemsa.eu

17–18 November 2019

Fundamentals & Best Practices 

in Method Development and 

Operation/Troubleshooting

Princeton, NJ

easinc.org/wordpress/?page_id=4022

18–20 November 2019

HPLC & UHPLC for Practicing 

Scientists 1 and 2: Fundamentals & 

Best Practices in Method Development 

and Operation/Troubleshooting

Princeton, NJ

easinc.org/wordpress/?page_id=4022

19–20 November 2019

Systematic LC and GC 

Troubleshooting

Princeton, New Jersey

easinc.org/wordpress/?page_id=961

19–20 November 2019

How to Develop Validated HPLC 

Methods: Rational Design with 

Practical Statistics & Troubleshooting

Princeton, New Jersey

easinc.org/wordpress/?page_id=961

Mass Spectrometry
17–18 November 2019

Modern Mass Spectrometry: 

Fundamentals to Frontiers

Princeton, NJ

easinc.org/wordpress/?page_id=5953

Other
17 November 2019 

High-Performance TLC, 

Planar Chromatography 

Beyond the Ordinary!

Princeton, New Jersey

easinc.org/wordpress/?page_id=5975

17–18 November 2019 

Chemometrics Without 

Equations Parts 1 & 2 

Princeton, New Jersey

easinc.orgwordpress/?page_id=1002

19–20 November

Quality-by-Design: A New 

Paradigm for the Analytical 

Laboratory Part 1 & 2

Princeton, New Jersey

easinc.org/wordpress/?page_id=967

Sample Prep
18 November 2019

Analytical Sampling and Sample 

Preparation for Chromatography

Princeton, NJ

easinc.org/wordpress/?page_id=5205

http://www.swemsa.eu
www.easinc.org/wordpress/?page_id=947
www.easinc.org/wordpress/?page_id=5953
http://proed.acs.org/content/proed/en/on-demand/high-performance-liquid-chromatography-basics.html
http://www.proed.acs.org/content/proed/en/in-person/fundamentals-high-performance-liquid-chromatography.html
https://proed.acs.org/content/proed/en/lab-component/high-performance-liquid-chromatography-fundamentals-troubleshooting-method.html
https://proed.acs.org/content/proed/en/online-live/modern-hplc-uhplc-practicing-scientists1-fundamentals.html
https://proed.acs.org/content/proed/en/in-person/modern-hplc-uhplc-practicing-scientists2-method-development-biopharmaceutical-applications.html
www.easinc.org/wordpress/?page_id=4022
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www.easinc.org/wordpress/?page_id=961
www.easinc.org/wordpress/?page_id=961
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plate count of an unretained peak of 

a bank of n columns is

N
t 
= [∑n    L

i
]2/∑n    (L2/N

i 
)i=1 i=1 i  [14]

The total number of theoretical plates of 

column sets, like those seen in equations 

11 and 14, is a weighted average, not an 

arithmetic sum. Note that the efficiency of a 

bank of columns is independent of column 

sequence; similar results would be obtained 

if the column order were to be reversed. Fur-

thermore, consider the mathematical order 

of the numerators in equations 11 and 14; 

column lengths or retention times are first 

added together, and then squared, while in 

the denominators, time or lengths are first 

squared, then divided by their correspond-

ing plates, and finally added together. 

A practical application of these concepts 

would be attaching a well-used 50-mm 

precolumn with 500 plates to a new 250-

mm analytical column with 30,000 plates. 

According to equation 11, the total esti-

mated plate count of the 300-mm column 

set would be about 13,000, representing a 

60% efficiency loss.

Conclusions

When an injected sample undergoes peak 

broadening, the concentrations of eluted 

components are greatly reduced. Based 

on a Gaussian distribution model, rela-

tionships are presented that show that the 

degree of solute dilution is proportional 

to retention volume, and inversely propor-

tional to injection volume and the square-

root of column plate count. Solute dilution 

not only reduces the efficacy of analytical 

and semipreparative HPLC fractionation, 

but also lowers detection sensitivity. 

A convenient approach for increasing 

column efficiency is simply to couple col-

umns together. As a result of peak broad-

ening, however, a weighted-average plate 

count, rather than an arithmetic mean, must 

be used to calculate the total plate count 

of column sets that consist of different 

length or efficiency columns. Calculations 

show that connecting a short, but low-plate, 

count column in series with a high-plate 

analytical column has a deleterious effect 

on the total efficiency of the column bank.

Our next contribution will discuss the 

impact that peak broadening has on chro-

matographic resolution.

Dedication

This paper is dedicated to Prof. Barry L. 

Karger, Director Emeritus of the Barnett 

Institute, and the James L. Waters Chair 

and Distinguished Professor Emeritus at 

Northeastern University, in honor of his 

80th birthday.
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Electron Capture Detectors

The invention of the electron cap-

ture detector (ECD) is attributed 

to Lovelock in 1957 (1). The detector 

measures the electrical conductivity of 

an effluent gas stream resulting from 

exposure to ionizing radiation from a 

radionuclide. 

The ECD (see Figure 1 for a sche-

matic) is a selective detector that 

responds to electronegative analyte 

molecules capable of “capturing 

electrons”—more specifically, haloge-

nated, organometallic and nitro-con-

taining compounds. The radionuclide 

is 63Ni and around 10 millicuries, and is 

typically embedded in a foil within the 

detector cell that emits beta particles: 

63 Ni → β¯ [1]

These negatively charged particles 

collide with make-up gas molecules 

and ionize them, and the subsequently 

produced electrons go on to ionize 

additional make-up gas molecules. 

Nitrogen is typically used as make-up 

gas in modern ECD detectors, due to 

its low ionization potential (low excita-

tion energy).

The free electrons produced are 

accelerated toward a cathode within 

the detector, and a standing current 

is obtained:

β¯ + N
2
 → 2e¯ + N

2

+

[2]

When an electronegative analyte is 

eluted, the analyte molecules capture 

some of the “background” electrons, 

and this results in a reduction of the 

standing (background) current:

A + e¯ → A¯ [3]

One might wonder why the nega-

tively charged analyte ions do not also 

migrate towards the cathode and main-

tain the same level of standing current. 

The answer lies in the fact that the pro-

cess of neutralization of the charged 

analyte with nitrogen cations happens 

very rapidly, at a much shorter time 

scale than the recombination of the ini-

tially liberated electrons with nitrogen 

cations, and, therefore, the number of 

charged species reaching the anode 

or cathode is reduced. The size of the 

reduction in the standing current is pro-

portional to the analyte concentration.

The carrier gases used for ECD 

operation should be pure and dry. 

Oxygen and water are both electro-

negative, and as such contribute to a 

noisy baseline if they are present in 

the carrier or makeup gases, even in 

trace amounts. 

When optimized, the detector can 

achieve sensitivity in the picogram 

(10–12 g) range, but because the 

change in standing current is rela-

tively low, the detector linear range is 

limited to around three or four orders 

of magnitude, depending upon the 

electronegativity of the analyte.

Improved performance and linear-

ity can be obtained by operating the 

detector in a “pulsed” mode. A square 

wave pulse is applied at a frequency 

(typically a width of 1 ms at intervals 

of 20–50 μs) that maintains a constant 

current in the detector cell; to main-

tain the current in the presence of an 

analyte, the pulse frequency has to 

be increased. The signal is generated 

in proportion to the frequency of the 

applied pulse.

The cleanliness of the detector 

needs to be maintained at all times, 

which often means care with sample 

preparation. Chromatographic peaks 

obtained from a dirty ECD detector 

show a distinctive negative dip at the 

start or end of the peak, and counter-

intuitively the response of the detec-

tor can often increase as detector 

performance deteriorates (although 

signal to noise will deteriorate).

Collision or reaction cells can be 

added to the instrument to avoid the 

interference of polyatomic isobaric 

species with target analytes, by disso-

ciating potentially interfering molecular 

species, or creating reactions products 

with the target analytes that have a 

unique mass. Ammonia is often used 

to generate these reaction products. 

Alternatively, high resolution (accurate 

mass) analyzers can be used in order 

to discriminate between target analyte 

elements and their nominally isobaric 

interferents, due to their ability to 

spectrometrically discriminate between 

very small mass differences.
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FIGURE 1: Schematic of a typical ECD de-
tector. Red species are β particles; green 
species are nitrogen make-up gas mole-
cules; blue species are analyte molecules.
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Combines Exceptional Accuracy and Sensitivity with 
Easy Maintenance and Operation

Learn more about Shimadzu’s NX Series Mass Spectrometers  

Call (800) 477-1227 or visit us online at www.ssi.shimadzu.com
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HALO® 2.0 μm Fused-Core® UHPLC Columns

HILIC Penta-HILIC ES-CN PFP AQ-C18 Biphenyl Phenyl-Hexyl RP-Amide C8 C18

2.1 x 250 91812-901 91812-905 91812-904 91812-909 91812-922 91812-911 91812-906 91812-907 91812-908 91812-902

2.1 x 150 91812-701 91812-705 91812-704 91812-709 91812-722 91812-711 91812-706 91812-707 91812-708 91812-702

2.1 x 100 91812-601 91812-605 91812-604 91812-609 91812-622 91812-611 91812-606 91812-607 91812-608 91812-602

2.1 x 75 91812-501 91812-505 91812-504 91812-509 91812-522 91812-511 91812-506 91812-507 91812-508 91812-502

2.1 x 50 91812-401 91812-405 91812-404 91812-409 91812-422 91812-411 91812-406 91812-407 91812-408 91812-402

2.1 x 30 91812-301 91812-305 91812-304 91812-309 91812-322 91812-311 91812-306 91812-307 91812-308 91812-302

2.1 x 20 91812-201 91812-205 91812-204 91812-209 91812-222 91812-211 91812-206 91812-207 91812-208 91812-202

3.0 x 250 91813-901 91813-905 91813-904 91813-909 91813-922 91813-911 91813-906 91813-907 91813-908 91813-902

3.0 x 150 91813-701 91813-705 91813-704 91813-709 91813-722 91813-711 91813-706 91813-707 91813-708 91813-702

3.0 x 100 91813-601 91813-605 91813-604 91813-609 91813-622 91813-611 91813-606 91813-607 91813-608 91813-602

3.0 x 75 91813-501 91813-505 91813-504 91813-509 91813-522 91813-511 91813-506 91813-507 91813-508 91813-502

3.0 x 50 91813-401 91813-405 91813-404 91813-409 91813-422 91813-411 91813-406 91813-407 91813-408 91813-402

3.0 x 30 91813-301 91813-305 91813-304 91813-309 91813-322 91813-311 91813-306 91813-307 91813-308 91813-302

3.0 x 20 91813-201 91813-205 91813-204 91813-209 91813-222 91813-211 91813-206 91813-207 91813-208 91813-202
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Buy Any Two ACE® Excel or HALO® 
UHPLC Columns from MAC-MOD

and Get a FitBit® Charge 3 or  
a $250 MAC-MOD Gift Card 
The MAC-MOD gift card can be applied to any future MAC-MOD order. 
Promotional offer expires September 30, 2019.

$250

For FitBit® Charge 3 Use Code: MMFitbit � For MAC-MOD Gift Card Use Code: MM250GC
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ACE® Excel 1.7 μm UHPLC Columns

NH
2

HILIC-A HILIC-B HILIC-N CN-ES C18-PFP C18-AR C18-Amide C18 SuperC18

2.1 x 100 EXL17141002U HILA171002U HILB171002U HILN171002U EXL17131002U EXL17101002U EXL1791002U EXL17121002U EXL1711002U EXL17111002U

2.1 x 75 EXL17147502U HILA177502U HILB177502U HILN177502U EXL17137502U EXL17107502U EXL1797502U EXL17127502U EXL1717502U EXL17117502U

2.1 x 50 EXL17140502U HILA170502U HILB170502U HILN170502U EXL17130502U EXL17100502U EXL1790503U EXL17120502U EXL1710502U EXL17110502U

2.1 x 30 EXL17140302U HILA170302U HILB170302U HILN170302U EXL17130302U EXL17100302U EXL1790302U EXL17120302U EXL1710302U EXL17110302U

2.1 x 20 EXL17140202U HILA170202U HILB170202U HILN170202U EXL17130202U EXL17100202U EXL1790202U EXL17120202U EXL1710202U EXL17110202U

3.0 x 100 EXL17141003U HILA171003U HILB171003U HILN171003U EXL17131003U EXL17101003U EXL1791003U EXL17121003U EXL1711003U EXL17111003U

3.0 x 75 EXL17147503U HILA177503U HILB177503U HILN177503U EXL17137503U EXL17107503U EXL1797503U EXL17127503U EXL1717503U EXL17117503U

3.0 x 50 EXL17140503U HILA170503U HILB170503U HILN170503U EXL17130503U EXL17100503U EXL1790503U EXL17120503U EXL1710503U EXL17110503U

3.0 x 30 EXL17140303U HILA170303U HILB170303U HILN170303U EXL17130303U EXL17100303U EXL1790303U EXL17120303U EXL1710303U EXL17110303U

3.0 x 20 EXL17140203U HILA170203U HILB170203U HILN170203U EXL17130203U EXL17100203U EXL1790203U EXL17120203U EXL1710203U EXL17110203U

ACE® Excel 2.0 μm UHPLC Columns

CN CN-ES C18-PFP AQ Phenyl C18-AR C18-Amide C4 C8 C18 SuperC18

2.1 x 150 EXL1041502U EXL10131502U EXL10101502U EXL1061502U EXL1051502U EXL1091502U EXL10121502U EXL1031502U EXL1021502U EXL1011502U EXL10111502U

2.1 x 125 EXL1041202U EXL10131202U EXL10101202U EXL1061202U EXL1051202U EXL1091202U EXL10121202U EXL1031202U EXL1021202U EXL1011202U EXL10111202U

2.1 x 100 EXL1041002U EXL10131002U EXL10101002U EXL1061002U EXL1051002U EXL1091002U EXL10121002U EXL1031002U EXL1021002U EXL1011002U EXL10111002U

2.1 x 75 EXL1047502U EXL10137502U EXL10107502U EXL1067502U EXL1057502U EXL1097502U EXL10127502U EXL1037502U EXL1027502U EXL1017502U EXL10117502U

2.1 x 50 EXL1040502U EXL10130502U EXL10100502U EXL1060502U EXL1050502U EXL1090502U EXL10120502U EXL1030502U EXL1020502U EXL1010502U EXL10110502U

2.1 x 30 EXL1040302U EXL10130302U EXL10100302U EXL1060302U EXL1050302U EXL1090302U EXL10120302U EXL1030302U EXL1020302U EXL1010302U EXL10110302U

2.1 x 20 EXL1040202U EXL10130202U EXL10100202U EXL1060202U EXL1050202U EXL1090202U EXL10120202U EXL1030202U EXL1020202U EXL1010202U EXL10110202U

3.0 x 150 EXL1041503U EXL10131503U EXL10101503U EXL1061503U EXL1051503U EXL1091503U EXL10121503U EXL1031503U EXL1021503U EXL1011503U EXL10111503U

3.0 x 125 EXL1041203U EXL10131203U EXL10101203U EXL1061203U EXL1051203U EXL1091203U EXL10121203U EXL1031203U EXL1021203U EXL1011203U EXL10111203U

3.0 x 100 EXL1041003U EXL10131003U EXL10101003U EXL1061003U EXL1051003U EXL1091003U EXL10121003U EXL1031003U EXL1021003U EXL1011003U EXL10111003U

3.0 x 75 EXL1047503U EXL10137503U EXL10107503U EXL1067503U EXL1057503U EXL1097503U EXL10127503U EXL1037503U EXL1027503U EXL1017503U EXL10117503U

3.0 x 50 EXL1040503U EXL10130503U EXL10100503U EXL1060503U EXL1050503U EXL1090503U EXL10120503U EXL1030503U EXL1020503U EXL1010503U EXL10110503U

3.0 x 30 EXL1040303U EXL10130303U EXL10100303U EXL1060303U EXL1050303U EXL1090303U EXL10120303U EXL1030303U EXL1020303U EXL1010303U EXL10110303U

3.0 x 20 EXL1040203U EXL10130203U EXL10100203U EXL1060203U EXL1050203U EXL1090203U EXL10120203U EXL1030203U EXL1020203U EXL1010203U EXL10110203U

4.6 x 150 EXL1041546U EXL10131546U EXL10101546U EXL1061546U EXL1051546U EXL1091546U EXL10121546U EXL1031546U EXL1021546U EXL1011546U EXL10111546U

4.6 x 125 EXL1041246U EXL10131246U EXL10101246U EXL1061246U EXL1051246U EXL1091246U EXL10121246U EXL1031246U EXL1021246U EXL1011246U EXL10111246U

4.6 x 100 EXL1041046U EXL10131046U EXL10101046U EXL1061046U EXL1051046U EXL1091046U EXL10121046U EXL1031046U EXL1021046U EXL1011046U EXL10111046U

4.6 x 75 EXL1047546U EXL10137546U EXL10107546U EXL1067546U EXL1057546U EXL1097546U EXL10127546U EXL1037546U EXL1027546U EXL1017546U EXL10117546U

4.6 x 50 EXL1040546U EXL10130546U EXL10100546U EXL1060546U EXL1050546U EXL1090546U EXL10120546U EXL1030546U EXL1020546U EXL1010546U EXL10110546U

4.6 x 30 EXL1040346U EXL10130346U EXL10100346U EXL1060346U EXL1050346U EXL1090346U EXL10120346U EXL1030346U EXL1020346U EXL1010346U EXL10110346U

4.6 x 20 EXL1040246U EXL10130246U EXL10100246U EXL1060246U EXL1050246U EXL1090246U EXL10120246U EXL1030246U EXL1020246U EXL1010246U EXL10110246U

SHOP NOW: 1 (800) 441-7508 � info@mac-mod.com � mac-mod.com/shop.php

ES100703_LCGC0719_OUTSERT2_FP.pgs  07.03.2019  17:34    UBM  blackyellowmagentacyan

http://mac-mod.com/shop.php
mailto:info@mac-mod.com
mailto:info@mac-mod.com


SHOP NOW:
1 (800) 441-7508 � info@mac-mod.com 
mac-mod.com/shop.php

The Essential Bonded 
Phases of UHPLC
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of the Periodic Table of Elements 

Buy Any Combination of Two 1.7 or 2.0 μm ACE® 
Excel or HALO® UHPLC Columns and Get a 
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ACE Excel

NH
2
*

1000 bar pH 2-7

ACE Excel

C4
 

1000 bar pH 2-8

HALO

HILIC* 

1000 bar pH 1-8

HALO

C8
 

1000 bar pH 2-9

HALO

Penta- 
HILIC* 

1000 bar pH 2-9

 ACE Excel

Phenyl

1000 bar pH 2-8

ACE Excel

C8

1000 bar pH 2-8

ACE 

HILIC-A* 

1000 bar pH 2-7

ACE Excel

CN
 

1000 bar pH 2-8

HALO  

Biphenyl

1000 bar pH 2-9

HALO

C18

1000 bar  pH 2-9

ACE 

HILIC-B*
 

1000 bar pH 2-7

HALO

ES-CN
 

1000 bar pH 1-8

HALO

PFP

1000 bar pH 2-9

ACE Excel 

AQ

1000 bar pH 2-8

HALO  

Phenyl- 
Hexyl

1000 bar pH 2-9

HALO 

RP- 
Amide

 

1000 bar pH 2-9

ACE Excel

C18

1000 bar pH 2-8

ACE 

HILIC-N*
 

1000 bar pH 2-7

ACE Excel 

CN-ES
 

1000 bar pH 2-8 

ACE Excel 

C18-PFP
 

1000 bar pH 2-8

HALO 

AQ-C18
 

1000 bar pH 2-9 

ACE Excel 

C18-AR

1000 bar pH 2-8

ACE Excel 

C18- 
Amide

 

1000 bar pH 2-8

ACE Excel

SuperC181

1000 bar pH 1.5-11.5

Temperature Maxima (low pH, 60 °C; mid pH, 40 °C)

G
R

E
A

T
E

R
 R

E
T

E
N

T
IO

N
 

MORE POLAR

Providing smarter chromatography solutions, 
state-of-the-art analytical software, and 
products for all your separation needs

Bonded 
Phase

Brand Phase
Particle 

Size (μm)

100%  
Aqueous 

Compatible
Endcapped 

Carbon 
Load (%)

Surface 
Area 

(m2/g)

NH
2

ACE

A
C
E

 U
lt
ra
-I
n
e

rt

S
ili
c
a

 S
u

rf
a
c
e

O

R

Si

R

NH
2

O 1.7 No No 4.0 300

HILIC HALO O OHSi

O

O
2.0 No NA N/A 120

Penta- 
HILIC

HALO O (Linker)Si

CH
3

HO

HO

OH

OH

OH

CH
3

2.0 No No 2.8 120

HILIC-A ACE

A
C
E

 U
lt
ra
-I
n
e

rt

S
ili
c
a

 S
u

rf
a
c
e

O

OR

Si

OR

OH 1.7 No No N/A 300

HILIC-B ACE

A
C
E

 U
lt
ra
-I
n
e
rt

S
ili
c
a
 S

u
rf
a
c
e

O

OR

Si

OR

Linker NH
2 1.7 No No 4.0 300

HILIC-N ACE

A
C
E

 U
lt
ra
-I
n
e
rt

S
ili
c
a
 S

u
rf
a
c
e

O

OR

OH OH

OH OH

OH

Si

OR

Linker OH 1.7 No No 7.0 300 

CN ACE

A
C
E

 U
lt
ra
-I
n
e

rt

S
ili
c
a

 S
u

rf
a
c
e

O

R

Si

R

C N 2.0 No Yes 5.5 300

ES-CN HALO O Si

Me Me

CN
Me Me

2.0 No Yes 3.4 120

CN-ES ACE
n

A
C
E

 U
lt
ra
-I
n
e
rt

S
ili
c
a
 S

u
rf
a
c
e

O
R

Si

R

C N 1.7, 2.0 Yes Yes 12.6 300

PFP HALO O
Si

F

Me

Me

F

F

F F

2.0 No Yes 5.3 120

C18-PFP ACE

A
C
E

 U
lt
ra
-I
n
e

rt

S
ili
c
a

 S
u

rf
a
c
e

O
R

Si

R n

F

F

F

FF

1.7, 2.0 Yes Yes 14.3 300

AQ ACE

A
C
E

 U
lt
ra
-I
n
e

rt

S
ili
c
a

 S
u

rf
a
c
e

O
R

Si

R

Polar Retention Group 2.0 Yes Yes 14.0 300

AQ-C18 HALO
(Polar Ligand)

y

(CH
2
-(CH

2
)
16
-CH

3
) 2.0 Yes Yes 6.5 120

Phenyl ACE

A
C
E

 U
lt
ra
-I
n
e

rt
S

ili
c
a

 S
u

rf
a
c
e

O
R

Si

R

2.0 No Yes 9.5 300

Biphenyl HALO O Si

CH
3

CH
3

2.0 Yes Yes 7.0 135

Phenyl- 
Hexyl

HALO
O

Si

Me

Me

2.0 Yes Yes 6.3 120

C18-AR ACE

A
C
E

 U
lt
ra
-I
n
e

rt
S

ili
c
a

 S
u

rf
a
c
e

O
R

Si

R n

1.7, 2.0 Yes Yes 15.5 300

RP-Amide HALO O

O

Si

H
N (CH

2
)
14

Me

2.0 Yes Yes 7.3 120

C18-Amide ACE
n n

A
C
E

 U
lt
ra
-I
n
e
rt

S
ili
c
a
 S

u
rf
a
c
e

O
R

Si

R H

N

O

1.7, 2.0 Yes Yes 17.0 300

C4 ACE

A
C
E

 U
lt
ra
-I
n
e

rt
S

ili
c
a

 S
u

rf
a
c
e

O
R

Si

R

2.0 No Yes 5.5 300

C8 HALO O (CH
2
)
7

Si

CH
3

CH
3

CH
3 2.0 No Yes 4.8 120

C8 ACE

A
C
E

 U
lt
ra
-I
n
e

rt
S

ili
c
a

 S
u

rf
a
c
e

O
R

Si

R

2.0 No Yes 9.0 300

C18 HALO
O

Si

Me

Me

Me

(Ch
2
)
17 2.0 No Yes 7.2 120

C18 ACE

A
C
E

 U
lt
ra
-I
n
e
rt

S
ili
c
a
 S

u
rf
a
c
e

O
R

Si

R

1.7, 2.0 No Yes 15.5 300

SuperC18 ACE

A
C
E

 U
lt
ra
-I
n
e
rt

S
ili
c
a
 S

u
rf
a
c
e

O
OR

Si

OR
1.7, 2.0 No Encapsulated 14.8 400

ACE® is a registered trademark of Advanced Chromatography Technologies, LTD    |    HALO® is a registered trademark of Advanced Materials Technology

The Essential Bonded 
Phases of UHPLC

H
IL

IC
A

LK
Y

L
C

N
P

F
P

A
M

IN
O

P
O

LA
R

 E
M

B
E

D
D

E
D

A
Q

P
H

E
N

Y
L

 *No difference in retention     =100% Aqueous Compatible     1Note: ACE SuperC18 can be used from pH 7.5 to pH 11.5 at 40 °C or lower with volatile mobile phase additives

ES98964_LCGC0719_POSTER2_FP.pgs  06.29.2019  02:43    UBM  blackyellowmagentacyan

http://mac-mod.com/shop.php

	lcgc0719_outsert_ezine.pdf
	LCGC0719_OUTSERT1_FP
	LCGC0719_OUTSERT2_FP
	lcgc0719_poster_ezine.pdf
	LCGC0719_POSTER1_FP
	LCGC0719_POSTER2_FP


	lcgc0719_outsert_ezine.pdf
	LCGC0719_OUTSERT1_FP
	LCGC0719_OUTSERT2_FP
	lcgc0719_poster_ezine.pdf
	LCGC0719_POSTER1_FP
	LCGC0719_POSTER2_FP




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.40000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.42000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.49000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[PDF/X-1a:2001]'] Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice




