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D rawing from an arsenal of analytical techniques—many of which were the subject of the
preceding four chapters—analytical chemists design methods that detect increasingly smaller
concentrations of analyte in increasingly more complex matrices. Despite the power of these
analytical techniques, they often suffer from a lack of selectivity. For this reason, many analytical
procedures include a step to separate the analyte from potential interferents. Although effective,
each additional step in an analytical procedure increases the analysis time and the cost of the
analysis, and introduces uncertainty. In this chapter we consider two analytical techniques
that avoid these limitations by combining the separation and analysis: chromatography and
electrophoresis.
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From Chapter 7 we know that the distri-
bution ratio, D, for a solute, S, is

S
D= 0

where [S] ., is its equilibrium concentra-

tion in the extracting phase and [S] samp
is its equilibrium concentration in the

sample.

We can use the distribution ratio to calcu-
late the fraction of S that remains in the
sample, Tsamp> after an extraction

VS(ZVU})
D VFX[ + I/sdm]?
where V.

amp 1S the volume of sample and
Vi is the volume of the extracting phase.
For example, if D=10, Vsamp: 20, and
Ve =5 the fraction of S remaining in
the sample after the extraction is
20
10 x5 + 20
or 29%. The remaining 71% of the ana-
lyte is in the extracting phase.

qmm/; =

Goamp = = 0.29

12A Overview of Analytical Separations

In Chapter 7 we examined several methods for separating an analyte from
potential interferents. For example, in a liquid-liquid extraction the analyte
and interferent initially are present in a single liquid phase. We add a sec-
ond, immiscible liquid phase and thoroughly mix them by shaking. During
this process the analyte and interferents partition between the two phases
to different extents, effecting their separation. After allowing the phases to
separate, we draw off the phase enriched in analyte. Despite the power of
liquid-liquid extractions, there are significant limitations.

12A.1 Two Limitations of Liquid-Liquid Extractions

Suppose we have a sample that contains an analyte in a matrix that is
incompatible with our analytical method. To determine the analyte’s con-
centration we first separate it from the matrix using a simple liquid—liquid
extraction. If we have several analytes, we may need to complete a separate
extraction for each analyte. For a complex mixture of analytes this quickly
becomes a tedious process. This is one limitation to a liquid-liquid extrac-
tion.

A more significant limitation is that the extent of a separation depends
on the distribution ratio of each species in the sample. If the analyte’s dis-
tribution ratio is similar to that of another species, then their separation
becomes impossible. For example, let’s assume that an analyte, A, and an
interferent, 7, have distribution ratios of, respectively, 5 and 0.5. If we use a
liquid—liquid extraction with equal volumes of sample and extractant, then
it is easy to show that a single extraction removes approximately 83% of the
analyte and 33% of the interferent. Although we can remove 99% of the
analyte with three extractions, we also remove 70% of the interferent. In
fact, there is no practical combination of number of extractions or volumes
of sample and extractant that produce an acceptable separation.

12A.2 A Better Way to Separate Mixtures

The problem with a liquid-liquid extraction is that the separation occurs
in one direction only: from the sample to the extracting phase. Let’s take a
closer look at the liquid-liquid extraction of an analyte and an interferent
with distribution ratios of, respectively, 5 and 0.5. Figure 12.1 shows that
a single extraction using equal volumes of sample and extractant transfers
83% of the analyte and 33% of the interferent to the extracting phase. If the
original concentrations of A and / are identical, then their concentration
ratio in the extracting phase after one extraction is

[A] _ 0.83 _

7] 033

A single extraction, therefore, enriches the analyte by a factor of 2.5 x. After
completing a second extraction (see Figure 12.1) and combining the two

2.5
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Figure 12.1 Progress of a traditional liquid-liquid extraction using two identical extractions of a single sample
using fresh portions of the extractant. The numbers give the fraction of analyte and interferent in each phase
assuming equal volumes of sample and extractant and distribution ratios of 5 and 0.5 for the analyte and the
interferent, respectively. The opacity of the colors equals the fraction of analyte and interferent present.

extracting phases, the separation of the analyte and the interferent, surpris-
ingly, is less efficient.
A _ 097 _
/] 0.55
Figure 12.1 makes it clear why the second extraction results in a poorer
overall separation: the second extraction actually favors the interferent!

We can improve the separation by first extracting the solutes from the
sample into the extracting phase and then extracting them back into a fresh
portion of solvent that matches the sample’s matrix (Figure 12.2). Because
the analyte has the larger distribution ratio, more of it moves into the ex-
tractant during the first extraction and less of it moves back to the sample

1.8
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Figure 12.2 Progress of a liquid-liquid extraction in which we first extract the solutes into the extracting phase and
then extract them back into an analyte-free portion of the sample’s phase. The numbers give the fraction of analyte and
interferent in each phase assuming equal volumes of sample and extractant and distribution ratios of 5 and 0.5 for the
analyte and the interferent, respectively. The opacity of the colors equals the fraction of analyte and interferent present.

phase during the second extraction. In this case the concentration ratio in
the extracting phase after two extractions is significantly greater.

[Al _ 0.69 _
W_W_G'S

Not shown in Figure 12.2 is that we can add a fresh portion of the extracting
phase to the sample that remains after the first extraction (the bottom row
of the first stage in Figure 12.2, beginning the process anew. As we increase
the number of extractions, the analyte and the interferent each spread out
in space over a series of stages. Because the interferent’s distribution ratio
is smaller than the analyte’s, the interferent lags behind the analyte. With a
sufficient number of extractions—that is, a sufficient number of stages—a
complete separation of the analyte and interferent is possible. This process
of extracting the solutes back and forth between fresh portions of the two



Chapter 12 Chromatography and Electrophoresis 751

phases, which we call a COUNTERCURRENT EXTRACTION, was developed by
Craig in the 1940s." The same phenomenon forms the basis of modern
chromatography.

12A.3 Chromatographic Separations

In CHROMATOGRAPHY we pass a sample-free phase, which we call the moBILE
PHASE, over a second sample-free sTaATIONARY PHASE that remains fixed in
space (Figure 12.3). We inject or place the sample into the mobile phase. As
the sample moves with the mobile phase, its components partition between
the mobile phase and the stationary phase. A component whose distribu-
tion ratio favors the stationary phase requires more time to pass through the
system. Given sufficient time and sufficient stationary and mobile phase,
we can separate solutes even if they have similar distribution ratios.

There are many ways in which we can identify a chromatographic sepa-
ration: by describing the physical state of the mobile phase and the station-
ary phase; by describing how we bring the stationary phase and the mobile
phase into contact with each other; or by describing the chemical or physi-
cal interactions between the solute and the stationary phase. Let’s briefly
consider how we might use each of these classifications.

TypPes oF MoBILE PHASES AND STATIONARY PHASES

The mobile phase is a liquid or a gas, and the stationary phase is a solid or
a liquid film coated on a solid substrate. We often name chromatographic
techniques by listing the type of mobile phase followed by the type of
stationary phase. In gas-liquid chromatography, for example, the mobile
phase is a gas and the stationary phase is a liquid film coated on a solid
substrate. If a technique’s name includes only one phase, as in gas chroma-
tography, it is the mobile phase.

ConTAcT BETWEEN THE MOBILE PHASE AND THE STATIONARY PHASE

There are two common methods for bringing the mobile phase and the
stationary phase into contact. In coLumn cHrROMATOGRAPHY we pack the
stationary phase into a narrow column and pass the mobile phase through
the column using gravity or by applying pressure. The stationary phase is a
solid particle or a thin liquid film coated on either a solid particulate pack-
ing material or on the column’s walls.

In pLANAR CHROMATOGRAPHY the stationary phase is coated on a flat
surface—typically, a glass, metal, or plastic plate. One end of the plate is
placed in a reservoir that contains the mobile phase, which moves through
the stationary phase by capillary action. In paper chromatography, for ex-
ample, paper is the stationary phase.

1 Craig, L. C. J. Biol. Chem. 1944, 155, 519-534.

See Appendix 16 for a more detailed con-
sideration of the mathematics behind a
countercurrent extraction.

We can trace the history of chromatogra-
phy to the turn of the century when the
Russian botanist Mikhail Tswett used a
column packed with calcium carbonate
and a mobile phase of petroleum ether
to separate colored pigments from plant
extracts. As the sample moved through
the column, the plants pigments sepa-
rated into individual colored bands. Af-
ter effecting the separation, the calcium
carbonate was removed from the column,
sectioned, and the pigments recovered.
Tswett named the technique chromatog-
raphy, combining the Greek words for
“color” and “to write.”

There was little interest in Tswett’s tech-
nique until Martin and Synge’s pioneering
development of a theory of chromatogra-
phy (see Martin, A. J. P; Synge, R. L. M.
“A New Form of Chromatogram Employ-
ing Two Liquid Phases,” Biochem. J. 1941,
35, 1358-1366). Martin and Synge were
awarded the 1952 Nobel Prize in Chem-
istry for this work.

mobile phase

stationary phase

Figure 12.3 In chromatography we
pass a mobile phase over a stationary
phase. When we inject a sample into
the mobile phase, the sample’s com-
ponents both move with the mobile
phase and partition into the stationary
phase. The solute that spends the most
time in the stationary phase takes the
longest time to move through the sys-
tem.
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Figure 12.4 Four examples of interactions be-
tween a solute and the stationary phase: (a) ad-
sorption on a solid surface, (b) partitioning into a
liquid phase, (c) ion-exchange, and (d) size exclu-
sion. For each example, the smaller, green solute is
more strongly retained than the larger, red solute.

There are other interactions that can serve
as the basis of a separation. In affinity
chromatography the interaction between

an antigen and an antibody, between an
enzyme and a substrate, or between a re-
ceptor and a ligand forms the basis of a
separation. See this chapter’s additional
resources for some suggested readings.

Figure 12.5 Movement of charged sol-
utes under the influence of an applied
potential. The lengths of the arrows in-
dicate the relative speed of the solutes.
In general, a larger solute moves more
slowly than a smaller solute of equal
charge, and a solute with a larger charge
move more quickly than a solute with a
smaller charge.

INTERACTION BETWEEN THE SOLUTE AND THE STATIONARY PHASE

The interaction between the solute and the stationary phase provides a third
method for describing a separation (Figure 12.4). In ADSORPTION CHRO-
MATOGRAPHY, solutes separate based on their ability to adsorb to a solid
stationary phase. In PARTITION CHROMATOGRAPHY, the stationary phase
is a thin liquid film on a solid support. Separation occurs because there
is a difference in the equilibrium partitioning of solutes between the sta-
tionary phase and the mobile phase. A stationary phase that consists of a
solid support with covalently attached anionic (e.g., —SO53) or cationic
(e.g., -N(CHs);) functional groups is the basis for ion-exchange chro-
matography in which ionic solutes are attracted to the stationary phase by
electrostatic forces. In size-exclusion chromatography the stationary phase
is a porous particle or gel, with separation based on the size of the solutes.
Larger solutes are unable to penetrate as deeply into the porous stationary
phase and pass more quickly through the column.

12A.4 Electrophoretic Separations

In chromatography, a separation occurs because there is a difference in
the equilibrium partitioning of solutes between the mobile phase and the
stationary phase. Equilibrium partitioning, however, is not the only basis
for effecting a separation. In an electrophoretic separation, for example,
charged solutes migrate under the influence of an applied potential. A
separation occurs because of differences in the charges and the sizes of the
solutes (Figure 12.5).
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Figure 12.6 Progress of a column chromatographic sepa-
ration of a two-component mixture. In (a) the sample is
layered on top of the stationary phase. As mobile phase

passes through the column, the sample separates into two
ﬁ ﬁ solute bands (b—d). In (e) and (f), we collect each solute

as it elutes from the column.

12B General Theory of Column Chromatography

Of the two methods for bringing the stationary phase and the mobile
phases into contact, the most important is column chromatography. In
this section we develop a general theory that we may apply to any form of
column chromatography.

Figure 12.6 provides a simple view of a liquid—solid column chromatog-
raphy experiment. The sample is introduced as a narrow band at the top of
the column. Ideally, the solute’s initial concentration profile is rectangular
(Figure 12.7a). As the sample moves down the column, the solutes begin to
separate (Figures 12.6b,c) and the individual solute bands begin to broaden
and develop a Gaussian profile (Figures 12.7b,c). If the strength of each
solute’s interaction with the stationary phase is sufficiently different, then
the solutes separate into individual bands (Figure 12.6d and Figure 12.7d).

We can follow the progress of the separation by collecting fractions as
they elute from the column (Figure 12.6¢,f), or by placing a suitable detec-
tor at the end of the column. A plot of the detector’s response as a function
of elution time, or as a function of the volume of mobile phase, is known
as a cHROMATOGRAM (Figure 12.8), and consists of a peak for each solute.

(a)
(b)
()
(d) !

distance down the column
Figure 12.7 An alternative view of the separation in Figure 12.6 showing the

concentration of each solute as a function of distance down the column.

concentration of solute

There are many possible detectors that we
can use to monitor the separation. Later
sections of this chapter describe some of
the most popular.
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Figure 12.8 Chromatogram for the sepa-
ration shown in Figure 12.6 and Figure
12.7, showing the detector’s response as a
function of the elution time.

For example, a solute’s retention volume,
Vr’ is
Vi==6Xu

where # is the mobile phase’s velocity
through the column.

Figure 12.9 Chromatogram showing a
solute’s retention time, #, and baseline
width, w, and the column’s void time,

t,» for nonretained solutes.

detector’s response

elution time

We can characterize a chromatographic peak’s properties in several ways,
two of which are shown in Figure 12.9. RETENTION TIME, £, is the time
between the sample’s injection and the maximum response for the solute’s
peak. A chromatographic peak’s BASELINE wIDTH, w, as shown in Figure
12.9, is determined by extending tangent lines from the inflection points
on either side of the peak through the baseline. Although usually we report
t, and w using units of time, we can report them using units of volume by
multiplying each by the mobile phase’s velocity, or report them in linear
units by measuring distances with a ruler.

In addition to the solute’s peak, Figure 12.9 also shows a small peak that
elutes shortly after the sample is injected into the mobile phase. This peak
contains all NONRETAINED sOLUTES, which move through the column at the
same rate as the mobile phase. The time required to elute the nonretained
solutes is called the column’s voip TIME, 7.

|

v - ty :I:}“
1

sl

o 1

4] 1

vl

7, |

o | nonretained

ol solutes

w I

5[ <tm>]

ol I solute
|\ e
- < W -\

I \

T ] \

injection time



Chapter 12 Chromatography and Electrophoresis 755

12B.1 Chromatographic Resolution

The goal of chromatography is to separate a mixture into a series of chro-
matographic peaks, each of which constitutes a single component of the
mixture. The RESOLUTION between two chromatographic peaks, Rp, is a
quantitative measure of their separation, and is defined as
Ry = —gop—lt - 240 12.1
0.5(ws + w.) ws + wa ’

where B is the later eluting of the two solutes. As shown in Figure 12.10,
the separation of two chromatographic peaks improves with an increase in
R, p. If the areas under the two peaks are identical—as is the case in Figure
12.10—then a resolution of 1.50 corresponds to an overlap of only 0.13%
for the two elution profiles. Because resolution is a quantitative measure of
a separation’s success, it is a useful way to determine if a change in experi-
mental conditions leads to a better separation.

Example 12.1

In a chromatographic analysis of lemon oil a peak for limonene has a re-
tention time of 8.36 min with a baseline width of 0.96 min. y-Terpinene
elutes at 9.54 min with a baseline width of 0.64 min. What is the resolu-
tion between the two peaks?

SoLution
Using equation 12.1 we find that the resolution is

R. = 2At  _ 2(9.54 min — 8.36 min) __ 148
P wy+ws  0.64min + 0.96 min @

R=0.50 R=1.00 R=1.50

Figure 12.10 Three examples that show
the relationship between resolution and
the separation of a two component mix-
ture. The blue peak and the red peak
are the elution profiles for the two com-
ponents. The chromatographic peak—
which is the sum of the two elution pro-

files—is shown by the solid black line.

detector’s response
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Figure 12.11 Chromatogram for Prac-

tice Exercise 12.1.

This is not a trivial assumption. In this sec-
tion we are, in effect, treating the solute’s
equilibrium between the mobile phase
and the stationary phase as if it is identi-
cal to the equilibrium in a liquid-liquid
extraction. You might question whether
this is a reasonable assumption.

There is an important difference between
the two experiments that we need to con-
sider. In a liquid-liquid extraction, which
takes place in a separatory funnel, the two
phases remain in contact with each other
at all times, allowing for a true equilibri-
um. In chromatography, however, the mo-
bile phase is in constant motion. A solute
that moves into the stationary phase from
the mobile phase will equilibrate back into
a different portion of the mobile phase;
this does not describe a true equilibrium.

So, we ask again: Can we treat a solute’s
distribution between the mobile phase
and the stationary phase as an equilibrium
process? The answer is yes, if the mobile
phase velocity is slow relative to the ki-
netics of the solute’s movement back and
forth between the two phase. In general,
this is a reasonable assumption.

Figure 12.12 Two method for improving chro-
matographic resolution: (a) original chromato-
gram; (b) chromatogram after decreasing w4
and wp by 4x; and (c) chromatogram after

increasing A#, by 2x.

Practice Exercise 12.1

Figure 12.11 shows the separation of a two-component mixture. What is
the resolution between the two components? Use a ruler to measure Az,
wy, and wp in millimeters.

Click here to review your answer to this exercise.

Equation 12.1 suggests that we can improve resolution by increasing
At,, or by decreasing w, and wp (Figure 12.12). To increase Az, we can use
one of two strategies. One approach is to adjust the separation conditions
so that both solutes spend less time in the mobile phase—that is, we in-
crease each solute’s retention factor—which provides more time to effect a
separation. A second approach is to increase selectivity by adjusting condi-
tions so that only one solute experiences a significant change in its retention
time. The baseline width of a solute’s peak depends on the solutes move-
ment within and between the mobile phase and the stationary phase, and
is governed by several factors that collectively we call column efficiency. We
will consider each of these approaches for improving resolution in more
detail, but first we must define some terms.

12B.2 Solute Retention Factor

Let’s assume we can describe a solute’s distribution between the mobile
phase and stationary phase using the following equilibrium reaction

So =S,
where S, is the solute in the mobile phase and §; is the solute in the sta-
tionary phase. Following the same approach we used in Section 7G.2 for
liquid-liquid extractions, the equilibrium constant for this reaction is an
equilibrium partition coefficient, Kp,.

_ LS
KD - [Sm]

(b) (@
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In the absence of any additional equilibrium reactions in the mobile phase
or the stationary phase, K is equivalent to the distribution ratio, D,

[S] _ (molS)./V. _

S~ (mol )iV, K 12.2
where V, and V,, are the volumes of the stationary phase and the mobile
phase, respectively.

D =

A conservation of mass requires that the total moles of solute remain
constant throughout the separation; thus, we know that the following equa-
tion is true.

(mol §) e = (mol S). + (mol §), 12.3

Solving equation 12.3 for the moles of solute in the stationary phase and
substituting into equation 12.2 leaves us with

(mol ) . — (mol ).}/ V.
(mol 8) ../ V.,

Rearranging this equation and solving for the fraction of solute in the mo-

bile phase, £, gives

5o d

—_ (mOI kS’) m ‘/vm
S = mol )~ DV.H Vi 124
a result that is identical to equation 7.26 for a liquid-liquid extraction. Be-
cause we may not know the exact volumes of the stationary phase and the
mobile phase, we simplify equation 12.4 by dividing both the numerator
and the denominator by V_; thus

B VIV, B 1 o
DV R VIV, DVIV. T 1+ F 125

where 4

v
k= DX <7
V. 12.6
is the solute’s RETENTION FACTOR. Note that the larger the retention factor,
the more the distribution ratio favors the stationary phase, leading to a

measuring the column’s void time, 7, and the solute’s retention time, 7, (see
Figure 12.9). Solving equation 12.5 for 4, we find that Gold Book.
]. - f]’:]
k= —F"— 12.7
o
Earlier we defined £, as the fraction of solute in the mobile phase. Assuming
a constant mobile phase velocity, we also can define £, as

£ time spent in the mobile phase
" time spent in the stationary phase .

Substituting back into equation 12.7 and rearranging leaves us with

Other (older) names for the retention fac-

) . . tor are capacity factor, capacity ratio, and
more strongly retained solute and a longer retention time. artition ratio. and it sometimes is eiven
p > g

We can determine a solute’s retention factor from a chromatogram by the symbol #'. Keep this in mind if you
are using other resources. Retention fac-

tor is the approved name from the IUPAC

757
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h=—f] o=t = 12.8
2

where ¢/ is the ADJUSTED RETENTION TIME.

Example 12.2

In a chromatographic analysis of low molecular weight acids, butyric acid
elutes with a retention time of 7.63 min. The column’s void time is 0.31
min. Calculate the retention factor for butyric acid.

SoLution

_ ti— tm _ 7.63min — 0.31 min _
R = tm 0.31 min = 236

Practice Exercise 12.2

Figure 12.13 is the chromatogram for a two-component mixture. De-
termine the retention factor for each solute assuming the sample was
injected at time #=0.

Click here to review your answer to this exercise.

solute 1

e

solute 2

detector’s response

void peak

A

0 2 4 6 8 10
time (min)
Figure 12.13 Chromatogram for Practice Exercise 12.2.
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12B.3 Selectivity

Selectivity is a relative measure of the retention of two solutes, which we
define using a SELECTIVITY FACTOR, &

ks _ tp — tw
ka toa — tm
where solute A has the smaller retention time. When two solutes elute with
identical retention time, @ = 1.00; for all other conditions @ > 1.00.

Example 12.3

In the chromatographic analysis for low molecular weight acids described
in Example 12.2, the retention time for isobutyric acid is 5.98 min. What
is the selectivity factor for isobutyric acid and butyric acid?

a = 12.9

SoLution

First we must calculate the retention factor for isobutyric acid. Using the

void time from Example 12.2.

_ tt— tm — 5.98min — 0.31 min _
ko = S = 0.31 min = 183

The selectivity factor, therefore, is

_kbut_23-6_
CZ—K—T—129

Practice Exercise 12.3

Determine the selectivity factor for the chromatogram in Practice Exer-
cise 12.2.

Click here to review your answer to this exercise.

12B.4 Column Efficiency

Suppose we inject a sample that has a single component. At the moment
we inject the sample it is a narrow band of finite width. As the sample
passes through the column, the width of this band continually increases in
a process we call BAND BROADENING. Column efficiency is a quantitative
measure of the extent of band broadening.

In their original theoretical model of chromatography, Martin and
Synge divided the chromatographic column into discrete sections, which
they called THEORETICAL PLATES. Within each theoretical plate there is an
equilibrium between the solute present in the stationary phase and the
solute present in the mobile phase.? They described column efficiency in
terms of the number of theoretical plates, IV,

_ L
N = H 12.10

2 Martin, A. J. P; Synge, R. L. M. Biochem. J. 1941, 35, 1358-1366.

See Figure 12.6 and Figure 12.7. When we
inject the sample it has a uniform, or rect-

angular concentration profile with respect
to distance down the column. As it passes
through the column, the band broadens
and takes on a Gaussian concentration

profile.
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The solute’s average linear velocity is the
distance it travels, Z, divided by its reten-
tion time, Iy

See Figure 12.9 for a review of how to de-

termine values for 7, and w.

Practice Exercise 12.4

For each solute in the chro-
matogram for Practice Exer-
cise 12.2, calculate the num-
ber of theoretical plates and
the average height of a theo-
retical plate. The column is
0.5 m long.

Click here to review your an-
swer to this exercise.

where L is the column’s length and A is the height of a theoretical plate. For
any given column, the column efficiency improves—and chromatographic
peaks become narrower—when there are more theoretical plates.

If we assume that a chromatographic peak has a Gaussian profile, then
the extent of band broadening is given by the peak’s variance or standard
deviation. The height of a theoretical plate is the peak’s variance per unit
length of the column

H=9 12.11

where the standard deviation, 6, has units of distance. Because retention
times and peak widths usually are measured in seconds or minutes, it is
more convenient to express the standard deviation in units of time, 7, by
dividing o by the solute’s average linear velocity, .

o _ Ot

r===7 12.12

For a Gaussian peak shape, the width at the baseline, w, is four times its
standard deviation, 7.

w = 4T 12.13

Combining equation 12.11, equation 12.12, and equation 12.13 defines
the height of a theoretical plate in terms of the easily measured chromato-
graphic parameters #, and w.

Lw’
164
Combing equation 12.14 and equation 12.10 gives the number of theoreti-
cal plates.

H = 12.14

N =16 ;;2 = 16(;;)2 12.15

Example 12.4

A chromatographic analysis for the chlorinated pesticide Dieldrin gives a
peak with a retention time of 8.68 min and a baseline width of 0.29 min.
Calculate the number of theoretical plates? Given that the column is 2.0 m
long, what is the height of a theoretical plate in mm?

SoLurtion
Using equation 12.15, the number of theoretical plates is
- (8.68 min)* _
N =16 = 16 X 029 min)® 14300 plates
Solving equation 12.10 for H gives the average height of a theoretical plate
as
L _  2.00m 1000 mm _
H= & 14300 plates X 0.14 mm/plate
.
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It is important to remember that a theoretical plate is an artificial con-
struct and that a chromatographic column does not contain physical plates.
In fact, the number of theoretical plates depends on both the properties of
the column and the solute. As a result, the number of theoretical plates for
a column may vary from solute to solute.

12B.5 Peak Capacity

One advantage of improving column efficiency is that we can separate more
solutes with baseline resolution. One estimate of the number of solutes that
we can separate is

_ 4 YN Vi
ne=1+ "4 In 7~ 12.16
where 7, is the column’s PEAK capaciTy, and V,;, and V. are the smallest

and the largest volumes of mobile phase in which we can elute and detect a
solute.’ A column with 10000 theoretical plates, for example, can resolve
no more than

ne=1+ 104000 In BPI;HLL = 86 solutes

if Vi, and V.. are 1 mL and 30 mL, respectively. This estimate provides
an upper bound on the number of solutes and may help us exclude from
consideration a column that does not have enough theoretical plates to
separate a complex mixture. Just because a column’s theoretical peak ca-
pacity is larger than the number of solutes, however, does not mean that a
separation is feasible. In most situations the practical peak capacity is less
than the theoretical peak capacity because the retention characteristics of
some solutes are so similar that a separation is impossible. Nevertheless,
columns with more theoretical plates, or with a greater range of possible
elution volumes, are more likely to separate a complex mixture.

12B.6 Asymmetric Peaks

Our treatment of chromatography in this section assumes that a solute
elutes as a symmetrical Gaussian peak, such as that shown in Figure 12.9.
This ideal behavior occurs when the solute’s partition coefhicient, K

[S]
[Sn]

is the same for all concentrations of solute. If this is not the case, then
the chromatographic peak has an asymmetric peak shape similar to those

Ky =

shown in Figure 12.14. The chromatographic peak in Figure 12.14a is an
example of peak TaTLING, which occurs when some sites on the stationary
phase retain the solute more strongly than other sites. Figure 12.14b, which
is an example of peak FRONTING most often is the result of overloading the
column with sample.

3 Giddings, J. C. Unified Separation Science, Wiley-Interscience: New York, 1991.

The smallest volume we can use is the col-
umn’s void volume. The largest volume is
determined either by our patience—the
maximum analysis time we can tolerate—
or by our inability to detect solutes be-
cause there is too much band broadening.
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(a)

detector response

peak height

detector response

time time

Figure 12.14 Examples of asymmetric chromatographic peaks showing (a) peak tailing and (b) peak fronting.
For both (a) and (b) the green chromatogram is the asymmetric peak and the red dashed chromatogram shows
the ideal, Gaussian peak shape. The insets show the relationship between the concentration of solute in the sta-
tionary phase, [S],, and its concentration in the mobile phase, [S],,. The dashed red lines show ideal behavior
(Kp is constant for all conditions) and the green lines show nonideal behavior (K decreases or increases for
higher total concentrations of solute). A quantitative measure of peak tailing, 7, is shown in (a).

Asymmetric peaks have fewer theoretical plates,
and the more asymmetric the peak the smaller
the number of theoretical plates. For example,
the following table gives values for /V for a solute
eluting with a retention time of 10.0 min and a

peak width of 1.00 min.

b a T N
0.5 0.5 1.00 1850
0.6 0.4 1.50 1520
0.7 0.3 2.33 1160
0.8 0.2 4.00 790

If the number of theoretical plates is the
same for all solutes—not strictly true, but

not a bad assumption—then from equa-
tion 12.15, the ratio tJw is a constant. If
two solutes have similar retention times,

then their peak widths must be similar.

As shown in Figure 12.14a, we can report a peak’s asymmetry by draw-
ing a horizontal line at 10% of the peak’s maximum height and measuring
the distance from each side of the peak to a line drawn vertically through
the peak’s maximum. The asymmetry factor, 7, is defined as

r=21
a
The number of theoretical plates for an asymmetric peak shape is approxi-
mately
t 4
Vo 41.7 X ) 41.7 X PEWE
T TH+125 T+ 1.25

where wj ; is the width at 10% of the peak’s height.*

12C Optimizing Chromatographic Separations

Now that we have defined the solute retention factor, selectivity, and col-
umn efficiency we are able to consider how they affect the resolution of two
closely eluting peaks. Because the two peaks have similar retention times, it
is reasonable to assume that their peak widths are nearly identical. Equation
12.1, therefore, becomes

R — tr,B - tr,A ~ tr,B - tr,A — tr,B - tr,A
0.5 (ws T wa) 0.5 Quws) ws 12.17

where B is the later eluting of the two solutes. Solving equation 12.15 for
wp and substituting into equation 12.17 leaves us with the following result.

4 Foley, J. P; Dorsey, J. G. Anal. Chem. 1983, 55, 730-737.
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_ W INg tp — tia
= g X tn 12.18

Rearranging equation 12.8 provides us with the following equations for the
retention times of solutes 4 and B.

ta — bate + t. and tig — bptn T fn

After substituting these equations into equation 12.18 and simplifying, we
have
— Np /€B _ kA

R = "4 X7¥ ks
Finally, we can eliminate solute A’s retention factor by substituting in equa-
tion 12.9. After rearranging, we end up with the following equation for the
resolution between the chromatographic peaks for solutes A and B.

a—1 ks

vV N3
4 X ><1+/e3

In addition to resolution, another important factor in chromatography is
the amount of time needed to elute a pair of solutes, which we can approxi-

R = 12.19

mate using the retention time for solute B.

x (&) % a Z;BY 12.20

where # is the mobile phase’s velocity.

Equation 12.19 and equation 12.20 contain terms that correspond to
column efficiency, selectivity, and the solute retention factor. We can vary
these terms, more or less independently, to improve resolution and analysis
time. The first term, which is a function of the number of theoretical plates
(for equation 12.19) or the height of a theoretical plate (for equation 12.20),
accounts for the effect of column efficiency. The second term is a function
of o and accounts for the influence of column selectivity. Finally, the third
term in both equations is a function of k5 and accounts for the effect of
solute B’s retention factor. A discussion of how we can use these parameters
to improve resolution is the subject of the remainder of this section.

12C.1 Using the Retention factor to Optimize Resolution

One of the simplest ways to improve resolution is to adjust the retention
factor for solute B. If all other terms in equation 12.19 remain constant,
an increase in kg will improve resolution. As shown by the green curve in
Figure 12.15, however, the improvement is greatest if the initial value of &5
is small. Once kp exceeds a value of approximately 10, a further increase
produces only a marginal improvement in resolution. For example, if the
original value of kg is 1, increasing its value to 10 gives an 82% improve-
ment in resolution; a further increase to 15 provides a net improvement in
resolution of only 87.5%.

Although equation 12.19 is useful for
considering how a change in N, @, or &
qualitatively affects resolution—which
suits our purpose here—it is less useful
for making accurate quantitative predic-
tions of resolution, particularly for smaller
values of Vand for larger values of R. For
more accurate predictions use the equa-

JN ks
g @ DX

where kavg is (k, + k;)/2. For a derivation
of this equation and for a deeper discus-

tion

Rap =

sion of resolution in column chromatog-
raphy, see Foley, J. P. “Resolution Equa-
tions for Column Chromatography,”
Analyst, 1991, 116, 1275-1279.
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The relationship between retention factor
and analysis time in Figure 12.15 works
to our advantage if a separation produces
an acceptable resolution with a large 4p.
In this case we may be able to decrease
kg with little loss in resolution and with a
significantly shorter analysis time.

20 ——1-4.0

1.54 3.0

1.0 —2.0

0.5 - 1.0

Rap (relative to Rqg when kg is 1.00)
(00°L s1 9y usym % 03 aaneja1) 84

0.0 —0.0
T T T T

| |
0 5 10 15 20 25 30
solute B's retention factor (kg)

Figure 12.15 Effect of kg on the resolution for a pair of solutes, R4p, and the
retention time for the later eluting solute, 7, p. The y-axes display the resolution
and retention time relative to their respective values when £p is 1.00.

Any improvement in resolution from increasing the value of £z gener-
ally comes at the cost of a longer analysis time. The red curve in Figure
12.15 shows the relative change in the retention time for solute B as a
function of its retention factor. Note that the minimum retention time is
for kg=2. Increasing kg from 2 to 10, for example, approximately doubles
solute B’s retention time.

To increase kg without changing selectivity, @, any change to the chro-
matographic conditions must result in a general, nonselective increase in
the retention factor for both solutes. In gas chromatography, we can ac-
complish this by decreasing the column’s temperature. Because a solute’s
vapor pressure is smaller at lower temperatures, it spends more time in the
stationary phase and takes longer to elute. In liquid chromatography, the
easiest way to increase a solute’s retention factor is to use a mobile phase that
is a weaker solvent. When the mobile phase has a lower solvent strength,
solutes spend proportionally more time in the stationary phase and take
longer to elute.

Adjusting the retention factor to improve the resolution between one
pair of solutes may lead to unacceptably long retention times for other sol-
utes. For example, suppose we need to analyze a four-component mixture
with baseline resolution and with a run-time of less than 20 min. Our initial
choice of conditions gives the chromatogram in Figure 12.16a. Although
we successfully separate components 3 and 4 within 15 min, we fail to sepa-
rate components 1 and 2. Adjusting conditions to improve the resolution
for the first two components by increasing 4, provides a good separation
of all four components, but the run-time is too long (Figure 12.16b). This
problem of finding a single set of acceptable operating conditions is known
as the GENERAL ELUTION PROBLEM.
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One solution to the general elution problem is to make incremental
adjustments to the retention factor as the separation takes place. At the
beginning of the separation we set the initial chromatographic conditions
to optimize the resolution for early eluting solutes. As the separation pro-
gresses, we adjust the chromatographic conditions to decrease the retention
factor—and, therefore, to decrease the retention time—for each of the later
eluting solutes (Figure 12.16¢). In gas chromatography this is accomplished
by temperature programming. The column’s initial temperature is selected
such that the first solutes to elute are resolved fully. The temperature is
then increased, either continuously or in steps, to bring off later eluting
components with both an acceptable resolution and a reasonable analysis
time. In liquid chromatography the same effect is obtained by increasing
the solvent’s eluting strength. This is known as a gradient elution. We will
have more to say about each of these in later sections of this chapter.

12C.2 Using Selectivity to Optimize Resolution

A second approach to improving resolution is to adjust the selectivity, a.
In fact, for @ &~ 1 usually it is not possible to improve resolution by adjust-
ing the solute retention factor, kg, or the column efliciency, N. A change
in @ often has a more dramatic effect on resolution than a change in k.
For example, changing @ from 1.1 to 1.5, while holding constant all other
terms, improves resolution by 267%. In gas chromatography, we adjust @
by changing the stationary phase; in liquid chromatography, we change the
composition of the mobile phase to adjust «.

To change @ we need to selectively adjust individual solute retention
factors. Figure 12.17 shows one possible approach for the liquid chromato-
graphic separation of a mixture of substituted benzoic acids. Because the
retention time of a compound’s weak acid form and its weak base form are
different, its retention time will vary with the pH of the mobile phase, as
shown in Figure 12.17a. The intersections of the curves in Figure 12.17a
show pH values where two solutes co-elute. For example, at a pH of 3.8
terephthalic acid and p-hydroxybenzoic acid elute as a single chromato-
graphic peak.

Figure 12.17a shows that there are many pH values where some separa-
tion is possible. To find the optimum separation, we plot & for each pair
of solutes. The red, green, and curves in Figure 12.17b show the
variation in @ with pH for the three pairs of solutes that are hardest to
separate (for all other pairs of solutes, @ >2 at all pH levels). The blue
shading shows windows of pH values in which at least a partial separation
is possible—this figure is sometimes called a window diagram—and the
highest point in each window gives the optimum pH within that range. The
best overall separation is the highest point in any window, which, for this
example, is a pH of 3.5. Because the analysis time at this pH is more than
40 min (see Figure 12.17a), choosing a pH between 4.1-4.4 might produce

an acceptable separation with a much shorter analysis time.
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Figure 12.16 Example showing the
general elution problem in chroma-
tography. See text for details.

Although the usual way to adjust pH is
to change the concentration of buffer-
ing agents, it also is possible to adjust
pH by changing the column’s tempera-
ture because a solute’s pK;, value is pH-
dependent; for a review, see Gagliardi, L.
G.; Tascon, M.; Castells, C. B. “Effect of
Temperature on Acid—Base Equilibria in
Separation Techniques: A Review,” Anal.
Chim. Acta, 2015, 889, 35-57.
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(@) 50 1: benzoic acid (b) 2.0+ a 1: benzoic acid
1 2: terephthalic acid 23 2: terephthalic acid
3: p-hydroxybenzoic acid 3: p-hydroxybenzoic acid
40 1.8 4: p-aminobenzoic acid
<
£ 30— 1.6
g ©
E= 2 §-
c (1]
-% 20+ 144 pH windows
g 3
g
10 1.2+
4
04 1.0
I I I I I T I I I I
35 4.0 4.5 5.0 5.5 35 4.0 4.5 5.0 5.5

pH of mobile phase

pH of mobile phase

Figure 12.17 Example showing how the mobile phase pH in liquid chromatography affects selectivity: (a) retention
times for four substituted benzoic acids as a function of the mobile phase’s pH; (b) alpha values for three pairs of solutes
that are difficult to separate. See text for details. The mobile phase is an acetic acid/sodium acetate buffer and the sta-
tionary phase is a nonpolar hydrocarbon. Data from Harvey, D. T.; Byerly, S.; Bowman, A.; Tomlin, J. “Optimization
of HPLC and GC Separations Using Response Surfaces,” /. Chem. Educ. 1991, 68, 162—-168.

Let’s use benzoic acid, (36}{5(:()()P{,to
explain why pH can affect a solute’s reten-
tion time. The separation uses an aqueous
mobile phase and a nonpolar station-
ary phase. At lower pHs, benzoic acid
predominately is in its weak acid form,
C6H5COOH, and partitions easily into
the nonpolar stationary phase. At more
basic pHs, however, benzoic acid is in its
weak base form, C6H5COO_. Because it
now carries a charge, its solubility in the
mobile phase increases and its solubility
in the nonpolar stationary phase decreas-
es. As a result, it spends more time in the
mobile phase and has a shorter retention
time.

A
Coo”

pH ——pK;=4.2

COCOH

12C.3 Using Column Efficiency to Optimize Resolution

A third approach to improving resolution is to adjust the column’s efficiency
by increasing the number of theoretical plates, V. If we have values for £g
and @, then we can use equation 12.19 to calculate the number of theoreti-
cal plates for any resolution. Table 12.1 provides some representative values.
For example, if @=1.05 and k3=2.0, a resolution of 1.25 requires ap-
proximately 24 800 theoretical plates. If our column provides only 12400
plates, half of what is needed, then a separation is not possible. How can
we double the number of theoretical plates? The easiest way is to double the
length of the column, although this also doubles the analysis time. A better
approach is to cut the height of a theoretical plate, , in half, providing the
desired resolution without changing the analysis time. Even better, if we
can decrease A by more than 50%, it may be possible to achieve the desired
resolution with an even shorter analysis time by also decreasing 4z or a.
To decrease the height of a theoretical plate we need to understand the
experimental factors that affect band broadening. There are several theo-
retical treatments of band broadening. We will consider one approach that
considers four contributions: variations in path lengths, longitudinal diffu-
sion, mass transfer in the stationary phase, and mass transfer in the mobile

phase.

MuttipLe PATHS: VARIATIONS IN PATH LENGTH

As solute molecules pass through the column they travel paths that differ
in length. Because of this difference in path length, two solute molecules
that enter the column at the same time will exit the column at different
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Table 12.1 Minimum Number of Theoretical Plates to Achieve Desired
Resolution for Selected Values of k; and &

R,s = 1.00 Ryg=1.25 Rag = 1.50
a=1.05 a=1.10 a=1.05 a=1.10 a=1.05 a=1.10
0.5 63500 17400 99200 27200 143000 39200
1.0 28200 7740 44100 12100 63500 17400
1.5 19600 5380 30600 8400 44100 12100
2.0 15900 4360 24800 6810 35700 9800
3.0 12500 3440 19600 5380 28200 7740
5.0 10200 2790 15900 4360 22900 6270
10.0 8540 2340 13300 3660 19200 5270

times. The result, as shown in Figure 12.18, is a broadening of the solute’s
profile on the column. The contribution of MULTIPLE PATHS to the height
of a theoretical plate, /1, is

H, = 27d, 12.21

where d, is the average diameter of the particulate packing material and Ais ) ) )
? . K An inconsistent packing creates channels
a constant that accounts for the consistency of the packing. A smaller range that allow some solute molecules to travel
of particle sizes and a more consistent packing produce a smaller value for quickly through the column. It also can
A. For a column without packing material, A, is zero and there is no con- creates pockets that temporarily trap some
. . B . solute molecules, slowing their progress
tribution to band broadening from multiple paths. through the column. A more uniform

packing minimizes these problems.
LonaGITuDINAL DIFFUSION

The second contribution to band broadening is the result of the solute’s
LONGITUDINAL DIFFUSION in the mobile phase. Solute molecules are in

initial final
band proﬁle band profile
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Figure 12.18 The effect of multiple paths on a solute’s band broadening. The solute’s initial band profile is
rectangular. As this band travels through the column, individual solute molecules travel different paths, three of
which are shown by the meandering colored paths (the actual lengths of these paths are shown by the straight
arrows at the bottom of the figure). Most solute molecules travel paths with lengths similar to that shown in
blue, with a few traveling much shorter paths (green) or much longer paths (red). As a result, the solute’s band
profile at the end of the column is broader and Gaussian in shape.
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Figure 12.19 The effect of longitudinal diffusion on S 5
_— wv
a solute’s band broadening. Two horizontal cross- distance distance
sections through the column and the corresponding
concentration versus distance profiles are shown, :
with (a) being earlier in time. The red arrow shows
the direction in which the mobile phase is moving,.

The abbreviation f7 in equation 12.24
means “is a function of.”

constant motion, diffusing from regions of higher solute concentration to
regions where the concentration of solute is smaller. The result is an increase
in the solute’s band width (Figure 12.19). The contribution of longitudinal
diffusion to the height of a theoretical plate, H is

o, = 27D 12.22

u
where D,, is the solute’s diffusion coefficient in the mobile phase, # is the
mobile phase’s velocity, and 7 is a constant related to the efficiency of col-
umn packing. Note that the effect of /, on band broadening is inversely
proportional to the mobile phase velocity: a higher velocity provides less
time for longitudinal diffusion. Because a solute’s diffusion coefhicient is
larger in the gas phase than in a liquid phase, longitudinal diffusion is a
more serious problem in gas chromatography.

Mass TRANSFER

As the solute passes through the column it moves between the mobile
phase and the stationary phase. We call this movement between phases
MASS TRANSFER. As shown in Figure 12.20, band broadening occurs if the
solute’s movement within the mobile phase or within the stationary phase
is not fast enough to maintain an equilibrium in its concentration between
the two phases. On average, a solute molecule in the mobile phase moves
down the column before it passes into the stationary phase. A solute mol-
ecule in the stationary phase, on the other hand, takes longer than expected
to move back into the mobile phase. The contributions of mass transfer in
the stationary phase, H,, and mass transfer in the mobile phase, /,,, are
given by the following equations

Ho= 12.2
S hD 23
g, = PMdnd) (gf”’”ﬂ‘) " 12.24

where d;is the thickness of the stationary phase, 4. is the diameter of the
column, D, and D, are the diffusion coeflicients for the solute in the sta-
tionary phase and the mobile phase, % is the solute’s retention factor, and
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mobile phase mobile phase

(b)

stationary phase stationary phase

mobile phase mobile phase

(@)

stationary phase stationary phase

Figure 12.20 Effect of mass transfer on band broadening: (a) Ideal equilibrium Gaussian profiles for the solute in
the mobile phase and in the stationary phase. (b, ¢) If we allow the solute’s band to move a small distance down the
column, an equilibrium between the two phases no longer exits. The red arrows show the movement of solute—what
we call the mass transfer of solute—from the stationary phase to the mobile phase, and from the mobile phase to the
stationary phase. (d) Once equilibrium is reestablished, the solute’s band is now broader.

q is a constant related to the column packing material. Although the exact
form of H,, is not known, it is a function of particle size and column di-
ameter. Note that the effect of A, and H,, on band broadening is directly
proportional to the mobile phase velocity because a smaller velocity pro-
vides more time for mass transfer.

PutTING IT ALL TOGETHER

The height of a theoretical plate is a summation of the contributions from
each of the terms affecting band broadening.

H=H,+H,+H +H, 12.25
An alternative form of this equation is the VAN DEEMTER EQUATION
H=A+2+c 12.26

which emphasizes the importance of the mobile phase’s velocity. In the van
Deemter equation, 4 accounts for the contribution of multiple paths (),
Blu accounts for the contribution of longitudinal diffusion (/), and Cu
accounts for the combined contribution of mass transfer in the stationary
phase and in the mobile phase (4, and H,).

There is some disagreement on the best equation for describing the
relationship between plate height and mobile phase velocity.” In addition
to the van Deemter equation, other equations include

B

where C, and C,, are the mass transfer terms for the stationary phase and

the mobile phase and
H=Au"+2 4+ cy

5 Hawkes, S. J. J. Chem. Educ. 1983, 60, 393-398.
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on the van Deemter equation.

For a more detailed discussion of ways to
assess the quality of a column, see Des-
met, G.; Caooter, D.; Broeckhaven, K.
“Graphical Data Represenation Methods
to Assess the Quality of LC Columns,”
Anal. Chem. 2015, 87, 8593-8602.

The smaller the particles, the more pres-
sure is needed to push the mobile phase
through the column. As a result, for any
form of chromatography there is a practi-
cal limit to particle size.

—
N
o

All three equations, and others, have been used to characterize chromato-
graphic systems, with no single equation providing the best explanation in
every case.’

To increase the number of theoretical plates without increasing the
length of the column, we need to decrease one or more of the terms in equa-
tion 12.25. The easiest way to decrease H is to adjust the velocity of the mo-
bile phase. For smaller mobile phase velocities, column efficiency is limited
by longitudinal diffusion, and for higher mobile phase velocities efficiency
is limited by the two mass transfer terms. As shown in Figure 12.21—which
uses the van Deemter equation—the optimum mobile phase velocity is the
minimum in a plot of A as a function of «.

The remaining parameters that affect the terms in equation 12.25 are
functions of the column’s properties and suggest other possible approaches
to improving column efficiency. For example, both HP and H,, are a func-
tion of the size of the particles used to pack the column. Decreasing particle
size, therefore, is another useful method for improving efficiency.

Perhaps the most important advancement in chromatography columns
is the development of open-tubular, or cariLLary corumns. These columns
have very small diameters (4,~50-500 pm) and contain no packing ma-
terial (4, = 0). Instead, the capillary column’s interior wall is coated with
a thin film of the stationary phase. Plate height is reduced because the
contribution to / from H, (equation 12.21) disappears and the contri-
bution from H,, (equation 12.24) becomes smaller. Because the column

does not contain any solid packing material, it takes less pressure to move
the mobile phase through the column, which allows for longer columns.
The combination of a longer column and a smaller height for a theoretical
plate increases the number of theoretical plates by approximately 100x.
Capillary columns are not without disadvantages. Because they are much
narrower than packed columns, they require a significantly smaller amount
of sample, which may be difficult to inject reproducibly. Another approach
to improving resolution is to use thin films of stationary phase, which de-
creases the contribution to A from H, (equation 12.23).

12D Gas Chromatography

In cas caromaToGrarHY (GC) we inject the sample, which may be a gas
or a liquid, into an gaseous mobile phase (often called the carrier gas). The
mobile phase carries the sample through a packed or a capillary column
that separates the sample’s components based on their ability to partition
between the mobile phase and the stationary phase. Figure 12.22 shows
an example of a typical gas chromatograph, which consists of several key
components: a supply of compressed gas for the mobile phase; a heated
injector, which rapidly volatilizes the components in a liquid sample; a
column, which is placed within an oven whose temperature we can control

6 Kennedy, R. T.; Jorgenson, J. W. Anal. Chem. 1989, 61, 1128-1135.



Chapter 12 Chromatography and Electrophoresis 771

autosampler

capillary
column

Figure 12.22 Example of a typical gas chromatograph with insets showing the heated injection ports—note the symbol
indicating that it is hot—and the oven that houses the column. This particular instrument is equipped with an autosam-
pler for injecting samples, a capillary column, and a mass spectrometer (MS) as the detector. Note that the carrier gas is

supplied by a tank of compressed gas.

during the separation; and a detector to monitor the eluent as it comes off
the column. Let’s consider each of these components.

12D.1 Mobile Phase

The most common mobile phases for gas chromatography are He, Ar, and
N,, which have the advantage of being chemically inert toward both the
sample and the stationary phase. The choice of carrier gas often is deter-
mined by the needs of instrument’s detector. For a packed column the
mobile phase velocity usually is 25-150 mL/min. The typical flow rate for
a capillary column is 1-25 mL/min.

12D.2 Chromatographic Columns

There are two broad classes of chromatographic columns: packed columns
and capillary columns. In general, a packed column can handle larger sam-
ples and a capillary column can separate more complex mixtures.

Packep CoLumNsS

PACKED COLUMNS are constructed from glass, stainless steel, copper, or
aluminum, and typically are 2-6 m in length with internal diameters of
2—4 mm. The column is filled with a particulate solid support, with particle
diameters ranging from 37-44 pm to 250-354 pm. Figure 12.23 shows a
typical example of a packed column.

The most widely used particulate support is diatomaceous earth, which
is composed of the silica skeletons of diatoms. These particles are very po-
rous, with surface areas ranging from 0.5-7.5 m*/g, which provides ample
contact between the mobile phase and the stationary phase. When hydro-

Figure 12.23 Typical example of a packed
column for gas chromatography. This col-
umn is made from stainless steel and is 2 m
long with an internal diameter of 3.2 mm.
The packing material in this column has a
particle diameter of 149—-177 um. To put
this in perspective, beach sand has a typical
diameter of 700 um and the diameter of
fine grained sand is 250 pm.
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lyzed, the surface of a diatomaceous earth contains silanol groups (-SiOH),
that serve as active sites for absorbing solute molecules in Gas-soLID crRrO-
MATOGRAPHY (GSC).

In Gas-L1QuiD cHROMATOGRAPHY (GLC), we coat the packing material
with a liquid mobile phase. To prevent uncoated packing material from
adsorbing solutes, which degrades the quality of the separation, surface
silanols are deactivated by reacting them with dimethyldichlorosilane and
rinsing with an alcohol—typically methanol—before coating the particles
with stationary phase.

\ \ \

P Si(CH3),Cl, P ROH |

—S{—OH —————= —Si=OSI(CHy,Cl —2Hm —S{=OSi(CH,0R
o) 0
/ /  +HC /O +HCI

Other types of solid supports include glass beads and fluorocarbon poly-
mers, which have the advantage of being more inert than diatomaceous
earth.

To minimize the effect on plate height from multiple path and mass
transfer, the diameter of the packing material is made as small as possible
(see equation 12.21 and equation 12.25) and loaded with a thin film of
stationary phase (see equation 12.23). Compared to capillary columns,
which are discussed below, a packed column can handle larger sample vol-
umes, typically 0.1-10 pL. Column efficiencies range from several hun-
dred to 2000 plates/m, with a typical column having 3000—10000 theo-
retical plates. The column in Figure 12.23, for example, has approximately
1800 plates/m, or a total of approximately 3600 theoretical plates. If we

assume a V, . /V. . ~50, then it has a peak capacity of
You can use equation 12.16 to estimate a /3600
column’s peak capacity. n.=1+ 4 In (50) ~ 60

CAPILLARY COLUMNS

A capillary, or OPEN TUBULAR COLUMN is constructed from fused silica and is
- coated with a protective polymer coating. Columns range from 15-100 m
in length with an internal diameter of approximately 150-300 um. Figure
12.24 shows an example of a typical capillary column.

Capillary columns are of three principal types. In a wALL-COATED OPEN
TUBULAR COLUMN (WCOT) a thin layer of stationary phase, typically
0.25 pm thick, is coated on the capillary’s inner wall. In a POrROUS-LAYER
Figure 12.24 Typical example of a capil- OPEN TUBULAR COLUMN (PLOT), a porous solid support—alumina, silica
lary column for gas chromatography. This gel, and molecular sieves are typical examples—is attached to the capillary’s
column is 30 m long with an internal di- inner wall. A suprorT-CcOATED OPEN TUBULAR cOLUMN (SCOT) isa PLOT
ameter of 247 pm. The interior surface of column that includes a liquid stationary phase. Figure 12.25 shows the dif-

the capillary has a 0.25 pm coating of the ferences between these types of capillary columns.
liquid phase.
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A capillary column provides a significant improvement in separation
efliciency because it has more theoretical plates per meter and is longer than
a packed column. For example, the capillary column in Figure 12.24 has
almost 4300 plates/m, or a total of 129 000 theoretical plates. If we assume
a Vol Vinin = 50, then it has a peak capacity of approximately 350. On
the other hand, a packed column can handle a larger sample. Because of
its smaller diameter, a capillary column requires a smaller sample, typically

less than 1072 puL.

STATIONARY PHASES FOR GAS—LiQuiD CHROMATOGRAPHY

Elution order in gas-liquid chromatography depends on two factors: the
boiling point of the solutes, and the interaction between the solutes and
the stationary phase. If a mixture’s components have significantly different
boiling points, then the choice of stationary phase is less critical. If two
solutes have similar boiling points, then a separation is possible only if the
stationary phase selectively interacts with one of the solutes. As a general
rule, nonpolar solutes are separated more easily when using a nonpolar
stationary phase, and polar solutes are easier to separate when using a polar
stationary phase.

There are several important criteria for choosing a stationary phase: it
must not react with the solutes, it must be thermally stable, it must have a
low volatility, and it must have a polarity that is appropriate for the sample’s
components. Table 12.2 summarizes the properties of several popular sta-
tionary phases.

Many stationary phases have the general structure shown in Figure
12.26a. A stationary phase of polydimethyl siloxane, in which all the —-R
groups are methyl groups, —CH3, is nonpolar and often makes a good first
choice for a new separation. The order of elution when using polydimethyl
siloxane usually follows the boiling points of the solutes, with lower boil-
ing solutes eluting first. Replacing some of the methyl groups with other
substituents increases the stationary phase’s polarity and provides greater
selectivity. For example, replacing 50% of the -CHj; groups with phenyl
groups, —CgHs, produces a slightly polar stationary phase. Increasing polar-
ity is provided by substituting trifluoropropyl, -C3H4CF and cyanopropyl,

—C3H(CN, functional groups, or by using a stationary phase of polyethyl-
ene glycol (Figure 12.26b).

An important problem with all liquid stationary phases is their ten-
dency to elute, or BLEED from the column when it is heated. The tempera-
ture limits in Table 12.2 minimize this loss of stationary phase. Capillary
columns with bonded or cross-linked stationary phases provide superior
stability. A bonded stationary phase is attached chemically to the capillary’s
silica surface. Cross-linking, which is done after the stationary phase is in
the capillary column, links together separate polymer chains to provide
greater stability.

Il capillary column
B liquid stationary phase
porous solid support
© porous solid support coated w/liquid stationary phase

Figure 12.25 Cross-sections through the
three types of capillary columns.

(b)
HO—CH;—CHy—(0—CH;—CH,),—OH

Figure 12.26 General structures of com-
mon stationary phases: (a) substituted
polysiloxane; (b) polyethylene glycol.
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Table 12.2  Selected Examples of Stationary Phases for Gas-Liquid Chromatography

trade  temperature representative

stationary phase

squalane

Apezion L

polydimethyl siloxane

phenylmethyl polysiloxane
(50% phenyl, 50% methyl)

trifluoropropylmethyl polysiloxane
(50% trifluoropropyl, 50% methyl)

cyanopropylphenylmethyl polysiloxane
(50%cyanopropyl, 50% phenylmethyl)

polyethylene glycol

polarity name limit (°C) applications

nonpolar Squalane 150 low-boiling aliphatics

hydrocarbons

nonpolar  Apezion L 300 amides, fatty o id methyl
esters, terpenoids
alkaloids, amino acid

slightly SE-30 300-350 dCI‘l\'/a‘tIVCS, drugs,

polar pesticides, phenols,
steroids
alkaloids, drugs,
pesticides, polyaromatic

m(;drerately OV-17 375 hydrocarbons,

poa polychlorinated
biphenyls
alkaloids, amino acid

moderately OV-210 175 derivatives, drugs,

polar halogenated compounds,
ketones

polar OV-225 175 n1tr11fes, pesticides,
steroids

Carbowax aldehydes, esters, ethers,
polar 20M 225 phenols

Another important consideration is the thickness of the stationary phase.
From equation 12.23 we know that separation efficiency improves with
thinner films of stationary phase. The most common thickness is 0.25 pm,
although a thicker films is useful for highly volatile solutes, such as gases,
because it has a greater capacity for retaining such solutes. Thinner films are
used when separating low volatility solutes, such as steroids.

A few stationary phases take advantage of chemical selectivity. The most
notable are stationary phases that contain chiral functional groups, which
are used to separate enantiomers.”

12D.3 Sample Introduction

Three factors determine how we introduce a sample to the gas chromato-
graph. First, all of the sample’s constituents must be volatile. Second, the
analytes must be present at an appropriate concentration. Finally, the physi-
cal process of injecting the sample must not degrade the separation. Each
of these needs is considered in this section.

7 Hinshaw, J. V. LC*GC 1993, 11, 644-648.



Chapter 12 Chromatography and Electrophoresis 775

PREPARING A VOLATILE SAMPLE

Not every sample can be injected directly into a gas chromatograph. To
move through the column, the sample’s constituents must be sufficiently
volatile. A solute of low volatility, for example, may be retained by the
column and continue to elute during the analysis of subsequent samples.
A nonvolatile solute will condense at the top of the column, degrading the
column’s performance.

We can separate a sample’s volatile analytes from its nonvolatile com-
ponents using any of the extraction techniques described in Chapter 7. A
liquid-liquid extraction of analytes from an aqueous matrix into methylene
chloride or another organic solvent is a common choice. Solid-phase extrac-
tions also are used to remove a sample’s nonvolatile components.

An attractive approach to isolating analytes is a SOLID-PHASE MICROEX-
TRACTION (SPME). In one approach, which is illustrated in Figure 12.27,
a fused-silica fiber is placed inside a syringe needle. The fiber, which is
coated with a thin film of an adsorbent material, such as polydimethyl
siloxane, is lowered into the sample by depressing a plunger and is exposed
to the sample for a predetermined time. After withdrawing the fiber into
the needle, it is transferred to the gas chromatograph for analysis.

Two additional methods for isolating volatile analytes are a purge-and-
trap and headspace sampling. In a PURGE-AND-TRAP (see Figure 7.25 in
Chapter 7), we bubble an inert gas, such as He or N,, through the sample,
releasing—or purging—the volatile compounds. These compounds are car-
ried by the purge gas through a trap that contains an absorbent material,
such as Tenax, where they are retained. Heating the trap and back-flushing
with carrier gas transfers the volatile compounds to the gas chromatograph.
In HEADSPACE sAMPLING we place the sample in a closed vial with an overly-
ing air space. After allowing time for the volatile analytes to equilibrate be-
tween the sample and the overlying air, we use a syringe to extract a portion
of the vapor phase and inject it into the gas chromatograph. Alternatively,
we can sample the headspace with an SPME.

Thermal desorption is a useful method for releasing volatile analytes
from solids. We place a portion of the solid in a glass-lined, stainless steel
tube. After purging with carrier gas to remove any O, that might be present,
we heat the sample. Volatile analytes are swept from the tube by an inert
gas and carried to the GC. Because volatilization is not a rapid process, the
volatile analytes often are concentrated at the top of the column by cooling
the column inlet below room temperature, a process known as CRYoGENIC
FOCUSING. Once volatilization is complete, the column inlet is heated rap-
idly, releasing the analytes to travel through the column.

To analyze a nonvolatile analyte we must convert it to a volatile form.
For example, amino acids are not sufficiently volatile to analyze directly by
gas chromatography. Reacting an amino acid, such as valine, with 1-bu-
tanol and acetyl chloride produces an esterified amino acid. Subsequent

syringe barrel

syringe needle

retractable rod

fused-silica fiber
coated with absorbent

Figure 12.27 Schematic diagram
of a solid-phase microextraction
device. The absorbent is shown in

red.

The reason for removing O, is to prevent
the sample from undergoing an oxidation
reaction when it is heated.
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valine e

H5N
OH

(0]
H
(6]

L-valine N-trifluoroacetyl-n-butyl ester

Figure 12.28 Schematic diagram of a heated GC injector
port for use with packed columns. The needle pierces a rub-
ber septum and enters into the top of the column, which is
located within a heater block.

treatment with trifluoroacetic acid gives the amino acid’s volatile N-triflu-
oroacetyl-z-butyl ester derivative.

ADJUSTING THE ANALYTE'S CONCENTRATION

In an analyte’s concentration is too small to give an adequate signal, then
we must concentrate the analyte before we inject the sample into the gas
chromatograph. A side benefit of many extraction methods is that they
often concentrate the analytes. Volatile organic materials isolated from an
aqueous sample by a purge-and-trap, for example, are concentrated by as
much as 1000 x.

If an analyte is too concentrated, it is easy to overload the column,
resulting in peak fronting (see Figure 12.14) and a poor separation. In ad-
dition, the analyte’s concentration may exceed the detector’s linear response.
Injecting less sample or diluting the sample with a volatile solvent, such as
methylene chloride, are two possible solutions to this problem.

INJECTING THE SAMPLE

In Section 12C.3 we examined several explanations for why a solute’s band
increases in width as it passes through the column, a process we called band
broadening. We also introduce an additional source of band broadening if
we fail to inject the sample into the minimum possible volume of mobile
phase. There are two principal sources of this precolumn band broadening:
injecting the sample into a moving stream of mobile phase and injecting a
liquid sample instead of a gaseous sample. The design of a gas chromato-
graph’s injector helps minimize these problems.

An example of a simple injection port for a packed column is shown
in Figure 12.28. The top of the column fits within a heated injector block,
with carrier gas entering from the bottom. The sample is injected through

syringe barrel

syringe needle

top of
instrument

injector’s
heater block

carrier gas —l

oven liner

column
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Figure 12.29 Example of a syringe for injecting samples into a gas chromatograph.
This syringe has a maximum capacity of 10 pL with graduations every 0.1 pL.

a rubber septum using a microliter syringe, such as the one shown in Fig-
ure 12.29. Injecting the sample directly into the column minimizes band
broadening because it mixes the sample with the smallest possible amount
of carrier gas. The injector block is heated to a temperature at least 50 °C
above the boiling point of the least volatile solute, which ensures a rapid
vaporization of the sample’s components.

Because a capillary column’s volume is significantly smaller than that
for a packed column, it requires a different style of injector to avoid over-
loading the column with sample. Figure 12.30 shows a schematic diagram
of a typical split/splitless injector for use with a capillary column.

In a spLIT INJECTION we inject the sample through a rubber septum
using a microliter syringe. Instead of injecting the sample directly into the
column, it is injected into a glass liner where it mixes with the carrier gas.
At the split point, a small fraction of the carrier gas and sample enters the
capillary column with the remainder exiting through the split vent. By
controlling the flow rate of the carrier gas as it enters the injector, and its
flow rate through the septum purge and the split vent, we can control the
fraction of sample that enters the capillary column, typically 0.1-10%.

ﬂ syringe barrel

syringe needle

top of
instrument

septum purge - q ) .
carrier gas in

-

split vent

glass liner

injector’s
heater block

split point

For example, if the carrier gas flow rate
is 50 mL/min, and the flow rates for the
septum purge and the split vent are 2 mL/
min and 47 mL/min, respectively, then
the flow rate through the column is 1 mL/
min (=50-2-47). The ratio of sample
entering the column is 1/50, or 2%.

ovenliner  Figure 12.30 Schematic diagram of a split/splitless injection

port for use with capillary columns. The needle pierces a rub-
capillary ber septum and enters into a glass liner, which is located
column within a heater block. In a split injection the split vent is
open; the split vent is closed for a splitless injection.
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You may recall that we called this the gen-
eral elution problem (see Figure 12.16).

Thermal conductivity, as the name sug-
gests, is a measure of how easily a sub-
stance conducts heat. A gas with a high
thermal conductivity moves heat away
from the filament—and, thus, cools the
filament—more quickly than does a gas
with a low thermal conductivity.

In a spLITLESS INJECTION, which is useful for trace analysis, we close the
split vent and allow all the carrier gas that passes through the glass liner to
enter the column—this allows virtually all the sample to enters the column.
Because the flow rate through the injector is low, significant precolumn
band broadening is a problem. Holding the column’s temperature approxi-
mately 20-25°C below the solvent’s boiling point allows the solvent to
condense at the entry to the capillary column, forming a barrier that traps
the solutes. After allowing the solutes to concentrate, the column’s tempera-
ture is increased and the separation begins.

For samples that decompose easily, an on-coLUuMN INJECTION may be
necessary. In this method the sample is injected directly into the column
without heating. The column temperature is then increased, volatilizing the
sample with as low a temperature as is practical.

12D.4 Temperature Control

Control of the column’s temperature is critical to attaining a good separa-
tion when using gas chromatography. For this reason the column is placed
inside a thermostated oven (see Figure 12.22). In an 1ISOTHERMAL separa-
tion we maintain the column at a constant temperature. To increase the
interaction between the solutes and the stationary phase, the temperature
usually is set slightly below that of the lowest-boiling solute.

One difficulty with an isothermal separation is that a temperature that
favors the separation of a low-boiling solute may lead to an unacceptably
long retention time for a higher-boiling solute. TEMPERATURE PROGRAM-
MING provides a solution to this problem. At the beginning of the analysis
we set the column’s initial temperature below that for the lowest-boiling
solute. As the separation progresses, we slowly increase the temperature at
either a uniform rate or in a series of steps.

12D.5 Detectors for Gas Chromatography
The final part of a gas chromatograph is the detector. The ideal detector

has several desirable features: a low detection limit, a linear response over a
wide range of solute concentrations (which makes quantitative work easier),
sensitivity for all solutes or selectivity for a specific class of solutes, and an
insensitivity to a change in flow rate or temperature.

THermAL ConpucTiviTy DeTECTOR (TCD)

One of the earliest gas chromatography detectors takes advantage of the
mobile phase’s thermal conductivity. As the mobile phase exits the column
it passes over a tungsten-rhenium wire filament (see Figure 12.31). The
filament’s electrical resistance depends on its temperature, which, in turn,
depends on the thermal conductivity of the mobile phase. Because of its
high thermal conductivity, helium is the mobile phase of choice when using
a THERMAL CONDUCTIVITY DETECTOR (TCD).
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electrical leads

carrier gas out -

— carrier gas in—— wire filament

When a solute elutes from the column, the thermal conductivity of the
mobile phase in the TCD cell decreases and the temperature of the wire fila-
ment, and thus it resistance, increases. A reference cell, through which only
the mobile phase passes, corrects for any time-dependent variations in flow
rate, pressure, or electrical power, all of which affect the filament’s resistance.

Because all solutes affect the mobile phase’s thermal conductivity, the
thermal conductivity detector is a universal detector. Another advantage is
the TCD’s linear response over a concentration range spanning 10%-10°
orders of magnitude. The detector also is non-destructive, which allows us
to recover analytes using a postdetector cold trap. One significant disad-
vantage of the TCD detector is its poor detection limit for most analytes.

FLAME lonizaTioN DetecTor (FID)

The combustion of an organic compound in an H,/air flame results in
a flame that contains electrons and organic cations, presumably CHO™.
Applying a potential of approximately 300 volts across the flame creates a
small current of roughly 10~ to 107'% amps. When amplified, this current
provides a useful analytical signal. This is the basis of the popular FLaME
IONIZATION DETECTOR, a schematic diagram of which is shown in Figure
12.32.

Most carbon atoms—except those in carbonyl and carboxylic groups—
generate a signal, which makes the FID an almost universal detector for
organic compounds. Most inorganic compounds and many gases, such as
H,O and CO,, are not detected, which makes the FID detector a useful
detector for the analysis of organic analytes in atmospheric and aqueous
environmental samples. Advantages of the FID include a detection limit
that is approximately two to three orders of magnitude smaller than that for
a thermal conductivity detector, and a linear response over 10°~107 orders
of magnitude in the amount of analyte injected. The sample, of course, is
destroyed when using a flame ionization detector.

ELecTrRoN CAPTURE DeTECTOR (ECD)

The ELECTRON CAPTURE DETECTOR is an example of a selective detector. As
shown in Figure 12.33, the detector consists of a S-emitter, such as 3N,
The emitted electrons ionize the mobile phase, usually N,, generating a

Figure 12.31 Schematic diagram of a thermal conduc-
tivity detector showing one cell of a matched pair. The
sample cell takes the carrier gas as it elutes from the col-
umn. A source of carrier gas that bypasses the column
passes through a reference cell.

collector
tower body (cathode)
power
flame supply
flame tip igniter +
(anode)
air H,

column

Figure 12.32 Schematic diagram of a
flame ionization detector. The eluent from
the column mixes with H, and is burned in
the presence of excess air. Combustion pro-
duces a flame that contains electrons and
the cation CHO™. Applying a potential
between the flame’s tip and the collector
gives a current that is proportional to the
concentration of cations in the flame.

A B-particle is an electron.
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anode (+)

carrier
gas out

carrier
gasin

— o —

cathode (-) f3-emitter
Figure 12.33 Schematic diagram showing
an electron capture detector.
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Figure 12.35 Block diagram of GC—
MS. A three component mixture en-
ters the GC. When component A
elutes from the column, it enters the
MS ion source and ionizes to form
the parent ion and several fragment
ions. The ions enter the mass analyzer,
which separates them by their mass-to-
charge ratio, providing the mass spec-
trum shown at the detector.

standing current between a pair of electrodes. When a solute with a high af-
finity for capturing electrons elutes from the column, the current decreases,
which serves as the signal. The ECD is highly selective toward solutes with
electronegative functional groups, such as halogens and nitro groups, and
is relatively insensitive to amines, alcohols, and hydrocarbons. Although
its detection limit is excellent, its linear range extends over only about two
orders of magnitude.

Mass SPECTROMETER (MS)

A MASs SPECTROMETER is an instrument that ionizes a gaseous molecule
using sufficient energy that the resulting ion breaks apart into smaller ions.
Because these ions have different mass-to-charge ratios, it is possible to sep-
arate them using a magnetic field or an electrical field. The resulting mass
SPECTRUM contains both quantitative and qualitative information about
the analyte. Figure 12.34 shows a mass spectrum for toluene.

Figure 12.35 shows a block diagram of a typical gas chromatography-
mass spectrometer (GC-MS) instrument. The effluent from the column
enters the mass spectrometer’s ion source in a manner that eliminates the
majority of the carrier gas. In the ionization chamber the remaining mol-
ecules—a mixture of carrier gas, solvent, and solutes—undergo ionization
and fragmentation. The mass spectrometer’s mass analyzer separates the
ions by their mass-to-charge ratio and a detector counts the ions and dis-
plays the mass spectrum.

100
CzH7*

80 C/Hg*

60 —
C7Hg
MW =92
40 -

relative abundance of ions

201 C5H5+

0.0 1 .||-- i !Il . Illllll . 1 . I? I

— 1k

15 30 45 60 75 90 105
mass-to-charge (m/z) ratio

Figure 12.34 Mass spectrum for toluene highlighting the molecular ion in green

(m/z2=92), and two fragment ions in blue (m/z=91) and in red (m/z=065). A

mass spectrum provides both quantitative and qualitative information: the height

of any peak is proportional to the amount of toluene in the mass spectrometer and

the fragmentation pattern is unique to toluene.
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There are several options for monitoring a chromatogram when using
a mass spectrometer as the detector. The most common method is to con-
tinuously scan the entire mass spectrum and report the total signal for all
ions that reach the detector during each scan. This total ion scan provides
universal detection for all analytes. We can achieve some degree of selec-
tivity by monitoring one or more specific mass-to-charge ratios, a process
called selective-ion monitoring. A mass spectrometer provides excellent de-
tection limits, typically 25 fg to 100 pg, with a linear range of 10> orders
of magnitude. Because we continuously record the mass spectrum of the
column’s eluent, we can go back and examine the mass spectrum for any
time increment. This is a distinct advantage for GC-MS because we can
use the mass spectrum to help identify a mixture’s components.

OTHER DETECTORS

Two additional detectors are similar in design to a flame ionization detec-
tor. In the flame photometric detector, optical emission from phosphorous
and sulfur provides a detector selective for compounds that contain these
elements. The thermionic detector responds to compounds that contain
nitrogen or phosphorous.

A Fourier transform infrared spectrophotometer (FT-IR) also can serve
as a detector. In GC-FT-IR, effluent from the column flows through an
optical cell constructed from a 10-40 cm Pyrex tube with an internal di-
ameter of 1-3 mm. The cell’s interior surface is coated with a reflecting
layer of gold. Multiple reflections of the source radiation as it is transmit-
ted through the cell increase the optical path length through the sample.
As is the case with GC-MS, an FT-IR detector continuously records the
column eluent’s spectrum, which allows us to examine the IR spectrum for
any time increment.

12D.6 Quantitative Applications

Gas chromatography is widely used for the analysis of a diverse array of
samples in environmental, clinical, pharmaceutical, biochemical, forensic,
food science and petrochemical laboratories. Table 12.3 provides some rep-
resentative examples of applications.

QUuANTITATIVE CALCULATIONS

In a GC analysis the area under the peak is proportional to the amount of
analyte injected onto the column. A peak’s area is determined by integra-
tion, which usually is handled by the instrument’s computer or by an elec-
tronic integrating recorder. If two peak are resolved fully, the determination
of their respective areas is straightforward. Overlapping peaks, however,
require a choice between one of several options for dividing up the area
shared by the two peaks (Figure 12.36). Which method we use depends on

For more details on mass spectrometry
see Introduction to Mass Spectrometry
by Michael Samide and Olujide Akinbo,
a resource that is part of the Analytical Sci-

ences Digital Library.

See Chapter 10C for a discussion of FT-IR

spectroscopy and instrumentation.

Before electronic integrating recorders
and computers, two methods were used to
find the area under a curve. One method
used a manual planimeter; as you use the
planimeter to trace an object’s perimeter,
it records the area. A second approach for
finding a peak’s area is the cut-and-weigh
method. The chromatogram is recorded
on a piece of paper and each peak of in-
terest is cut out and weighed. Assuming
the paper is uniform in thickness and den-
sity of fibers, the ratio of weights for two
peaks is the same as the ratio of areas. Of
course, this approach destroys your chro-
matogram.
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Table 12.3  Representative Applications of Gas Chromatography

area applications

environmental analysis green house gases (CO,, CHy, NO,) in air
pesticides in water, wastewater, and soil
vehicle emissions
trihalomethanes in drinking water

clinical analysis drugs
blood alcohols
forensic analysis analysis of arson accelerants

detection of explosives

consumer products volatile organics in spices and fragrances
trace organics in whiskey
monomers in latex paint

petroleum and chemical industry purity of solvents
refinery gas
composition of gasoline

the relative size of the two peaks and their resolution. In some cases, the
use of peak heights provides more accurate results.®

For quantitative work we need to establish a calibration curve that re-
lates the detector’s response to the analyte’s concentration. If the injec-
tion volume is identical for every standard and sample, then an external
standardization provides both accurate and precise results. Unfortunately,
even under the best conditions the relative precision for replicate injections
may differ by 5%; often it is substantially worse. For quantitative work

8 (a) Bicking, M. K. L. Chromatography Online, April 2006; (b) Bicking, M. K. L. Chromatog-
raphy Online, June 2006.

Figure 12.36 Four methods for determining the areas
under two overlapping chromatographic peaks: (a) the
drop method; (b) the valley method; (c) the exponential
skim method; and (d) the Gaussian skim method. Other
methods for determining areas also are available. © @
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that requires high accuracy and precision, the use of internal standards is
recommended.

Example 12.5

Marriott and Carpenter report the following data for five replicate injec-
tions of a mixture that contains 1% v/v methyl isobutyl ketone and 1%
vlv p-xylene in dichloromethane.’

injection peak  peak area (arb. units)

I 1 49075
2 78112

II 1 85829
2 135404

III 1 84136
2 132332

I\% 1 71681
2 112889

\% 1 58054
2 91287

Assume that p-xylene (peak 2) is the analyte, and that methyl isobutyl
ketone (peak 1) is the internal standard. Determine the 95% confidence
interval for a single-point standardization with and without using the in-
ternal standard.

SoLution

For a single-point external standardization we ignore the internal standard
and determine the relationship between the peak area for p-xylene, A,, and
the concentration, C,, of p-xylene.

A, = kC,
Substituting the known concentration for p-xylene (1% v/v) and the ap-
propriate peak areas, gives the following values for the constant 4.

78112 135404 132332 112889 91287
The average value for £ is 110000 with a standard deviation of 25100 (a

relative standard deviation of 22.8%). The 95% confidence interval is

=X+ = 111000 + 278251000 _

/n /5

For an internal standardization, the relationship between the analyte’s peak
area, A,, the internal standard’s peak area, A;, and their respective concen-
trations, C, and C}, is

Y

9 Marriott, P. J.; Carpenter, 2. D. J. Chem. Educ. 1996, 73, 96-99.

111000 £ 31200

To review the method of internal stan-

dards, see Section 5C.4.
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A Al

e
4, - k¢

Substituting in the known concentrations and the appropriate peak areas
gives the following values for the constant 4.

1.5917 1.5776 1.5728 1.5749 1.5724

‘The average value for £ is 1.5779 with a standard deviation of 0.0080 (a
relative standard deviation of 0.507%). The 95% confidence interval is

p =X+ % = 15779 + (2'78)%0080) = 1.5779 + 0.0099
7

Although there is a substantial variation in the individual peak areas for
this set of replicate injections, the internal standard compensates for these
variations, providing a more accurate and precise calibration.
.

Practice Exercise 12.5

Figure 12.37 shows chromatograms for five standards and for one sample. Each standard and sample
contains the same concentration of an internal standard, which is 2.50 mg/mL. For the five stan-
dards, the concentrations of analyte are 0.20 mg/mL, 0.40 mg/mL, 0.60 mg/mL, 0.80 mg/mL, and
1.00 mg/mL, respectively. Determine the concentration of analyte in the sample by (a) ignoring the
internal standards and creating an external standards calibration curve, and by (b) creating an internal
standard calibration curve. For each approach, report the analyte’s concentration and the 95% confi-
dence interval. Use peak heights instead of peak areas.

Click here to review your answer to this exercise.

internal standard

analyte

standard 1

standard 2 k standard3J k

I\
) | /\

)

Figure 12.37 Chromatograms for Practice Exercise 12.5.
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12D.7 AQualitative Applications

In addition to a quantitative analysis, we also can use chromatography to
identify the components of a mixture. As noted earlier, when using an
FT-IR or a mass spectrometer as the detector we have access to the eluent’s
full spectrum for any retention time. By interpreting the spectrum or by
searching against a library of spectra, we can identify the analyte responsible
for each chromatographic peak.

When using a nonspectroscopic detector, such as a flame ionization
detector, we must find another approach if we wish to identify the compo-
nents of a mixture. One approach is to spike a sample with the suspected
compound and look for an increase in peak height. We also can compare
a peak’s retention time to the retention time for a known compound if we
use identical operating conditions.

Because a compound’s retention times on two identical columns are not
likely to be the same—differences in packing efficiency, for example, will af-
fect a solute’s retention time on a packed column—creating a table of stan-
dard retention times is not possible. KovaT’s RETENTION INDEX provides
one solution to the problem of matching retention times. Under isothermal
conditions, the adjusted retention times for normal alkanes increase loga-
rithmically. Kovat defined the retention index, /, for a normal alkane as
100 times the number of carbon atoms. For example, the retention index
is 400 for butane, C4H;, and 500 for pentane, CsH,. To determine the
a compound’s retention index, / cpd> WE USE the following formula

log 40 — log ..

L. = 100 X + I, 12.27

logt... — logt,.
where #.,, is the compound’s adjusted retention time, #.. and .., are
the adjusted retention times for the normal alkanes that elute immediately
before the compound and immediately after the compound, respectively,
and /_ is the retention index for the normal alkane that elutes immediately
before the compound. A compound’s retention index for a particular set
of chromatographic conditions—stationary phase, mobile phase, column
type, column length, temperature, etc.—is reasonably consistent from day-
to-day and between different columns and instruments.

Example 12.6

In a separation of a mixture of hydrocarbons the following adjusted reten-
tion times are measured: 2.23 min for propane, 5.71 min for isobutane,
and 6.67 min for butane. What is the Kovat’s retention index for each of
these hydrocarbons?

SoLution

Kovat’s retention index for a normal alkane is 100 times the number of car-
bons; thus, for propane, /=300 and for butane, /=400. To find Kovat’s
retention index for isobutane we use equation 12.27.

\l

In addition to identifying the component
responsible for a particular chromato-
graphic peak, we also can use the saved
spectra to evaluate peak purity. If only one
component is responsible for a chromato-
graphic peak, then the spectra should be
identical throughout the peak’s elution. If
a spectrum at the beginning of the peak’s
elution is different from a spectrum taken
near the end of the peak’s elution, then at
least two components are co-eluting.

Tables of Kovats retention indices are
available; see, for example, the NIST
Chemistry Webbook. A search for toluene
returns 341 values of / for over 20 differ-
ent stationary phases, and for both packed
columns and capillary columns.
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The best way to appreciate the theoretical
and the practical details discussed in this
section is to carefully examine a typical
analytical method. Although each meth-
od is unique, the following description of
the determination of trihalomethanes in
drinking water provides an instructive ex-
ample of a typical procedure. The descrip-
tion here is based on a Method 6232B in
Standard Methods for the Examination of
Water and Wastewater, 20th Ed., Ameri-
can Public Health Association: Washing-
ton, DC, 1998.

TFE is tetrafluoroethylene. Teflon is a
polymer formed from TFE.

log(5.71) — log(2.23)
log (6.67) — log(2.23)

.
Practice Exercise 12.6

]isobutans - 100 X

+ 300 = 386

When using a column with the same stationary phase as in Example
12.6, you find that the retention times for propane and butane are 4.78
min and 6.86 min, respectively. What is the expected retention time for
isobutane?

Click here to review your answer to this exercise.

Representative Method 12.1

Determination of Trihalomethanes in Drinking Water
DESCRIPTION OF METHOD

Trihalomethanes, such as chloroform, CHCI;, and bromoform, CHBr3,
are found in most chlorinated waters. Because chloroform is a suspected
carcinogen, the determination of trihalomethanes in public drinking wa-
ter supplies is of considerable importance. In this method the trihalo-
methanes CHCl;, CHBrCl,, CHBr,Cl, and CHBr; are isolated using a
liquid—liquid extraction with pentane and determined using a gas chro-
matograph equipped with an electron capture detector.

PROCEDURE

Collect the sample in a 40-mL glass vial equipped with a screw-cap lined
with a TFE-faced septum. Fill the vial until it overflows, ensuring that
there are no air bubbles. Add 25 mg of ascorbic acid as a reducing agent
to quench the further production of trihalomethanes. Seal the vial and
store the sample at 4 °C for no longer than 14 days.

Prepare a standard stock solution for each trihalomethane by placing
9.8 mL of methanol in a 10-mL volumetric flask. Let the flask stand for
10 min, or until all surfaces wetted with methanol are dry. Weigh the flask
to the nearest 0.1 mg. Using a 100-pL syringe, add 2 or more drops of
trihalomethane to the volumetric flask, allowing each drop to fall directly
into the methanol. Reweigh the flask before diluting to volume and mix-
ing. Transfer the solution to a 40-mL glass vial equipped with a TFE-lined
screw-top and report the concentration in pg/mL. Store the stock solu-
tions at —10 to —20 °C and away from the light.

Prepare a multicomponent working standard from the stock standards
by making appropriate dilutions of the stock solution with methanol in
a volumetric flask. Choose concentrations so that calibration standards
(see below) require no more than 20 pL of working standard per 100 mL
of water.
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Using the multicomponent working standard, prepare at least three, but
preferably 5-7 calibration standards. At least one standard must be near
the detection limit and the standards must bracket the expected concen-
tration of trihalomethanes in the samples. Using an appropriate volumet-
ric flask, prepare the standards by injecting at least 10 pL of the working
standard below the surface of the water and dilute to volume. Gently mix
each standard three times only. Discard the solution in the neck of the
volumetric flask and then transfer the remaining solution to a 40-mL glass
vial with a TFE-lined screw-top. If the standard has a headspace, it must
be analyzed within 1 hr; standards without a headspace may be held for
up to 24 hr.

Prepare an internal standard by dissolving 1,2-dibromopentane in hexane.
Add a sufficient amount of this solution to pentane to give a final concen-
tration of 30 pg 1,2-dibromopentane/L.

To prepare the calibration standards and samples for analysis, open the
screw top vial and remove 5 mL of the solution. Recap the vial and weigh
to the nearest 0.1 mg. Add 2.00 mL of pentane (with the internal stan-
dard) to each vial and shake vigorously for 1 min. Allow the two phases
to separate for 2 min and then use a glass pipet to transfer at least 1 mL of
the pentane (the upper phase) to a 1.8-mL screw top sample vial equipped
with a TFE septum, and store at 4 °C until you are ready to inject them
into the GC. After emptying, rinsing, and drying the sample’s original
vial, weigh it to the nearest £0.1 mg and calculate the sample’s weight to
£0.1 g. If the density is 1.0 g/mL, then the sample’s weight is equivalent
to its volume.

A variety of other columns can be used.

. . . . . Another option, for example, is a 30-m
Inject a 1-5 pL aliquot of the pentane extracts into a GC equipped with fused silica colomn with an inernal di.

a 2-mm ID, 2-m long glass column packed with a stationary phase of ameter of 0.32 mm and a 1 jtm coating of
10% squalane on a packing material of 80/100 mesh Chromosorb WAW. the stationary phase DB-1. A linear flow

. £ 20 cm/s i d with the follow-
Operate the column at 67 °C and a flow rate of 25 mL/min. jare oF 21 cmis s used Wi e 0Tow
ing temperature program: hold for 5 min

QUESTIONS at 35°C; increase to 70°C at 10 °C/min;
increase to 200°C at 20°C.
1. Asimple liquid-liquid extraction rarely extracts 100% of the analyte.
How does this method account for incomplete extractions?

Because we use the same extraction procedure for the samples and the
standards, we reasonably expect that the extraction efficiency is the
same for all samples and standards; thus, the relative amount of ana-
lyte in any two samples or standards is unaffected by an incomplete
extraction.

2. Water samples are likely to contain trace amounts of other organic
compounds, many of which will extract into pentane along with the
trihalomethanes. A short, packed column, such as the one used in this
method, generally does not do a particularly good job of resolving
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chromatographic peaks. Why do we not need to worry about these
other compounds?

An electron capture detector responds only to compounds, such as
the trihalomethanes, that have electronegative functional groups. Be-
cause an electron capture detector will not respond to most of the po-
tential interfering compounds, the chromatogram will have relatively
few peaks other than those for the trihalomethanes and the internal
standard.

Predict the order in which the four analytes elute from the GC col-
umn.

Retention time should follow the compound’s boiling points, eluting
from the lowest boiling point to the highest boiling points. The ex-
pected elution order is CHCl; (61.2 °C), CHCI,Br (90 °C), CHCIBr,
(119°C), and CHBr5 (149.1°C).

Although chloroform is an analyte, it also is an interferent because it
is present at trace levels in the air. Any chloroform present in the labo-
ratory air, for example, may enter the sample by diffusing through the

sample vial’s silicon septum. How can we determine whether samples

are contaminated in this manner?

A sample blank of trihalomethane-free water is kept with the samples

at all times. If the sample blank shows no evidence for chloroform,
then we can safely assume that the samples also are free from contami-
nation.

Why is it necessary to collect samples without a headspace (a layer of
air that overlays the liquid) in the sample vial?

Because trihalomethanes are volatile, the presence of a headspace al-
lows for the loss of analyte from the sample to the headspace, resulting
in a negative determinate error.

In preparing the stock solution for each trihalomethane, the proce-
dure specifies that we add two or more drops of the pure compound
by dropping them into a volumetric flask that contains methanol.
When preparing the calibration standards, however, the working
standard must be injected below the surface of the methanol. Explain
the reason for this difference.

When preparing a stock solution, the potential loss of the volatile
trihalomethane is unimportant because we determine its concentra-
tion by weight after adding it to the methanol and diluting to volume.
When we prepare the calibration standard, however, we must ensure
that the addition of trihalomethane is quantitative; thus, we inject it
below the surface to avoid the potential loss of analyte.
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12D.8 Evaluation

ScALE oF OPERATION

Gas chromatography is used to analyze analytes present at levels ranging
from major to ultratrace components. Depending on the detector, samples
with major and minor analytes may need to be diluted before analysis.
The thermal conductivity and flame ionization detectors can handle larger
amounts of analyte; other detectors, such as an electron capture detector
or a mass spectrometer, require substantially smaller amounts of analyte.
Although the injection volume for gas chromatography is quite small—
typically about a microliter—the amount of available sample must be suf-
ficient that the injection is a representative subsample. For a trace analyrte,
the actual amount of injected analyte is often in the picogram range. Using
Representative Method 12.1 as an example, a 3.0-uL injection of 1 pg/L
CHCI; is equivalent to 15 pg of CHCl;, assuming a 100% extraction ef-
ficiency.

Accuracy

The accuracy of a gas chromatographic method varies substantially from
sample-to-sample. For routine samples, accuracies of 1-5% are common.
For analytes present at very low concentration levels, for samples with
complex matrices, or for samples that require significant processing before
analysis, accuracy may be substantially poorer. In the analysis for trihalo-
methanes described in Representative Method 12.1, for example, determi-

nate errors as large as £25% are possible.

PRrEcision

The precision of a gas chromatographic analysis includes contributions
from sampling, sample preparation, and the instrument. The relative stan-
dard deviation due to the instrument typically is 1-5%, although it can
be significantly higher. The principal limitations are detector noise, which
affects the determination of peak area, and the reproducibility of injection
volumes. In quantitative work, the use of an internal standard compensates
for any variability in injection volumes.

SENSITIVITY

In a gas chromatographic analysis, sensitivity is determined by the detec-
tor’s characteristics. Of particular importance for quantitative work is the
detector’s linear range; that is, the range of concentrations over which a
calibration curve is linear. Detectors with a wide linear range, such as the
thermal conductivity detector and the flame ionization detector, can be
used to analyze samples over a wide range of concentrations without ad-

See Figure 3.5 to review the meaning of
major, minor, and ultratrace analytes.



790  Analytical Chemistry 2.1

A solute’s retention time in HPLC is deter-
mined by its interaction with the station-
ary phase and the mobile phase. There are
several different types of solute/stationary
phase interactions, including liquid—solid
adsorption, liquid-liquid partitioning,
ion-exchange, and size-exclusion (see Fig-
ure 12.4). Section 12E deals exclusively
with HPLC separations based on liquid—
liquid partitioning. Other forms of liquid
chromatography receive consideration in
Section 12E

justing operating conditions. Other detectors, such as the electron capture
detector, have a much narrower linear range.
&

SELECTIVITY

Because it combines separation with analysis, chromatographic methods
provide excellent selectivity. By adjusting conditions it usually is possible
to design a separation so that the analytes elute by themselves, even when
the mixture is complex. Additional selectivity is obtained by using a de-
tector, such as the electron capture detector, that does not respond to all
compounds.

Time, CosT, AND EQUIPMENT

Analysis time can vary from several minutes for samples that contain only
a few constituents, to more than an hour for more complex samples. Pre-
liminary sample preparation may substantially increase the analysis time.
Instrumentation for gas chromatography ranges in price from inexpensive
(a few thousand dollars) to expensive (>$50,000). The more expensive
models are designed for capillary columns, include a variety of injection
options, and use more sophisticated detectors, such as a mass spectrometer,
or include multiple detectors. Packed columns typically cost <$200, and
the cost of a capillary column is typically $300-$1000.

12E High-Performance Liquid Chromatography

In HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) we inject the
sample, which is in solution form, into a liquid mobile phase. The mobile
phase carries the sample through a packed or capillary column that sepa-
rates the sample’s components based on their ability to partition between
the mobile phase and the stationary phase. Figure 12.38 shows an example
of a typical HPLC instrument, which has several key components: reser-
voirs that store the mobile phase; a pump for pushing the mobile phase
through the system; an injector for introducing the sample; a column for
separating the sample into its component parts; and a detector for moni-
toring the eluent as it comes off the column. Let’s consider each of these
components.

12E.1 HPLC Columns

An HPLC typically includes two columns: an analytical column, which is
responsible for the separation, and a guard column that is placed before the
analytical column to protect it from contamination.

ANALYTICAL COLUMNS

The most common type of HPLC column is a stainless steel tube with
an internal diameter between 2.1 mm and 4.6 mm and a length between
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sample

mixing chamber
carousel —

injector N
needle \

injection valve

-7 UV/Vis guard column
o Diode Array Detector and analytical column

Figure 12.38 Example of a typical high-performance liquid chromatograph with insets showing the pumps that move the
mobile phase through the system and the plumbing used to inject the sample into the mobile phase. This particular instru-
ment includes an autosampler. An instrument in which samples are injected manually does not include the features shown
in the two left-most insets, and has a different style of loop injection valve (see Figure 12.45).

30 mm and 300 mm (Figure 12.39). The column is packed with 3—10 pm
porous silica particles with either an irregular or a spherical shape. Typical
column efficiencies are 40000-60000 theoretical plates/m. Assuming a
Vnax! Venin Of approximately 50, a 25-cm column with 50000 plates/m has
12500 theoretical plates and a peak capacity of 110.

Capillary columns use less solvent and, because the sample is diluted
to a lesser extent, produce larger signals at the detector. These columns are
made from fused silica capillaries with internal diameters from 44-200 pm
and lengths of 50-250 mm. Capillary columns packed with 3-5 um par-
ticles have been prepared with column efficiencies of up to 250000 theo-
retical plates.'

One limitation to a packed capillary column is the back pressure that "
develops when pumping the mobile phase through the small interstitial e i —
spaces between the particulate micron-sized packing material (Figure
12.40). Because the tubing and fittings that carry the mobile phase have Figure 12.39 Typical packed column for
pressure limits, a higher back pressure requires a lower flow rate and a lon- HPLC. This particular column has an in-
ger analysis time. MoNoLITHIC cOLUMNS, in which the solid support is a ternal diameter of 4.6 mm and a length of

You can use equation 12.16 to estimate a
column’s peak capacity.

150 mm, and is packed with 5 pm particles

single, porous rod, offer column efficiencies equivalent to a packed capillary ‘ |
coated with stationary phase.

column while allowing for faster flow rates. A monolithic column—which
usually is similar in size to a conventional packed column, although smaller,

10 Novotony, M. Science, 1989, 246, 51-57.
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interstitial
space \a

Figure 12.40 The packing of smaller

particles creates smaller interstitial
spaces than the packing of larger par-
ticles. Although reducing particle size
by 2 increases efficiency by a factor of
1.4, it also produces a 4-fold increase
in back pressure.

If you look closely at Figure 12.39, you
will see the small guard column just above
the analytical column.

capillary columns also are available—is prepared by forming the mono-
lithic rod in a mold and covering it with PTFE tubing or a polymer resin.
Monolithic rods made of a silica-gel polymer typically have macropores
with diameters of approximately 2 pm and mesopores—pores within the
macropores—with diameters of approximately 13 nm."

GuaRrD COLUMNS

Two problems tend to shorten the lifetime of an analytical column. First,
solutes that bind irreversibly to the stationary phase degrade the column’s
performance by decreasing the amount of stationary phase available for ef-
fecting a separation. Second, particulate material injected with the sample
may clog the analytical column. To minimize these problems we place a
guard column before the analytical column. A GuarDp coLumn usually con-
tains the same particulate packing material and stationary phase as the
analytical column, but is significantly shorter and less expensive—a length
of 7.5 mm and a cost one-tenth of that for the corresponding analytical col-
umn is typical. Because they are intended to be sacrificial, guard columns
are replaced regularly.

STATIONARY PHASES FOR GAs—-LiQuiD CHROMATOGRAPHY

In liquid—liquid chromatography the stationary phase is a liquid film coat-
ed on a packing material, typically 3—10 um porous silica particles. Because
the stationary phase may be partially soluble in the mobile phase, it may
elute, or bleed from the column over time. To prevent the loss of stationary
phase, which shortens the column’s lifetime, it is bound covalently to the
silica particles. BONDED STATIONARY PHASES are created by reacting the sil-
ica particles with an organochlorosilane of the general form Si(CHj3),RCl,
where R is an alkyl or substituted alkyl group.

\ \

o Si(CH3),RCl o
—Si—OH —————> —S{—OSi(CHy),R + HCI
o) o

/ /

To prevent unwanted interactions between the solutes and any remain-
ing —SiOH groups, Si(CH3)3Cl is used to convert unreacted sites to
—SiOSi(CH3)3; such columns are designated as end-capped.

The properties of a stationary phase depend on the organosilane’s alkyl
group. If R is a polar functional group, then the stationary phase is po-
lar. Examples of polar stationary phases include those where R contains a
cyano (—-C,H4CN), a diol (-C3;H;OCH,CHOHCH,OH), or an amino
(—-C3H¢NH,) functional group. Because the stationary phase is polar, the
mobile phase is a nonpolar or a moderately polar solvent. The combination

11 Cabrera, K. Chromatography Online, April 1, 2008.
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of a polar stationary phase and a nonpolar mobile phase is called NOrRMAL-
PHASE CHROMATOGRAPHY.

In REVERSED-PHASE CHROMATOGRAPHY, which is the more common
form of HPLC, the stationary phase is nonpolar and the mobile phase
is polar. The most common nonpolar stationary phases use an organo-
chlorosilane where the R group is an z-octyl (Cq) or n-octyldecyl (Cy)
hydrocarbon chain. Most reversed-phase separations are carried out using
a buffered aqueous solution as a polar mobile phase, or using other polar
solvents, such as methanol and acetonitrile. Because the silica substrate may
undergo hydrolysis in basic solutions, the pH of the mobile phase must be
less than 7.5.

12E.2 Mobile Phases

The elution order of solutes in HPLC is governed by polarity. For a normal-
phase separation, a solute of lower polarity spends proportionally less time
in the polar stationary phase and elutes before a solute that is more polar.
Given a particular stationary phase, retention times in normal-phase HPLC
are controlled by adjusting the mobile phase’s properties. For example, if
the resolution between two solutes is poor, switching to a less polar mo-
bile phase keeps the solutes on the column for a longer time and provides
more opportunity for their separation. In reversed-phase HPLC the order
of elution is the opposite that in a normal-phase separation, with more
polar solutes eluting first. Increasing the polarity of the mobile phase leads
to longer retention times. Shorter retention times require a mobile phase
of lower polarity.

CHoOsING A MoBILE PHASE: UsING THE PoLARITY INDEX

There are several indices that help in selecting a mobile phase, one of which
is the porarITY INDEX.'? Table 12.4 provides values of the polarity index, P’,
for several common mobile phases, where larger values of P’ correspond to
more polar solvents. Mixing together two or more mobile phases—assum-
ing they are miscible—creates a mobile phase of intermediate polarity. For
example, a binary mobile phase made by combining solvent A and solvent

B has a polarity index, Pis, of
Py =®,.P + O 12.28

where P} and Pz are the polarity indices for solvents A and B, and ® ; and
@ are the volume fractions for the two solvents.

A reversed-phase HPLC separation is carried out using a mobile phase of
60% v/v water and 40% v/v methanol. What is the mobile phase’s polar-
ity index?

12 Snyder, L. R;; Glajch, J. L.; Kirkland, J. J. Practical HPLC Method Development, Wiley-Inter-
science: New York, 1988.

It seems odd that the more common form
of liquid chromatography is identified as
reverse-phase instead of normal phase.
You might recall that one of the earliest
examples of chromatography was Mikhail
Tswett’s separation of plant pigments us-
ing a polar column of calcium carbonate
and a nonpolar mobile phase of petroleum
ether. The assignment of normal and re-
versed, therefore, is all about precedence.
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Practice Exercise 12.7

Suppose you need a mobile
phase with a polarity index
of 7.5. Explain how you can
prepare this mobile phase us-
ing methanol and water?

Click here to review your an-
swer to this exercise.

Table 12.4 Properties of HPLC Mobile Phases

mobile phase polarity index (P/) UV cutoff (nm)

cyclohexane 0.04 210
n-hexane 0.1 210
carbon tetrachloride 1.6 265
i-propyl ether 2.4 220
toluene 2.4 286
diethyl ether 2.8 218
tetrahydrofuran 4.0 220
ethanol 4.3 210
ethyl acetate 4.4 255
dioxane 4.8 215
methanol 5.1 210
acetonitrile 5.8 190
A water 10.2 —
SoLution

Using equation 12.28 and the values in Table 12.4, the polarity index for
a 60:40 water—methanol mixture is
Pis = @u0lho + Powon Poson
P = 0.60X10.2 + 0.40 X 5.1 = 8.2

|

As a general rule, a two unit change in the polarity index corresponds
to an approximately 10-fold change in a solute’s retention factor. Here is
a simple example. If a solute’s retention factor, 4, is 22 when using water
as a mobile phase (2" =10.2), then switching to a mobile phase of 60:40
water—methanol (2" = 8.2) decreases / to approximately 2.2. Note that the
retention factor becomes smaller because we are switching from a more po-
lar mobile phase to a less polar mobile phase in a reversed-phase separation.

CHOOSING A MoBILE PHASE: ADJUSTING SELECTIVITY

Changing the mobile phase’s polarity index changes a solute’s retention
factor. As we learned in Section 12C.1, however, a change in £ is not an ef-
fective way to improve resolution when the initial value of 4 is greater than
10. To effect a better separation between two solutes we must improve the
selectivity factor, @. There are two common methods for increasing @: add-
ing a reagent to the mobile phase that reacts with the solutes in a secondary
equilibrium reaction or switching to a different mobile phase.

Taking advantage of a secondary equilibrium reaction is a useful strategy
for improving a separation."’ Figure 12.17, which we considered earlier in

13 (a) Foley, J. . Chromatography, 1987, 7, 118-128; (b) Foley, J. ; May, W. E. Anal. Chem. 1987,
59, 102-109; (c) Foley, J. P; May, W. E. Anal. Chem. 1987, 59, 110-115.
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this chapter, shows the reversed-phase separation of four weak acids—ben-
zoic acid, terephthalic acid, p-aminobenzoic acid, and p-hydroxybenzoic
acid—on a nonpolar C;g column using a aqueous buffer of acetic acid and Acid-base chemistry is not the only ex-
sodium acetate as the mobile phase. The retention times for these weak ample of a secondary equilibrium reac-
. . L. . tion. Other examples include ion-pairing,
acids are shorter when using a less acidic mobile phase because each solute complexation, and the interaction of sol-
is present in an anionic, weak base form that is less soluble in the nonpolar utes with micelles. We will consider the
stationary phase. If the mobile .phase’s pH is sufficiently a.cidic, the s.olutes Essta‘l’sfs t}:rff:ellgrseeclzlcilrloliifti VZ;‘;EIZ:;
are present as neutral weak acids that are more soluble in the stationary chromatography.
phase and take longer to elute. Because the weak acid solutes do not have
identical pK] values, the pH of the mobile phase has a different effect on
each solute’s retention time, allowing us to find the optimum pH for effect-
ing a complete separation of the four solutes.
In Example 12.7 we learned how to adjust the mobile phase’s polarity
by blending together two solvents. A polarity index, however, is just a guide,
and binary mobile phase mixtures with identical polarity indices may not
resolve equally a pair of solutes. Table 12.5, for example, shows retention
times for four weak acids in two mobile phases with nearly identical values
for P’. Although the order of elution is the same for both mobile phases,
each solute’s retention time is affected differently by the choice of organic
solvent. If we switch from using acetonitrile to tetrahydrofuran, for example,
we find that benzoic acid elutes more quickly and that p-hydroxybenzoic
acid elutes more slowly. Although we can resolve fully these two solutes
using mobile phase that is 16% v/v acetonitrile, we cannot resolve them if
the mobile phase is 10% tetrahydrofuran.
One strategy for finding the best mobile phase is to use the solvent
triangle shown in Figure 12.41, which allows us to explore a broad range
of mobile phases with only seven experiments. We begin by adjusting the The choice to start with acetonitrile is
. a1 . . . arbitrary—we can just as easily choose to
amount of acetonitrile in the mobile phase to produce the best possible begin with methanol or with tetrahydro-
separation within the desired analysis time. Next, we use Table 12.6 to es- furan.
timate the composition of methanol/H,O and tetrahydrofuran/H,O mo-
bile phases that will produce similar analysis times. Four additional mobile

Table 12.5 Retention Times for Four Weak Acids in Mobile Phases With
Similar Polarity Indexes

16% acetonitrile (CH3CN) 10% tetrahydrofuran (THF)
retention time 84% pH 4.11 aqueous buffer  90% pH 4.11 aqueous buffer

(min) (P"=9.5) (P'=9.6)
1.BA 5.18 4.01
t.PH 1.67 2.91
oA 1.21 1.05
T 0.23 0.54

Key: BA is benzoic acid; PH is p-hydroxybenzoic acid; PA is p-aminobenzoic acid; TP is terephthalic acid
Source: Harvey, D. T;; Byerly, S.; Bowman, A.; Tomlin, J. “Optimization of HPLC and GC Separations Using Re-
sponse Surfaces,” J. Chem. Educ. 1991, 68, 162-168.
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100% T
50% M & 50% T 50% A &50%T

®
Figure 12.41 Solvent triangle for optimizing a reversed- 333%M&333%A&33.3%T
phase HPLC separation. The three blue circles show mo-
bile phases consisting of an organic solvent and water. 100% A

. . . 0
The three red circles are binary mobile phases created by 100%M ¢
50% M & 50% A

combining equal volumes of the pure mobile phases. The

M = methanol/water

ternary mobile phase shown by the purple circle contains A = acetonitrile/water

all three of the pure mobile phases.

possible

100% M 100% A

M = 20% methanol and 80% pH 4.11 aqueous buffer

A = 16% acetonitrile and 84% pH 4.11 aqueous buffer

T=10% tetrahydrofuran and 90% pH 4.11 aqueous buffer
Figure 12.42 Resolution map for the sepa-
ration of benzoic acid (BA), terephthalic
acid (TP), p-aminobenzoic acid (PA), and
p-hydroxybenzoic acid (PH) on a nonpolar
Cy g column subject to a maximum analysis
time of 6 min. The shaded areas represent
regions where a separation is not possible,
with the unresolved solutes identified. A
separation is possible in the unshaded area.
See Harvey, D. T; Byetly, S.; Bowman, A;
Tomlin, J. “Optimization of HPLC and
GC Separations Using Response Surfaces,”
J. Chem. Educ. 1991, 68, 162—168 for de-
tails on the mathematical model used to
generate the resolution map.

T = tetrahydrofuran/water

phases are prepared using the binary and ternary mobile phases shown in
Figure 12.41. When we examine the chromatograms from these seven mo-
bile phases we may find that one or more provides an adequate separation,
or we may identify a region within the solvent triangle where a separation
is feasible. Figure 12.42 shows a resolution map for the reversed-phase
separation of benzoic acid, terephthalic acid, p-aminobenzoic acid, and
p-hydroxybenzoic acid on a nonpolar C;g4 column in which the maximum
desired analysis time is set to 6 min.'* The areas in blue, green, and red
show mobile phase compositions that do not provide baseline resolution.
The unshaded area represents mobile phase compositions where a separa-
tion is possible.

14 Harvey, D. T.; Byerly, S.; Bowman, A.; Tomlin, J. /. Chem. Educ. 1991, 68, 162-168

Table 12.6 Compositions of Mobile Phases with
Approximately Equal Solvent Strengths
%v/v CH;0H %v/v CH3CN %v/v THF

30 22 16
40 32 24
50 40 30
60 50 36
70 60 44
80 72 52
90 87 62

100 99 71
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Figure 12.43 Gradient elution separation of a mixture of flavonoids. Mobile phase A is an
aqueous solution of 0.1% formic acid and mobile phase B is 0.1% formic acid in acetonitrile.
The initial mobile phase is 98% A and 2% B. The percentage of mobile phase B increases in
four steps: from 2% to 5% over 5 min, beginning at 0.5 min; from 5% to 12% over 1 min,
beginning at 5.5 min; from 12% to 25% over 15 min, beginning at 6.5 min; and from 25%
to 60% over 20 min, beginning at 21.5 min. Data provided by Christopher Schardon, Kyle

Meinhardt, and Michelle Bushey, Department of Chemistry, Trinty University.

CHOOSING A MoBILE PHASE: ISOCRATIC AND GRADIENT ELUTIONS

A separation using a mobile phase that has a fixed composition is an 150-
cratic ELUTION. One difficulty with an isocratic elution is that an appro-
priate mobile phase strength for resolving early-eluting solutes may lead to
unacceptably long retention times for late-eluting solutes. Optimizing the
mobile phase for late-eluting solutes, on the other hand, may provide an
inadequate separation of early-eluting solutes. Changing the mobile phase’s
composition as the separation progresses is one solution to this problem.
For a reversed-phase separation we use an initial mobile phase that is more
polar. As the separation progresses, we adjust the composition of mobile
phase so that it becomes less polar (see Figure 12.43). Such separations are
called GRADIENT ELUTIONS.

12E.3 HPLC Plumbing

In a gas chromatograph the pressure from a compressed gas cylinder is
sufficient to push the mobile phase through the column. Pushing a liquid
mobile phase through a column, however, takes a great deal more effort,
generating pressures in excess of several hundred atmospheres. In this sec-
tion we consider the basic plumbing needed to move the mobile phase
through the column and to inject the sample into the mobile phase.

You may recall that we called this the gen-

eral elution problem (see Figure 12.16).
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solvent enters
from reservoir A

solvent exits to
mixing chamber

Figure 12.44 Close-up view of the pumps for the instrument shown in Figure 12.38. The work-
ing cylinder and the equilibrating cylinder for the pump on the left take solvent from reservoir
A and send it to the mixing chamber. The pump on the right moves solvent from reservoir B
to the mixing chamber. The mobile phase’s flow rate is determined by the combined speeds
of the two pumps. By changing the relative speeds of the two pumps, different binary mobile
phases can be prepared.

Bubbling an inert gas through the mobile
phase releases volatile dissolved gases. This
process is called sparging.

MovING THE MoBILE PHASE

A typical HPLC includes between 14 reservoirs for storing mobile phase
solvents. The instrument in Figure 12.38, for example, has two mobile
phase reservoirs that are used for an isocratic elution or a gradient elution
by drawing solvents from one or both reservoirs.

Before using a mobile phase solvent we must remove dissolved gases,
such as N, and O,, and small particulate matter, such as dust. Because there
is a large drop in pressure across the column—the pressure at the column’s
entrance is as much as several hundred atmospheres, but it is atmospheric
pressure at the column’s exit—gases dissolved in the mobile phase are re-
leased as gas bubbles that may interfere with the detector’s response. Degas-
sing is accomplished in several ways, but the most common are the use of
a vacuum pump or sparging with an inert gas, such as He, which has a low
solubility in the mobile phase. Particulate materials, which may clog the
HPLC tubing or column, are removed by filtering the solvents.

The mobile phase solvents are pulled from their reservoirs by the action
of one or more pumps. Figure 12.44 shows a close-up view of the pumps
for the instrument in Figure 12.38. The working pump and the equilibrat-
ing pump each have a piston whose back and forth movement maintains
a constant flow rate of up to several mL/min and provides the high output
pressure needed to push the mobile phase through the chromatographic
column. In this particular instrument, each pump sends its mobile phase
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to a mixing chamber where they combine to form the final mobile phase.
The relative speed of the two pumps determines the mobile phase’s final
composition.

The back and forth movement of a reciprocating pump creates a pulsed
flow that contributes noise to the chromatogram. To minimize these pulses,
each pump in Figure 12.44 has two cylinders. During the working cylin-
der’s forward stoke it fills the equilibrating cylinder and establishes flow
through the column. When the working cylinder is on its reverse stroke,
the flow is maintained by the piston in the equilibrating cylinder. The result
is a pulse-free flow.

INJECTING THE SAMPLE

The operating pressure within an HPLC is sufficiently high that we cannot
inject the sample into the mobile phase by inserting a syringe through a
septum, as is possible in gas chromatography. Instead, we inject the sample
using a LOOP INJECTOR, a diagram of which is shown in Figure 12.45.

In the load position a sample loop—which is available in a variety of
sizes ranging from 0.5 pL to 5 mL—is isolated from the mobile phase and
open to the atmosphere. The sample loop is filled using a syringe with a
capacity several times that of the sample loop, with excess sample exiting
through the waste line. After loading the sample, the injector is turned to
the inject position, which redirects the mobile phase through the sample
loop and onto the column.

12E.4 Detectors for HPLC

Many different types of detectors have been use to monitor HPLC separa-
tions, most of which use the spectroscopic techniques from Chapter 10 or
the electrochemical techniques from Chapter 11.

from syringe

injecting the sample
from syringe
to waste

to waste

to column

from pump

loading the sample loop

from pump

There are other possible ways to control
the mobile phase’s composition and flow
rate. For example, instead of the two
pumps in Figure 12.44, we can place a
solvent proportioning valve before a single
pump. The solvent proportioning value
connects two or more solvent reservoirs
to the pump and determines how much
of each solvent is pulled during each of
the pump’s cycles.

Another approach for eliminating a pulsed
flow is to include a pulse damper between
the pump and the column. A pulse damp-
er is a chamber filled with an easily com-
pressed fluid and a flexible diaphragm.
During the pistons forward stroke the
fluid in the pulse damper is compressed.
When the piston withdraws to refill the
pump, pressure from the expanding fluid
in the pulse damper maintains the flow
rate.

The instrument in Figure 12.38 uses an
autosampler to inject samples. Instead of
using a syringe to push the sample into
the sample loop, the syringe draws sample
into the sample loop.

799

Figure 12.45 Schematic diagram of a manual loop injector. In the load position the flow of mobile
phase from the pump to the column (shown in green) is isolated from the sample loop, which is filled
using a syringe (shown in blue). Rotating the inner valve (shown in red) to the inject position directs
the mobile phase through the sample loop and onto the column.
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To review the details of how we measure
absorbance, see Chapter 10B. More in-
formation about different types of instru-
ments, including the diode array spec-
trometer, is in Chapter 10C.

from column

l optical
window .
gratin
source g
Q . L A3

op tical | Ajctors
window ¥
to waste V V

signal
processor

Figure 12.46 Schematic diagram of a flow cell for a detector equipped with a
diode array spectrometer.

SPECTROSCOPIC DETECTORS

The most popular HPLC detectors take advantage of an analyte’s UV/Vis
absorption spectrum. These detectors range from simple designs, in which
the analytical wavelength is selected using appropriate filters, to a modified
spectrophotometer in which the sample compartment includes a flow cell.
Figure 12.46 shows the design of a typical flow cell when using a diode array
spectrometer as the detector. The flow cell has a volume of 1-10 pL and a
path length of 0.2-1 cm.

When using a UV/Vis detector the resulting chromatogram is a plot of
absorbance as a function of elution time (see Figure 12.47). If the detec-
tor is a diode array spectrometer, then we also can display the result as a
three-dimensional chromatogram that shows absorbance as a function of

Figure 12.47 HPLC separation of a mixture of flavonoids
with UV/Vis detection at 360 nm and, in the inset, at
260 nm. The choice of wavelength affects each analyte’s sig-
nal. By carefully choosing the wavelength, we can enhance
the signal for the analytes of greatest interest. Data provided
by Christopher Schardon, Kyle Meinhardt, and Michelle
Bushey, Department of Chemistry, Trinty University.
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g 55 Figure 12.48 HPLC chromatogram for the determination
a of riboflavin in urine using fluorescence detection with exci-
tation at a wavelength of 340 nm and detection at 450 nm.
The peak corresponding to riboflavin is marked with a red
asterisk (*). The inset shows the same chromatogram when
2.0 using a less-selective UV/Vis detector at a wavelength of
5 é B 2 : 450 nm. Data provided by Jason Schultz, Jonna Berry, Kae-
time (min) lene Lundstrom, and Dwight Stoll, Department of Chem-

istry, Gustavus Adolphus College.

wavelength and elution time. One limitation to using absorbance is that
the mobile phase cannot absorb at the wavelengths we wish to monitor.
Table 12.4 lists the minimum useful UV wavelength for several common
HPLC solvents. Absorbance detectors provide detection limits of as little
as 100 pg—1 ng of injected analyte.

If an analyte is fluorescent, we can place the flow cell in a spectro-
fluorimeter. As shown in Figure 12.48, a fluorescence detector provides
additional selectivity because only a few of a sample’s components are fluo-
rescent. Detection limits are as little as 1-10 pg of injected analyte.

ELEcTROCHEMICAL DETECTORS

Another common group of HPLC detectors are those based on electro-
chemical measurements such as amperometry, voltammetry, coulometry,
and conductivity. Figure 12.49, for example, shows an amperometric flow
cell. Effluent from the column passes over the working electrode—held
at a constant potential relative to a downstream reference electrode—that
completely oxidizes or reduces the analytes. The current flowing between

reference
electrode

potentiostat

| — to waste —
from
column .
working
l electrode

auxiliary electrode chemical detector.

See Chapter 10F for a review of fluores-
cence spectroscopy and spectrofluorim-
eters.

See Chapter 11D.5 for a review of am-
perometry.

Figure 12.49 Schematic diagram showing
| a flow cell for an amperometric electro-
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Figure 12.50 Block diagram of an
HPLC-MS. A three component mix-
ture enters the HPLC. When compo-
nent A elutes from the column, it enters
the MS ion source and ionizes to form
the parent ion and several fragment
ions. The ions enter the mass analyzer,
which separates them by their mass-to-
charge ratio, providing the mass spec-
trum shown at the detector.

Figure 12.51 HPLC-MS/MS chromatogram for the determination
of riboflavin in urine. An initial parent ion with an m/z ratio of 377
enters a second mass spectrometer where it undergoes additional
ionization; the fragment ion with an m/z ratio of 243 provides the
signal. The selectivity of this detector is evident when you compare 10
this chromatogram to the one in Figure 12.48, which uses fluo- L
resence deterction. Data provided by Jason Schultz, Jonna Berry, 0. J

Kaelene Lundstrom, and Dwight Stoll, Department of Chemistry,

Gustavus Adolphus College.

the working electrode and the auxiliary electrode serves as the analytical
signal. Detection limits for amperometric electrochemical detection are
from 10 pg—1 ng of injected analyte.

OTHER DETECTORS

Several other detectors have been used in HPLC. Measuring a change in
the mobile phase’s refractive index is analogous to monitoring the mobile
phase’s thermal conductivity in gas chromatography. A refractive index de-
tector is nearly universal, responding to almost all compounds, but has a
relatively poor detection limit of 0.1-1 pg of injected analyte. An additional
limitation of a refractive index detector is that it cannot be used for a gradi-
ent elution unless the mobile phase components have identical refractive
indexes.

Another useful detector is a mass spectrometer. Figure 12.50 shows
a block diagram of a typical HPLC-MS instrument. The effluent from
the column enters the mass spectrometer’s ion source using an interface
the removes most of the mobile phase, an essential need because of the
incompatibility between the liquid mobile phase and the mass spectrom-
eter’s high vacuum environment. In the ionization chamber the remaining
molecules—a mixture of the mobile phase components and solutes—un-
dergo ionization and fragmentation. The mass spectrometer’s mass analyzer
separates the ions by their mass-to-charge ratio (m/z). A detector counts the
ions and displays the mass spectrum.

There are several options for monitoring the chromatogram when us-
ing a mass spectrometer as the detector. The most common method is to
continuously scan the entire mass spectrum and report the total signal for
all ions reaching the detector during each scan. This total ion scan provides
universal detection for all analytes. As seen in Figure 12.51, we can achieve
some degree of selectivity by monitoring only specific mass-to-charge ratios,
a process called selective-ion monitoring.
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The advantages of using a mass spectrometer in HPLC are the same as
for gas chromatography. Detection limits are very good, typically 0.1-1 ng
of injected analyte, with values as low as 1-10 pg for some samples. In
addition, a mass spectrometer provides qualitative, structural information
that can help to identify the analytes. The interface between the HPLC and
the mass spectrometer is technically more difficult than that in a GC-MS
because of the incompatibility of a liquid mobile phase with the mass spec-
trometer’s high vacuum requirement.

12E.5 Quantitative Applications

High-performance liquid chromatography is used routinely for both quali-
tative and quantitative analyses of environmental, pharmaceutical, indus-
trial, forensic, clinical, and consumer product samples.

PREPARING SAMPLES FOR ANALYSIS

Samples in liquid form are injected into the HPLC after a suitable clean-
up to remove any particulate materials, or after a suitable extraction to
remove matrix interferents. In determining polyaromatic hydrocarbons
(PAH) in wastewater, for example, an extraction with CH,Cl, serves the
dual purpose of concentrating the analytes and isolating them from matrix
interferents. Solid samples are first dissolved in a suitable solvent or the
analytes of interest brought into solution by extraction. For example, an
HPLC analysis for the active ingredients and the degradation products in a
pharmaceutical tablet often begins by extracting the powdered tablet with
a portion of mobile phase. Gas samples are collected by bubbling them
through a trap that contains a suitable solvent. Organic isocyanates in in-
dustrial atmospheres are collected by bubbling the air through a solution of
1-(2-methoxyphenyl)piperazine in toluene. The reaction between the iso-
cyanates and 1-(2-methoxyphenyl)piperazine both stabilizes them against
degradation before the HPLC analysis and converts them to a chemical
form that can be monitored by UV absorption.

QUANTITATIVE CALCULATIONS

A quantitative HPLC analysis is often easier than a quantitative GC analysis
because a fixed volume sample loop provides a more precise and accurate
injection. As a result, most quantitative HPLC methods do not need an
internal standard and, instead, use external standards and a normal calibra-
tion curve.

Example 12.8

The concentration of polynuclear aromatic hydrocarbons (PAH) in soil
is determined by first extracting the PAHs with methylene chloride. The
extract is diluted, if necessary, and the PAHs separated by HPLC using
a UV/Vis or fluorescence detector. Calibration is achieved using one or

For more details on mass spectrometry
see Introduction to Mass Spectrometry
by Michael Samide and Olujide Akinbo,
a resource that is part of the Analytical Sci-
ences Digital Library.

An internal standard is necessary when
using HPLC-MS because the interface
between the HPLC and the mass spec-
trometer does not allow for a reproduc-
ible transfer of the column’s eluent into
the MS’s ionization chamber.
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The data in this problem comes from
Kusch, P; Knupp, G. “Simultaneous
Determination of Caffeine in Cola
Drinks and Other Beverages by Re-
versed-Phase HPTLC and Reversed-
Phase HPLC,” Chem. Educator, 2003,
8, 201-205.

A

more external standards. In a typical analysis a 2.013-g sample of dried
soil is extracted with 20.00 mL of methylene chloride. After filtering to
remove the soil, a 1.00-mL portion of the extract is removed and diluted
to 10.00 mL with acetonitrile. Injecting 5 pL of the diluted extract into an
HPLC gives a signal of 0.217 (arbitrary units) for the PAH fluoranthene.
When 5 pL of a 20.0-ppm fluoranthene standard is analyzed using the
same conditions, a signal of 0.258 is measured. Report the parts per mil-
lion of fluoranthene in the soil.

SoLution

For a single-point external standard, the relationship between the signal, S,
and the concentration, C, of fluoranthene is

S =kiC
Substituting in values for the standard’s signal and concentration gives the
value of £ as

_ S _ 0258 _ -1

Using this value for £ and the sample’s HPLC signal gives a fluoranthene

concentration of

_ S _ 0217 _
C= % = 00129 ppm _ 108ppm

for the extracted and diluted soil sample. The concentration of fluoran-
thene in the soil is

16.8 g/mL x L10:00.mL 5 59 90 mL,

2.013 g sample
I

= 1670 ppm fluoranthene

Practice Exercise 12.8

The concentration of caffeine in beverages is determined by a reversed-
phase HPLC separation using a mobile phase of 20% acetonitrile and
80% water, and using a nonpolar Cg column. Results for a series of 10-uL
injections of caffeine standards are in the following table.

[caffeine] (mg/L)  peak area (arb. units)

50.0 226724
100.0 453762
125.0 559443
250.0 1093637

What is the concentration of caffeine in a sample if a 10-uL injection
gives a peak area of 4241952

Click here to review your answer to this exercise.
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Representative Method 12.2

Determination of Fluoxetine in Serum

DEscriprion oF METHOD

Fluoxetine is another name for the antidepressant drug Prozac. The de-
termination of fluoxetine in serum is an important part of monitoring
its therapeutic use. The analysis is complicated by the complex matrix of
serum samples. A solid-phase extraction followed by an HPLC analysis
using a fluorescence detector provides the necessary selectivity and detec-
tion limits.

PROCEDURE

Add a known amount of the antidepressant protriptyline, which serves
as an internal standard, to each serum sample and to each external stan-
dard. To remove matrix interferents, pass a 0.5-mL aliquot of each serum
sample or standard through a C4 solid-phase extraction cartridge. After
washing the cartridge to remove the interferents, elute the remaining con-
stituents, including the analyte and the internal standard, by washing the
cartridge with 0.25 mL of a 25:75 v/v mixture of 0.1 M HCIO/ and ace-
tonitrile. Inject a 20-uL aliquot onto a 15-cm X 4.6-mm column packed
with a 5 um Cg-bonded stationary phase. The isocratic mobile phase is
37.5:62.5 v/v acetonitrile and water (that contains 1.5 g of tetramethyl-
ammonium perchlorate and 0.1 mL of 70% v/v HCIOy). Monitor the
chromatogram using a fluorescence detector set to an excitation wave-
length of 235 nm and an emission wavelength of 310 nm.

QUESTIONS

1. The solid-phase extraction is important because it removes constitu-
tions in the serum that might interfere with the analysis. What types
of interferences are possible?

Blood serum, which is a complex mixture of compounds, is approxi-
mately 92% water, 6-8% soluble proteins, and less than 1% each
of various salts, lipids, and glucose. A direct injection of serum is
not advisable for three reasons. First, any particulate materials in the
serum will clog the column and restrict the flow of mobile phase. Sec-
ond, some of the compounds in the serum may absorb too strongly
to the stationary phase, degrading the column’s performance. Finally,
although an HPLC can separate and analyze complex mixtures, an
analysis is difficult if the number of constituents exceeds the column’s

peak capacity.

2. One advantage of an HPLC analysis is that a loop injector often
eliminates the need for an internal standard. Why is an internal stan-
dard used in this analysis? What assumption(s) must we make when
using the internal standard?

The best way to appreciate the theoreti-
cal and the practical details discussed in
this section is to carefully examine a
typical analytical method. Although each
method is unique, the following descrip-
tion of the determination of fluoxetine in
serum provides an instructive example of
a typical procedure. The description here
is based on Smyth, W. E Analytical Chem-
istry of Complex Matricies, Wiley Teubner:
Chichester, England, 1996, pp. 187-189.

For a review of solid-phase extraction
(SPE), see Section 7E5. Table 7.8 de-
scribes the properties of several different
types of SPE cartridges. Figure 7.22 shows
a photo of SPE cartridges, and Figure 7.23
illustrates the steps in completing a solid-
phase extraction.
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For example, if we extract the analyte into
a volume of 0.24 mL instead of a volume
of 0.25 mL, then the analyte’s concentra-
tion increases by slightly more than 4%.

See Section 12D.8 for an evaluation of

GC methods.

For coverage of affinity chromatography,
a form of liquid chromatography not cov-
ered in this text, see Affinity Chromatog-
raphy by Sapna Deo, a resource that is part
of the Analytical Sciences Digital Library.

An internal standard is necessary because of uncertainties introduced
during the solid-phase extraction. For example, the volume of serum
transferred to the solid-phase extraction cartridge, 0.5 mL, and the
volume of solvent used to remove the analyte and internal standard,
0.25 mL, are very small. The precision and accuracy with which we
can measure these volumes is not as good as when we use larger vol-
umes. In addition, the concentration of eluted analytes may vary from
trial-to-trial due to variations in the amount of solution held up by
the cartridge. Using an internal standard compensates for these varia-
tion. To be useful we must assume that the analyte and the internal
standard are retained completely during the initial loading, that they
are not lost when the cartridge is washed, and that they are extracted
completely during the final elution.

3. Why does the procedure monitor fluorescence instead of monitoring
UV absorption?

Fluorescence is a more selective technique for detecting analytes.
Many other commonly prescribed antidepressants (and their metabo-
lites) elute with retention times similar to that of fluoxetine. These
compounds, however, either do not fluoresce or are only weakly fluo-
rescent.

4. If the peaks for fluoxetine and protriptyline are resolved insufficiently,
how might you alter the mobile phase to improve their separation?

Decreasing the amount of acetonitrile and increasing the amount
of water in the mobile will increase retention times, providing more
time to effect a separation.

12E.6 Evaluation

With a few exceptions, the scale of operation, accuracy, precision, sensitivity,
selectivity, analysis time, and cost for an HPLC method are similar to GC
methods. Injection volumes for an HPLC method usually are larger than
for a GC method because HPLC columns have a greater capacity. Because
it uses a loop injection, the precision of an HPLC method often is better
than a GC method. HPLC is not limited to volatile analytes, which means
we can analyze a broader range of compounds. Capillary GC columns, on
the other hand, have more theoretical plates, and can separate more com-
plex mixtures.

12F Other Forms of Liquid Chromatography

At the beginning of Section 12E, we noted that there are several different
types of solute/stationary phase interactions in liquid chromatography, but
limited our discussion to liquid-liquid chromatography. In this section we
turn our attention to liquid chromatography techniques in which parti-
tioning occurs by liquid—solid adsorption, ion-exchange, and size exclusion.
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12F.1 Liquid-Solid Adsorption Chromatography

In L1QUID—SOLID ADSORPTION CHROMATOGRAPHY (LSC) the column pack-
ing also serves as the stationary phase. In Tswett’s original work the station-
ary phase was finely divided CaCOj3, but modern columns employ porous
3—10 pm particles of silica or alumina. Because the stationary phase is polar,
the mobile phase usually is a nonpolar or a moderately polar solvent. Typi-
cal mobile phases include hexane, isooctane, and methylene chloride. The
usual order of elution—from shorter to longer retention times—is

olefins < aromatic hydrocarbons < ethers < esters, aldehydes,
ketones < alcohols, amines < amide < carboxylic acids

Nonpolar stationary phases, such as charcoal-based absorbents, also are
used. For most samples, liquid—solid chromatography does not offer any
special advantages over liquid-liquid chromatography. One exception is
the analysis of isomers, where LSC excels.

12F.2 lon-Exchange Chromatography

In 1on-excHANGE cHROMATOGRAPHY (IEC) the stationary phase is a cross-
linked polymer resin, usually divinylbenzene cross-linked polystyrene, with
covalently attached ionic functional groups (see Figure 12.52 and Table
12.7). The counterions to these fixed charges are mobile and are displaced
by ions that compete more favorably for the exchange sites. Ion-exchange
resins are divided into four categories: strong acid cation exchangers; weak
acid cation exchangers; strong base anion exchangers; and weak base anion
exchangers.

Strong acid cation exchangers include a sulfonic acid functional group
that retains it anionic form—and thus its capacity for ion-exchange—in
strongly acidic solutions. The functional groups for a weak acid cation
exchanger, on the other hand, are fully protonated at pH levels less then 4
and lose their exchange capacity. The strong base anion exchangers include
a quaternary amine, which retains a positive charge even in strongly basic
solutions. Weak base anion exchangers remain protonated only at pH levels

Table 12.7 Examples of Common lon-Exchange Resins

type functional group (R) examples

. . L -SO;
strong acid cation exchanger  sulfonic acid _CH,CH.SO;

. . -COO~
weak acid cation exchanger carboxylic acid _CH,COO"
strong base anion exchanger quaternary amine ~CH.N(CHy);
—-CH,CH,N(CH,CH;);

weak base anion exchanger amine —NH;

—CH,CH,NH (CH,CH,);
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ion-exchange
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We don’t usually think about a solid’s
concentration. There is a good reason for
this. In most cases, a solid’s concentration
is a constant. If you break a piece of chalk
into two parts, for example, the mass and
the volume of each piece retains the same
proportional relationship as in the origi-
nal piece of chalk. When we consider an
ion binding to a reactive site on the solid’s
surface, however, the fraction of sites that
are bound, and thus the concentration
of bound sites, can take on any value be-
tween 0 and some maximum value that
is proportional to the density of reactive
sites.

Figure 12.52 Structures of styrene, divinylbenzene,
and a styrene—divinylbenzene co-polymer modified for

use as an ion-exchange resin are shown on the left. The
ion-exchange sites, indicated by R and shown in blue,
are mostly in the para position and are not necessarily
bound to all styrene units. The cross-linking is shown
in red. The photo shows an example of the polymer
beads. These beads are approximately 0.30-0.85 mm
in diameter. Resins for use in ion-exchange chroma-
tography typically are 5-11 pm in diameter.
that are moderately basic. Under more basic conditions a weak base anion
exchanger loses a proton and its exchange capacity.
The ion-exchange reaction of a monovalent cation, M, ata strong acid

exchange site is

-SO;H" () + M (ag) = -SO;M" () + H" (a9)

The equilibrium constant for this ion-exchange reaction, which we call the
selectivity coeflicient, X, is
{-SO;M"}[H']

— < 12.2
{SSO;H [ M) ?
where we use brackets { } to indicate a surface concentration instead of

a solution concentration. Rearranging equation 12.29 shows us that the
distribution ratio, D, for the exchange reaction

K=

amount of M" in the stationary phase

amount of M" in the mobile phase

{-SO;M"}
[M]

{-SO;H"}
D = = KX—F7— 12.30
[H']
is a function of the concentration of H™ and, therefore, the pH of the
mobile phase.

An ion-exchange resin’s selectivity is somewhat dependent on whether
it includes strong or weak exchange sites and on the extent of cross-linking.
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The latter is particularly important as it controls the resin’s permeability,
and, therefore, the accessibility of exchange sites. An approximate order
of selectivity for a typical strong acid cation exchange resin, in order of
decreasing D, is

APT > Ba?" > Pb*" > Ca?" > Ni?t > Cd*" > Cu?™ > Co* >
Zn*t > Mg?" > Agt > K" > NH >Nat > H" > Lit

Note that highly charged cations bind more strongly than cations of lower
charge, and that for cations of similar charge, those with a smaller hydrated
radius (see Table 6.2 in Chapter 6), or that are more polarizable, bind more
strongly. For a strong base anion exchanger the general elution order is

SOi >1I"> HSO.; > NO; > Br > NO; > ClI” > HCO; >
CH;COO™ > OH™ > F~

Anions of higher charge and of smaller hydrated radius bind more strongly
than anions with a lower charge and a larger hydrated radius.

The mobile phase in IEC usually is an aqueous buffer, the pH and
ionic composition of which determines a solute’s retention time. Gradient
elutions are possible in which the mobile phase’s ionic strength or pH is
changed with time. For example, an IEC separation of cations might use
a dilute solution of HCl as the mobile phase. Increasing the concentration
of HCl speeds the elution rate for more strongly retained cations because
the higher concentration of H' allows it to compete more successfully for
the ion-exchange sites.

An jon-exchange resin is incorporated into an HPLC column either
as 5-11 um porous polymer beads or by coating the resin on porous silica
particles. Columns typically are 250 mm in length with internal diameters
ranging from 2-5 mm.

Measuring the conductivity of the mobile phase as it elutes from the
column serves as a universal detector for cationic and anionic analytes. Be-
cause the mobile phase contains a high concentration of ions—a mobile
phase of dilute HC, for example, contains significant concentrations of H
and Cl™—we need a method for detecting the analytes in the presence of a
significant background conductivity.

To minimize the mobile phase’s contribution to conductivity, an 10N-
SUPPRESSOR COLUMN is placed between the analytical column and the de-
tector. This column selectively removes mobile phase ions without remov-
ing solute ions. For example, in cation-exchange chromatography using a
dilute solution of HCl as the mobile phase, the suppressor column contains
a strong base anion-exchange resin. The exchange reaction

H" (a9) + Cl (a9) + Resin"OH (s) = Resin"Cl () + H.O ()

replaces the mobile phase ions H* and CI™ with H,O. A similar process is
used in anion-exchange chromatography where the suppressor column con-

From equation 12.30, a cation’s distribu-
tion ratio, D, becomes smaller when the
concentration of HY in the mobile phase
increases.
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tains a cation-exchange resin. If the mobile phase is a solution of Na,COj3,
the exchange reaction

2Na" (ag) + CO3 (a9) + 2Resin H'(s) = 2Resin Na"(s) + H,CO;(ag)

replaces a strong electrolyte, Na,CO3, with a weak electrolyte, H,CO3.

lIon-suppression is necessary when the mobile phase contains a high
concentration of ions. SINGLE-COLUMN ION CHROMATOGRAPHY, in which
an ion-suppressor column is not needed, is possible if the concentration of
ions in the mobile phase is small. Typically the stationary phase is a resin
with a low capacity for ion-exchange and the mobile phase is a very dilute
solution of methane sulfonic acid for cationic analytes, or potassium ben-
zoate or potassium hydrogen phthalate for anionic analytes. Because the
background conductivity is sufficiently small, it is possible to monitor a
change in conductivity as the analytes elute from the column.

A UV/Vis absorbance detector can be used if the analytes absorb ultra-
violet or visible radiation. Alternatively, we can detect indirectly analytes
that do not absorb in the UV/Vis if the mobile phase contains a UV/Vis
absorbing species. In this case, when a solute band passes through the detec-
tor, a decrease in absorbance is measured at the detector.

lIon-exchange chromatography is an important technique for the analy-
sis of anions and cations in water. For example, an ion-exchange chromato-
graphic analysis for the anions F~, CI", Br, NO;, NO;, PO; ,and SO:
takes approximately 15 minutes (Figure 12.53). A complete analysis of the
same set of anions by a combination of potentiometry and spectropho-
tometry requires 1-2 days. Ion-exchange chromatography also is used for
the analysis of proteins, amino acids, sugars, nucleotides, pharmaceuticals,
consumer products, and clinical samples.

12F.3 Size-Exclusion Chromatography

We have considered two classes of micron-sized stationary phases in this
section: silica particles and cross-linked polymer resin beads. Both materi-

200

2 1 - Fluoride
2 - Chloride
3 - Nitrite
150- 4 - Bromide
5 - Sulfate
6 - Nitrate
7 - Phosphate

conductivity (uS)
=
Q

50

5
4 6 7
Figure 12.53 lon-exchange chromatographic anal- JM \

ysis of water from Big Walnut Creek in Putnam

County, Indiana. Data provided by Jeanette Pope, -20 w w w w
0.0 20 4.0 6.0 8.0 10.0 12.0 15.0

time (min)

Department of Geosciences, DePauw University.
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als are porous, with pore sizes ranging from approximately 5-400 nm for
silica particles, and from 5 nm to 100 um for divinylbenzene cross-linked
polystyrene resins. In size-Excrusion carOMATOGRAPHY—which also is
known by the terms molecular-exclusion or gel permeation chromatogra-
phy—the separation of solutes depends upon their ability to enter into the
pores of the stationary phase. Smaller solutes spend proportionally more
time within the pores and take longer to elute from the column.

A stationary phase’s size selectivity extends over a finite range. All sol-
utes significantly smaller than the pores move through the column’s entire
volume and elute simultaneously, with a retention volume, V,, of

Vio=Vi+ W 12.31
where V; is the volume of mobile phase occupying the stationary phase’s
pore space and V is volume of mobile phase in the remainder of the col-
umn. The largest solute for which equation 12.31 holds is the column’s
INCLUSION LIMIT, or permeation limit. Those solutes too large to enter the
pores elute simultaneously with an retention volume of

Vi=1V, 12.32
Equation 12.32 defines the column’s ExcLUSION LImIT.
For a solute whose size is between the inclusion limit and the exclusion
limit, the amount of time it spends in the stationary phase’s pores is pro-
portional to its size. The retention volume for these solutes is

Vi=DVi+V, 12.33

where D is the solute’s distribution ratio, which ranges from 0 at the exclu-
sion limit to 1 at the inclusion limit. Equation 12.33 assumes that size-
exclusion is the only interaction between the solute and the stationary phase
that affects the separation. For this reason, stationary phases using silica
particles are deactivated as described earlier, and polymer resins are synthe-
sized without exchange sites.

Size-exclusion chromatography provides a rapid means for separating
larger molecules, including polymers and biomolecules. A stationary phase
for proteins that consists of particles with 30 nm pores has an inclusion
limit of 7500 g/mol and an exclusion limit of 1.2 x 10° g/mol. Mixtures
of proteins that span a wider range of molecular weights are separated by
joining together in series several columns with different inclusion and ex-
clusion limits.

Another important application of size-exclusion chromatography is the
estimation of a solute’s molecular weight (MW). Calibration curves are
prepared using a series of standards of known molecular weight and mea-
suring each standard’s retention volume. As shown in Figure 12.54, a plot
of log(MW) versus V, is roughly linear between the exclusion limit and the
inclusion limit. Because a solute’s retention volume is influenced by both
its size and its shape, a reasonably accurate estimation of molecular weight
is possible only if the standards are chosen carefully to minimize the effect

of shape.

8 \
N . . .
s.exclusion limit

log(MW)

2 inclusion limit'

T T T
5 10 15 20

retention volume (mL)

Figure 12.54 Calibration curve for the
determination of molecular weight by
size-exclusion chromatography. The data
shown here are adapted from Rouessac, F;
Rouessac, A. Chemical Analysis: Modern
Instrumentation Methods and Techniques,
Wiley: Chichester, England, 2004, p 141.
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Click here to see an interesting video
demonstration of supercritical fluids from
Nottingham Science City at the Univer-
sity of Nottingham.

critical

point N\

pressure

temperature
Figure 12.55 Phase diagram showing the combinations of temperature and pres-
sure for which a compound is in its solid state, its liquid state, and its gas state.
For pressures and temperatures above the critical point, the compound is a super-
critical fluid with properties intermediate between a gas and a liquid.

Size-exclusion chromatography is carried out using conventional
HPLC instrumentation, replacing the HPLC column with an appropriate
size-exclusion column. A UV/Vis detector is the most common means for
obtaining the chromatogram.

12F.4 Supercritical Fluid Chromatography

Although there are many analytical applications of gas chromatography
and liquid chromatography, they can not separate and analyze all types of
samples. Capillary column GC separates complex mixtures with excellent
resolution and short analysis times. Its application is limited, however, to
volatile analytes or to analytes made volatile by a suitable derivatization re-
action. Liquid chromatography separates a wider range of solutes than GC,
but the most common detectors—UYV, fluorescence, and electrochemical—
have poorer detection limits and smaller linear ranges than GC detectors,
and are not as universal in their selectivity.

For some samples, surERCRITICAL FLUID CHROMATOGRAPHY (SFC) pro-
vides a useful alternative to gas chromatography and liquid chromatogra-
phy. The mobile phase in supercritical fluid chromatography is a gas held
at a temperature and pressure that exceeds its critical point (Figure 12.55).
Under these conditions the mobile phase is neither a gas nor a liquid. In-
stead, the mobile phase is a supercritical fluid.

Some properties of a supercritical fluid, as shown in Table 12.8, are
similar to a gas; other properties, however, are similar to a liquid. The vis-
cosity of a supercritical fluid, for example, is similar to a gas, which means
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Table 12.8  Typical Properties of Gases, Liquids, and Supercritical Fluids

diffusion coefficient

density viscosity
phase (gcm™)
gas ~107 ~107
supercritical fluid ~0.1-1 ~1074-1073
liquid ~1 ~107

we can move a supercritical fluid through a capillary column or a packed
column without the high pressures needed in HPLC. Analysis time and
resolution, although not as good as in GC, usually are better than in con-
ventional HPLC. The density of a supercritical fluid, on the other hand, is
much closer to that of a liquid, which explains why supercritical fluids are
good solvents. In terms of its separation power, a mobile phase in SFC be-
haves more like the liquid mobile phase in HPLC than the gaseous mobile
phase in GC.

The most common mobile phase for supercritical fluid chromatography
is CO,. Its low critical temperature of 31.1°C and its low critical pressure
of 72.9 atm are relatively easy to achieve and maintain. Although supercriti-
cal CO, is a good solvent for nonpolar organics, it is less useful for polar
solutes. The addition of an organic modifier, such as methanol, improves
the mobile phase’s elution strength. Other common mobile phases and
their critical temperatures and pressures are listed in Table 12.9.

The instrumentation for supercritical fluid chromatography essentially
is the same as that for a standard HPLC. The only important additions are
a heated oven for the column and a pressure restrictor downstream from
the column to maintain the critical pressure. Gradient elutions are accom-
plished by changing the applied pressure over time. The resulting change
in the mobile phase’s density affects its solvent strength. Detection is ac-
complished using standard GC detectors or HPLC detectors. Supercritical
fluid chromatography has many applications in the analysis of polymers,
fossil fuels, waxes, drugs, and food products.

Table 12.9 Critical Points for Selected Supercritical Fluids

(cm2 5‘1)
~0.1
~1074-1073
<107

compound critical temperature (°C) critical pressure (atm)
carbon dioxide 31.3 72.9
ethane 32.4 48.3
nitrous oxide 36.5 71.4
ammonia 132.3 111.3
diethyl ether 193.6 36.3
isopropanol 235.3 47.0
methanol 240.5 78.9
ethanol 243 .4 63.0

water 374.4 226.8
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As we will see shortly, under normal con-
ditions even neutral species and anions
migrate toward the cathode.

12G Electrophoresis

ELECTROPHORESIS is a class of separation techniques in which we separate
analytes by their ability to move through a conductive medium—usually an
aqueous buffer—in response to an applied electric field. In the absence of
other effects, cations migrate toward the electric field’s negatively charged
cathode. Cations with larger charge-to-size ratios—which favors ions of
greater charge and of smaller size—migrate at a faster rate than larger cat-
ions with smaller charges. Anions migrate toward the positively charged
anode and neutral species do not experience the electrical field and remain
stationary.

There are several forms of electrophoresis. In slab gel electrophoresis
the conducting buffer is retained within a porous gel of agarose or poly-
acrylamide. Slabs are formed by pouring the gel between two glass plates
separated by spacers. Typical thicknesses are 0.25—-1 mm. Gel electropho-
resis is an important technique in biochemistry where it frequently is used
to separate DNA fragments and proteins. Although it is a powerful tool for
the qualitative analysis of complex mixtures, it is less useful for quantita-
tive work.

In capiLLARY ELECTROPHORESIS the conducting buffer is retained with-
in a capillary tube with an inner diameter that typically is 25-75 pm. The
sample is injected into one end of the capillary tube, and as it migrates
through the capillary the sample’s components separate and elute from the
column at different times. The resulting ELECTROPHEROGRAM looks similar
to a GC or an HPLC chromatogram, and provides both qualitative and
quantitative information. Only capillary electrophoretic methods receive
further consideration in this section.

12G.1 Theory of Capillary Electrophoresis

In capillary electrophoresis we inject the sample into a buffered solution
retained within a capillary tube. When an electric field is applied across the
capillary tube, the sample’s components migrate as the result of two types
of actions: electrophoretic mobility and electroosmotic mobility. ELECTRO-
PHORETIC MOBILITY is the solute’s response to the applied electrical field in
which cations move toward the negatively charged cathode, anions move
toward the positively charged anode, and neutral species remain stationary.
The other contribution to a solute’s migration is ELECTROOSMOTIC FLOW,
which occurs when the buffer moves through the capillary in response to
the applied electrical field. Under normal conditions the buffer moves to-
ward the cathode, sweeping most solutes, including the anions and neutral
species, toward the negatively charged cathode.

ELecTROPHORETIC MOBILITY

The velocity with which a solute moves in response to the applied electric

field is called its ELECTROPHORETIC VELOCITY, V5 it is defined as
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Vo = Mo E 12.34
where £, is the solute’s electrophoretic mobility, and E'is the magnitude of

the applied electrical field. A solute’s electrophoretic mobility is defined as

_ 9
Ko = 6myr 12.35

where g is the solute’s charge, 7 is the buffer’s viscosity, and 7 is the solute’s
radius. Using equation 12.34 and equation 12.35 we can make several
important conclusions about a solute’s electrophoretic velocity. Electropho-
retic mobility and, therefore, electrophoretic velocity, increases for more
highly charged solutes and for solutes of smaller size. Because g is positive
for a cation and negative for an anion, these species migrate in opposite
directions. A neutral species, for which ¢ is zero, has an electrophoretic
velocity of zero.

ELEcTROOSMOTIC MOBILITY

When an electric field is applied to a capillary filled with an aqueous buffer
we expect the buffer’s ions to migrate in response to their electrophoretic
mobility. Because the solvent, H,O, is neutral we might reasonably expect
it to remain stationary. What we observe under normal conditions, however,
is that the buffer moves toward the cathode. This phenomenon is called the
electroosmotic flow.

Electroosmotic flow occurs because the walls of the capillary tubing
carry a charge. The surface of a silica capillary contains large numbers of
silanol groups (-SiOH). At a pH level greater than approximately 2 or 3,
the silanol groups ionize to form negatively charged silanate ions (-SiO").
Cations from the buffer are attracted to the silanate ions. As shown in Fig-
ure 12.56, some of these cations bind tightly to the silanate ions, forming
a fixed layer. Because the cations in the fixed layer only partially neutralize

fixed layer

diffuse layer

bulk solution

diffuse layer

?surface silanate @ buffer cation @ buffer anion

815

Figure 12.56 Schematic diagram showing the origin of the
fixed layer ~ double layer within a capillary tube. Although the net charge
within the capillary is zero, the distribution of charge is not.
The walls of the capillary have an excess of negative charge,
which decreases across the fixed layer and the diffuse layer,
reaching a value of zero in bulk solution.
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The anions in the diffuse layer, which also
are solvated, try to move toward the an-
ode. Because there are more cations than
anions, however, the cations win out and
the electroosmotic low moves in the di-
rection of the cathode.

The definition of zeta potential given
here admittedly is a bit fuzzy. For a more
detailed explanation see Delgado, A. V.;
Gonzélez-Caballero, E; Hunter, R. J.;
Koopal, L. K,; Lyklema, J. “Measure-
ment and Interpretation of Electrokinetic
Phenomena,” Pure. Appl. Chem. 2005,
77, 1753-1805. Although this is a very
technical report, Sections 1.3-1.5 provide
agood introduction to the difficulty of de-
fining the zeta potential and of measuring
its value.

hydrodynamic flow profile

electroosmotic flow profile

anode (+)
cathode (-)

Figure 12.57 Comparison of hydro-
dynamic flow and electroosmotic flow.
The nearly uniform electroosmotic
flow profile means that the electroos-
motic flow velocity is nearly constant
across the capillary.

the negative charge on the capillary walls, the solution adjacent to the fixed
layer—which is called the diffuse layer—contains more cations than anions.
Together these two layers are known as the double layer. Cations in the dif-
fuse layer migrate toward the cathode. Because these cations are solvated,
the solution also is pulled along, producing the electroosmotic flow.

The rate at which the buffer moves through the capillary, what we call its
ELECTROOSMOTIC FLOW VELOCITY, V5 is a function of the applied electric
field, £, and the buffer’s electroosmotic mobility, ¢ cof

Vi = MefE 12.36
Electroosmotic mobility is defined as

Loy = % 12.37
where € is the buffer dielectric constant, § is the zeta potential, and 7 is
the buffer’s viscosity.

The zeTA POTENTIAL—the potential of the diffuse layer at a finite dis-
tance from the capillary wall—plays an important role in determining the
electroosmotic flow velocity. Two factors determine the zeta potential’s
value. First, the zeta potential is directly proportional to the charge on the
capillary walls, with a greater density of silanate ions corresponding to a
larger zeta potential. Below a pH of 2 there are few silanate ions and the
zeta potential and the electroosmotic flow velocity approach zero. As the
pH increases, both the zeta potential and the electroosmotic flow velocity
increase. Second, the zeta potential is directly proportional to the thickness
of the double layer. Increasing the buffer’s ionic strength provides a higher
concentration of cations, which decreases the thickness of the double layer
and decreases the electroosmotic flow.

The electroosmotic flow profile is very different from that of a fluid
moving under forced pressure. Figure 12.57 compares the electroosmotic
flow profile with the hydrodynamic flow profile in gas chromatography
and liquid chromatography. The uniform, flat profile for electroosmosis
helps minimize band broadening in capillary electrophoresis, improving
separation efficiency.

TotaL MosBiLiTY

A solute’s total velocity, V,,,, as it moves through the capillary is the sum of
its electrophoretic velocity and the electroosmotic flow velocity.

Ve = Vep+ Veof

As shown in Figure 12.58, under normal conditions the following general
relationships hold true.

(V tot) cations > Veaf
(th) neutrals — Veof

(V tat) anions < Veaf
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. Veof Vep
cation @ > >
Viot
Veof
neutra I . : Figure 12.58 Visual explanation for the general elution
Vt ot order in capillary electrophoresis. Each species has the

same electroosmotic flow, v

of Cations elute first be-

V cause they have a positive electrophoretic velocity, V.
. eof Anions elute last because their negative electrophoretic
anion 6 > > velocity partially offsets the electroosmotic flow veloc-

tot Vep ity. Neutrals elute with a velocity equal to the electro-

osmotic flow.

Cations elute first in an order that corresponds to their electrophoretic
mobilities, with small, highly charged cations eluting before larger cations
of lower charge. Neutral species elute as a single band with an elution rate
equal to the electroosmotic flow velocity. Finally, anions are the last com-
ponents to elute, with smaller, highly charged anions having the longest
elution time.

MiGraTioN TIME

Another way to express a solute’s velocity is to divide the distance it travels
by the elapsed time

/

Vpg; = Z 12.38

where /is the distance between the point of injection and the detector, and
t., is the solute’s migration time. To understand the experimental variables
that affect migration time, we begin by noting that

Ve = /lsz = (ﬂt’]? + ﬂeaf)E 12.39

Combining equation 12.38 and equation 12.39 and solving for #, leaves
us with

_ /
tm (/-tqp + ﬂmf)E 12.40
The magnitude of the electrical field is
_ Vv
E = T 12.41

where V'is the applied potential and L is the length of the capillary tube.
Finally, substituting equation 12.41 into equation 12.40 leaves us with the
following equation for a solute’s migration time.
_ IL
Im = W+ )V 12.42
To decrease a solute’s migration time—which shortens the analysis time—
we can apply a higher voltage or use a shorter capillary tube. We can also
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From equation 12.10 and equation 12.11,

we know that the number of theoretical

plates for a solute is
2

/
N = )
. . o
where / is the distance the solute travels
and 0 is the standard deviation for the sol-
ute’s band broadening. For capillary elec-
trophoresis band broadening is the result
of longitudinal diffusion and is equivalent
to 2Dz, where 7, is the migration time.

It is possible to design an electrophoretic
experiment so that anions elute before
cations—more about this later—in which
smaller, more highly charged anions elute
with greater efliciencies.

shorten the migration time by increasing the electroosmotic flow, although
this decreases resolution.

EFriciENCY

As we learned in Section 12B.4, the efficiency of a separation is given by
the number of theoretical plates, V. In capillary electrophoresis the number
of theoretic plates is

ﬁ — (/pr + ﬂwf)El
2Dzt 2DL

where D is the solute’s diffusion coefficient. From equation 12.43, the ef-

ficiency of a capillary electrophoretic separation increases with higher volt-
ages. Increasing the electroosmotic flow velocity improves efficiency, but at
the expense of resolution. Two additional observations deserve comment.
First, solutes with larger electrophoretic mobilities—in the same direction
as the electroosmotic flow—have greater efficiencies; thus, smaller, more
highly charged cations are not only the first solutes to elute, but do so with
greater efficiency. Second, efficiency in capillary electrophoresis is indepen-
dent of the capillary’s length. Theoretical plate counts of approximately
100000-200 000 are not unusual.

SELECTIVITY

In chromatography we defined the selectivity between two solutes as the
ratio of their retention factors (see equation 12.9). In capillary electropho-
resis the analogous expression for selectivity is

— Haor

U

where £, ; and £, ; are the electrophoretic mobilities for the two solutes,
chosen such that @ > 1. We can often improve selectivity by adjusting the
pH of the buffer solution. For example, NH; is a weak acid with a pK of
9.75. Ata pH of 9.75 the concentrations of NHi and NH; are equal. De-
creasing the pH below 9.75 increases its electrophoretic mobility because
a greater fraction of the solute is present as the cation NH; . On the other
hand, raising the pH above 9.75 increases the proportion of neutral NH;,

a

decreasing its electrophoretic mobility.

ResoLuTION

The resolution between two solutes

P 0177 — 1, )VV

VD (Lag + [oy)

where 12, is the average electrophoretic mobility for the two solutes. In-

12.44

creasing the applied voltage and decreasing the electroosmotic flow velocity
improves resolution. The latter effect is particularly important. Although
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increasing electroosmotic flow improves analysis time and efficiency, it de-
creases resolution.

12G.2 Instrumentation

The basic instrumentation for capillary electrophoresis is shown in Figure
12.59 and includes a power supply for applying the electric field, anode
and cathode compartments that contain reservoirs of the buffer solution,
a sample vial that contains the sample, the capillary tube, and a detector.
Each part of the instrument receives further consideration in this section.

CAPILLARY TUBES

Figure 12.60 shows a cross-section of a typical capillary tube. Most capil-
lary tubes are made from fused silica coated with a 15-35 pm layer of
polyimide to give it mechanical strength. The inner diameter is typically
25-75 um, which is smaller than the internal diameter of a capillary GC
column, with an outer diameter of 200-375 pum.

The capillary column’s narrow opening and the thickness of its walls are
important. When an electric field is applied to the buffer solution, current
flows through the capillary. This current leads to the release of heat, which
we call JouLE HEATING. The amount of heat released is proportional to the
capillary’s radius and to the magnitude of the electrical field. Joule heating
is a problem because it changes the buffer’s viscosity, with the solution at
the center of the capillary being less viscous than that near the capillary
walls. Because a solute’s electrophoretic mobility depends on its viscosity
(see equation 12.35), solute species in the center of the capillary migrate at
a faster rate than those near the capillary walls. The result is an additional
source of band broadening that degrades the separation. Capillaries with
smaller inner diameters generate less Joule heating, and capillaries with
larger outer diameters are more effective at dissipating the heat. Placing the
capillary tube inside a thermostated jacket is another method for minimiz-
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Figure 12.59 Schematic diagram of the basic instrumenta-
tion for capillary electrophoresis. The sample and the source
reservoir are switched when making injections.

capillary opening
(25 um)

fused silica capillary
(330 um)

polyimide coating
(15 um)

Figure 12.60 Cross section of a capillary
column for capillary electrophoresis. The
dimensions shown here are typical and are
scaled proportionally in this figure.
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For a hydrodynamic injection we move
the capillary from the source reservoir
to the sample. The anode remains in the
SOUrce reservoir.

A hydrodynamic injection also is possible
if we raise the sample vial above the des-
tination reservoir and briefly insert the

filled capillary.

If you want to verify the units in equation
12.45, recall from Table 2.2 that 1 Pa is
equivalent to 1 kg m™! 572,

Practice Exercise 12.9

Suppose you need to limit
your injection to less than
0.20% of the capillary’s
length. Using the informa-
tion from Example 12.9,
what is the maximum injec-
tion time for a hydrodynam-
ic injection?

Click here to review your an-
swer to this exercise.

ing the effect of Joule heating; in this case a smaller outer diameter allows
for a more rapid dissipation of thermal energy.

INJECTING THE SAMPLE

There are two common methods for injecting a sample into a capillary elec-
trophoresis column: hydrodynamic injection and electrokinetic injection.
In both methods the capillary tube is filled with the buffer solution. One
end of the capillary tube is placed in the destination reservoir and the other
end is placed in the sample vial.

HyYDRODYNAMIC INJECTION uses pressure to force a small portion of
sample into the capillary tubing. A difference in pressure is applied across
the capillary either by pressurizing the sample vial or by applying a vacuum
to the destination reservoir. The volume of sample injected, in liters, is
given by the following equation
v = APd' 7t

W = 1287L
where AP is the difference in pressure across the capillary in pascals, 4 is the
capillary’s inner diameter in meters, ¢ is the amount of time the pressure
is applied in seconds, 7 is the buffer’s viscosity in kg m™ s7', and L is the
length of the capillary tubing in meters. The factor of 10° changes the units
from cubic meters to liters.

Example 12.9

In a hydrodynamic injection we apply a pressure difference of 2.5 x 107 Pa
(a AP~0.02 atm) for 2 s to a 75-cm long capillary tube with an internal
diameter of 50 pm. Assuming the buffer’s viscosity is 10 kgm™" s~!, what

X 10° 12.45

volume and length of sample did we inject?

SoLution

Making appropriate substitutions into equation 12.45 gives the sample’s
volume as
— (2.5%x 10°kg m™' s7%) (50 X 10 °m)“(3.14) (2 5)
me (128)(0.001kg m ™ s™) (0.75 m)
Vi; = 1x10"L=1nL

X 10° L/m’

Because the interior of the capillary is cylindrical, the length of the sample,
/, is easy to calculate using the equation for the volume of a cylinder; thus

oV, (IX10°L)10° miL) L
I= 0 T G145 x10°m): 0 X107 m=05mm

|
In an ELECTROKINETIC INJECTION we place both the capillary and the
anode into the sample and briefly apply an potential. The volume of in-

jected sample is the product of the capillary’s cross sectional area and the
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length of the capillary occupied by the sample. In turn, this length is the
product of the solute’s velocity (see equation 12.39) and time; thus

Vi = mrL = 17 (, + to) E't 12.46
where 7 is the capillary’s radius, L is the capillary’s length, and £’ is the ef-
fective electric field in the sample. An important consequence of equation
12.46 is that an electrokinetic injection is biased toward solutes with larger
electrophoretic mobilities. If two solutes have equal concentrations in a
sample, we inject a larger volume—and thus more moles—of the solute
with the larger £,,,.

When a analyte’s concentration is too small to detect reliably, it may
be possible to inject it in a manner that increases its concentration. This
method of injection is called stackinG. Stacking is accomplished by plac-
ing the sample in a solution whose ionic strength is significantly less than
that of the buffer in the capillary tube. Because the sample plug has a lower
concentration of buffer ions, the effective field strength across the sample
plug, E’, is larger than that in the rest of the capillary.

We know from equation 12.34 that electrophoretic velocity is directly
proportional to the electrical field. As a result, the cations in the sample
plug migrate toward the cathode with a greater velocity, and the anions
migrate more slowly—neutral species are unaffected and move with the
electroosmotic flow. When the ions reach their respective boundaries be-
tween the sample plug and the buffer, the electrical field decreases and the
electrophoretic velocity of the cations decreases and that for the anions
increases. As shown in Figure 12.61, the result is a stacking of cations and
anions into separate, smaller sampling zones. Over time, the buffer within
the capillary becomes more homogeneous and the separation proceeds
without additional stacking.

initial sample

plug
T L
v =
©
S 2
S ©
© U]
— T
;'-/ ~
© S
8 2
C s}
© o
stacked stacked
anions cations

The electric field in the sample is different
that the electric field in the rest of the cap-
illary because the sample and the buffer
have different ionic compositions. In gen-
eral, the sample’s ionic strength is smaller,
which makes its conductivity smaller. The
effective electric field is

E = Fx X buffer
X sample

where X g, and x, . are the conduc-
tivities of the buffer and the sample, re-

spectively.

Figure 12.61 The stacking of cations and anions. The top diagram shows the initial sample plug and the

bottom diagram shows how the cations and anions are concentrated at opposite sides of the sample plug.
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Because of the high voltages, be sure to fol-
low your instrument’s safety guidelines.
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Figure 12.62 Two approaches to on-column detection in capillary electrophoresis using a UV/Vis diode array
spectrometer: (a) Z-shaped bend in capillary, and (b) multiple reflections.

APPLYING THE ELECTRICAL FIELD

Migration in electrophoresis occurs in response to an applied electric field.
The ability to apply a large electric field is important because higher voltages
lead to shorter analysis times (equation 12.42), more efficient separations
(equation 12.43), and better resolution (equation 12.44). Because narrow

bored capillary tubes dissipate Joule heating so efficiently, voltages of up to
40 kV are possible.

DETECTORS

Most of the detectors used in HPLC also find use in capillary electrophore-
sis. Among the more common detectors are those based on the absorption
of UV/Vis radiation, fluorescence, conductivity, amperometry, and mass
spectrometry. Whenever possible, detection is done “on-column” before
the solutes elute from the capillary tube and additional band broadening
occurs.

UV/Vis detectors are among the most popular. Because absorbance is
directly proportional to path length, the capillary tubing’s small diameter
leads to signals that are smaller than those obtained in HPLC. Several ap-
proaches have been used to increase the pathlength, including a Z-shaped
sample cell and multiple reflections (see Figure 12.62). Detection limits
are about 107 M.

Better detection limits are obtained using fluorescence, particularly
when using a laser as an excitation source. When using fluorescence detec-
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Table 12.10 Characteristics of Detectors for Capillary Electrophoresis

selectivity detection limit
detector universal or analyte must... molesinjected  molarity
UV/Vis absorbance have a UV/Vis chromophore 10°3-1071°  107-107
indirect absorbance universal 1072-10"  107-107°
fluorescence have a favorable quantum yield 10°°-10"  107-107
laser fluorescence ~ have a favorable quantum yield 1071821020 1073-1071¢
mass spectrometer unive.rsal (t.otal i'o ) 1071107 1078-1071°

selective (single ion)
amperometry undergo oxidation or reduction 107810 107-107"°
conductivity universal 10°5-1071  107-107°
radiometric be radioactive 10771071 10710-10712

Source: Baker, D. R. Capillary Electrophoresis, Wiley-Interscience: New York, 1995.

tion a small portion of the capillary’s protective coating is removed and the
laser beam is focused on the inner portion of the capillary tubing. Emission
is measured at an angle of 90° to the laser. Because the laser provides an
intense source of radiation that can be focused to a narrow spot, detection
limits are as low as 1071¢ M.

Solutes that do not absorb UV/Vis radiation or that do not undergo
fluorescence can be detected by other detectors. Table 12.10 provides a list
of detectors for capillary electrophoresis along with some of their important
characteristics.

12G.3 Capillary Electrophoresis Methods

There are several different forms of capillary electrophoresis, each of which
has its particular advantages. Four of these methods are described briefly
in this section.

CariLLARY ZoNE ELecTROPHORESIS (CZE)

The simplest form of capillary electrophoresis is CAPILLARY ZONE ELECTRO-
rHORESIS. In CZE we fill the capillary tube with a buffer and, after loading
the sample, place the ends of the capillary tube in reservoirs that contain
additional buffer. Usually the end of the capillary containing the sample is
the anode and solutes migrate toward the cathode at a velocity determined
by their respective electrophoretic mobilities and the electroosmotic flow.
Cations elute first, with smaller, more highly charged cations eluting before
larger cations with smaller charges. Neutral species elute as a single band.
Anions are the last species to elute, with smaller, more negatively charged
anions being the last to elute.

We can reverse the direction of electroosmotic flow by adding an al-
kylammonium salt to the buffer solution. As shown in Figure 12.63, the
positively charged end of the alkyl ammonium ions bind to the negatively

on-column
detection?

yes
yes
yes
yes

no

no

no

yes
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oo ;’ 99 ® o o
o e © o ) bulk solution
e (]

diffuse layer

bulk solution

fixed layer

diffuse layer

fixed layer
(b)

anode (+) —— direction of electroosmotic flow —  cathode (-) anode (+) <—— direction of electroosmotic flow cathode (-)
Figure 12.63 Two modes of capillary zone electrophoresis showing (a) normal migration with electroosmotic

flow toward the cathode and (b) reversed migration in which the electroosmotic flow is toward the anode.

charged silanate ions on the capillary’s walls. The tail of the alkyl ammo-
nium jon is hydrophobic and associates with the tail of another alkyl am-
monium ion. The result is a layer of positive charges that attract anions in
the buffer. The migration of these solvated anions toward the anode reverses
the electroosmotic flow’s direction. The order of elution is exactly opposite
that observed under normal conditions.

Coating the capillary’s walls with a nonionic reagent eliminates the elec-
troosmotic flow. In this form of CZE the cations migrate from the anode
to the cathode. Anions elute into the source reservoir and neutral species
remain stationary.

Capillary zone electrophoresis provides effective separations of charged
species, including inorganic anions and cations, organic acids and amines,
and large biomolecules such as proteins. For example, CZE was used to
separate a mixture of 36 inorganic and organic ions in less than three min-
utes.”” A mixture of neutral species, of course, can not be resolved.

MiceLLAR ELecTROKINETIC CAPILLARY CHROMATOGRAPHY (MEKC)

One limitation to CZE is its inability to separate neutral species. MICELLAR
ELECTROKINETIC CAPILLARY CHROMATOGRAPHY overcomes this limitation
by adding a surfactant, such as sodium dodecylsulfate (Figure 12.64a) to
the buffer solution. Sodium dodecylsulfate, or SDS, consists of a long-
chain hydrophobic tail and a negatively charged ionic functional group
at its head. When the concentration of SDS is sufficiently large a micelle
forms. A MICELLE consists of a spherical agglomeration of 40-100 surfac-
tant molecules in which the hydrocarbon tails point inward and the nega-
tively charged heads point outward (Figure 12.64b).

Because micelles have a negative charge, they migrate toward the cath-
ode with a velocity less than the electroosmotic flow velocity. Neutral spe-
cies partition themselves between the micelles and the buffer solution in a

15 Jones, W. R.; Jandik, P. J. Chromatog. 1992, 608, 385-393.
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Figure 12.64 (a) Structure of sodium dodecylsulfate and (b) cross

0// \\ hydrophilic ~ section through a micelle showing its hydrophobic interior and its

exterior  hydrophilic exterior.

manner similar to the partitioning of solutes between the two liquid phases
in HPLC. Because there is a partitioning between two phases, we include
the descriptive term chromatography in the techniques name. Note that in
MEKC both phases are mobile.

The elution order for neutral species in MEKC depends on the extent
to which each species partitions into the micelles. Hydrophilic neutrals are
insoluble in the micelle’s hydrophobic inner environment and elute as a
single band, as they would in CZE. Neutral solutes that are extremely hy-
drophobic are completely soluble in the micelle, eluting with the micelles
as a single band. Those neutral species that exist in a partition equilibrium
between the buffer and the micelles elute between the completely hydro-
philic and completely hydrophobic neutral species. Those neutral species
that favor the buffer elute before those favoring the micelles. Micellar elec-
trokinetic chromatography is used to separate a wide variety of samples, in-
cluding mixtures of pharmaceutical compounds, vitamins, and explosives.

CAPILLARY GEL ELEcTROPHORESIS (CGE)

In cAPILLARY GEL ELECTROPHORESIS the capillary tubing is filled with a
polymeric gel. Because the gel is porous, a solute migrates through the gel
with a velocity determined both by its electrophoretic mobility and by its
size. The ability to effect a separation using size is helpful when the solutes
have similar electrophoretic mobilities. For example, fragments of DNA of
varying length have similar charge-to-size ratios, making their separation
by CZE difficult. Because the DNA fragments are of different size, a CGE
separation is possible.

The capillary used for CGE usually is treated to eliminate electroos-
motic flow to prevent the gel from extruding from the capillary tubing.
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0.0704 1 1.DMSO
2.toluene
0.060+ 3. ethyl benzene
4. propyl benzene
0.050+ 5. butyl benzene
) 6.amyl benzene
e 7. 1-phenyl hexane
c -
3 0.040 8. 1-phenyl heptane
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s

Figure 12.65 Capillary electrochromatographic separation of
a mixture of hydrocarbons in DMSO. The column contains
a porous polymer of butyl methacrylate and lauryl acrylate
(25%:75% mol:mol) with butane dioldacrylate as a crosslinker.
Data provided by Zoe LaPier and Michelle Bushey, Department 0 5 10 15 20 25 30 35
of Chemistry, Trinity University.

time (min)

Samples are injected electrokinetically because the gel provides too much
resistance for hydrodynamic sampling. The primary application of CGE is
the separation of large biomolecules, including DNA fragments, proteins,
and oligonucleotides.

CAPILLARY ELECTROCHROMATOGRAPHY (CEC)

Another approach to separating neutral species is CAPILLARY ELECTRO-
cHROMATOGRAPHY. In CEC the capillary tubing is packed with 1.5-3 pm
particles coated with a bonded stationary phase. Neutral species separate
based on their ability to partition between the stationary phase and the
buffer, which is moving as a result of the electroosmotic flow; Figure 12.65
provides a representative example for the separation of a mixture of hydro-
carbons. A CEC separation is similar to the analogous HPLC separation,
but without the need for high pressure pumps. Efficiency in CEC is better
than in HPLC, and analysis times are shorter.

The best way to appreciate the theoretical Representative Method 12.3

and the practical details discussed in this ’

section is to carefully examine a typical Determination of a Vitamin B Complex by CZE or MEKC
analytical method. Although each method

is unique, the following description of the DEscrirTION OF METHOD

determination of a vitamin B complex by . . L . . .
capillary zone electrophoresis or by micel- The water soluble vitamins B; (thiamine hydrochloride), B, (riboflavin),
lar electrokinetic capillary chromatogra- B; (niacinamide), and B (pyridoxine hydrochloride) are determined by
phy provides an instructive example of a CZE using a pH 9 sodium tetraborate-sodium dihydrogen phosphate
typical procedure. The description here is ) ; e )
based on Smyth, W. E Analytical Chem- buffer, or by MEKC using the same buffer with the addition of sodium
istry of Complex Matrices, Wiley Teubner: dodecyl sulfate. Detection is by UV absorption at 200 nm. An internal

Chichester, England, 1996, pp. 154-156. standard of o-ethoxybenzamide is used to standardize the method.

PROCEDURE

Crush a vitamin B complex tablet and place it in a beaker with 20.00 mL
of a 50 % v/v methanol solution that is 20 mM in sodium tetraborate and
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100.0 ppm in o-ethoxybenzamide. After mixing for 2 min to ensure that
the B vitamins are dissolved, pass a 5.00-mL portion through a 0.45-pm

filter to remove insoluble binders. Load an approximately 4 nL sample
into a capillary column with an inner diameter of a 50 um. For CZE the
capillary column contains a 20 mM pH 9 sodium tetraborate-sodium
dihydrogen phosphate buffer. For MEKC the buffer is also 150 mM in
sodium dodecyl sulfate. Apply a 40 kV/m electrical field to effect both
the CZE and MEKC separations.

QUESTIONS

1.

Methanol, which elutes at 4.69 min, is included as a neutral species
to indicate the electroosmotic flow. When using standard solutions of
each vitamin, CZE peaks are found at 3.41 min, 4.69 min, 6.31 min,
and 8.31 min. Examine the structures and pK information in Figure
12.66 and identify the order in which the four B vitamins elute.

At a pH of 9, vitamin B; is a cation and elutes before the neutral
species methanol; thus it is the compound that elutes at 3.41 min.
Vitamin Bj is a neutral species at a pH of 9 and elutes with methanol
at 4.69 min. The remaining two B vitamins are weak acids that par-
tially ionize to weak base anions at a pH of 9. Of the two, vitamin B,
is the stronger acid (a pK 0f 9.0 versus a pK, of 9.7) and is present to
a greater extent in its anionic form. Vitamin By, therefore, is the last
of the vitamins to elute.

The order of elution when using MEKC is vitamin Bj (5.58 min),
vitamin B¢ (6.59 min), vitamin B, (8.81 min), and vitamin B,
(11.21 min). What conclusions can you make about the solubility of
the B vitamins in the sodium dodecylsulfate micelles? The micelles
elute at 17.7 min.

The elution time for vitamin B, shows the greatest change, increasing
from 3.41 min to 11.21 minutes. Clearly vitamin B has the greatest
solubility in the micelles. Vitamin B, and vitamin B; have a more
limited solubility in the micelles, and show only slightly longer elu-
tion times in the presence of the micelles. Interestingly, the elution
time for vitamin B decreases in the presence of the micelles.

For quantitative work an internal standard of o-ethoxybenzamide is
added to all samples and standards. Why is an internal standard nec-
essary?

Although the method of injection is not specified, neither a hydrody-
namic injection nor an electrokinetic injection is particularly repro-
ducible. The use of an internal standard compensates for this limita-
tion.

NH,

vitamin B4

(0]
N
;@i jkaH 9.7
\ /K
N N (0]

HO
OH

HO
CH,OH

vitamin By

o]

3.6
x NH,
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CH,OH

HOH,C OH o0
2 \

=
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vitamin Bg
Figure 12.66 Structures of the
four water soluble B vitamins in
their predominate forms at a pH
of 9; pK,, values are shown in red.
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See Section 12D.8 for an evaluation of gas
chromatography, and Section 12E.G for
an evaluation of high-performance liquid
chromatography.

12G.4 Evaluation

When compared to GC and HPLC, capillary electrophoresis provides simi-
lar levels of accuracy, precision, and sensitivity, and it provides a comparable
degree of selectivity. The amount of material injected into a capillary elec-
trophoretic column is significantly smaller than that for GC and HPLC—
typically 1 nL versus 0.1 pL for capillary GC and 1-100 pL for HPLC.
Detection limits for capillary electrophoresis, however, are 100-1000 times
poorer than that for GC and HPLC. The most significant advantages of
capillary electrophoresis are improvements in separation efficiency, time,
and cost. Capillary electrophoretic columns contain substantially more the-
oretical plates (=10° plates/m) than that found in HPLC (=10° plates/m)
and capillary GC columns (=10 plates/m), providing unparalleled resolu-
tion and peak capacity. Separations in capillary electrophoresis are fast and
efficient. Furthermore, the capillary column’s small volume means that a
capillary electrophoresis separation requires only a few microliters of buffer,
compared to 20-30 mL of mobile phase for a typical HPLC separation.

12H Key Terms

adjusted retention time adsorption band broadening
chromatography

baseline width bleed bonded stationary phase

capillary column capillary capillary electrophoresis

electrochromatography

capillary gel capillary zone chromatogram
electrophoresis electrophoresis
chromatography column chromatography ~ counter-current extraction

cryogenic focusing

electroosmotic flow
velocity

electrophoresis
exclusion limit

gas chromatography
general elution problem

headspace sampling
inclusion limit

isocratic elution

Kovat’s retention index

loop injector

mass transfer

mobile phase

electrokinetic injection

electron capture detector

electrophoretic mobility
flame ionization detector
gas—liquid chromatography
guard column

high-performance liquid
chromatography

ion-exchange
chromatography

isothermal

liquid—solid adsorption
chromatography

mass SpCCtl‘OI’nCtCl‘

micelle

monolithic column

electroosmotic flow

electropherogram

electrophoretic velocity
fronting

gas—solid chromatography
gradient elution

hydrodynamic injection
ion suppressor column

Joule heating

longitudinal diffusion

mass spectrum

micellar electrokinetic
capillary chromatography

multiple paths



nonretained solutes

open tubular column
peak capacity

porous-layer open tubular
column

retention factor

selectivity factor

split injection

stationary phase

tailing

thermal conductivity

normal-phase
chromatography

packed columns
planar chromatography

purge-and-trap
retention time

single-column ion
chromatography

splitless injection
supercritical fluid
chromatography
temperature programming

van Deemter equation
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on-column injection

partition chromatography
polarity index

resolution

reversed-phase
chromatography

solid-phase

microextraction
stacking

support-coated open
tubular column

theoretical plate

void time

detector

wall-coated open-tubular zeta potential
column

121 Chapter Summary

Chromatography and electrophoresis are powerful analytical techniques
that both separate a sample into its components and provide a means for
determining each component’s concentration. Chromatographic separa-
tions utilize the selective partitioning of the sample’s components between
a stationary phase that is immobilized within a column and a mobile phase
that passes through the column.

The effectiveness of a chromatographic separation is described by the
resolution between two chromatographic bands and is a function of each
component’s retention factor, the column’s efficiency, and the column’s se-
lectivity. A solute’s retention factor is a measure of its partitioning into
the stationary phase, with larger retention factors corresponding to more
strongly retained solutes. The column’s selectivity for two solutes is the ratio
of their retention factors, providing a relative measure of the column’s abil-
ity to retain the two solutes. Column efficiency accounts for those factors
that cause a solute’s chromatographic band to increase in width during the
separation. Column efficiency is defined in terms of the number of theo-
retical plates and the height of a theoretical plate, the later of which is a
function of a number of parameters, most notably the mobile phase’s flow
rate. Chromatographic separations are optimized by increasing the number
of theoretical plates, by increasing the column’s selectivity, or by increasing
the solute retention factor.

In gas chromatography the mobile phase is an inert gas and the station-
ary phase is a nonpolar or polar organic liquid that either is coated on a
particulate material and packed into a wide-bore column, or coated on the
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walls of a narrow-bore capillary column. Gas chromatography is useful for
the analysis of volatile components.

In high-performance liquid chromatography the mobile phase is either
a nonpolar solvent (normal phase) or a polar solvent (reversed-phase). A
stationary phase of opposite polarity, which is bonded to a particulate mate-
rial, is packed into a wide-bore column. HPLC is applied to a wider range
of samples than GC; however, the separation efficiency for HPLC is not as
good as that for capillary GC.

Together, GC and HPLC account for the largest number of chromato-
graphic separations. Other separation techniques, however, find special-
ized applications: of particular importance are ion-exchange chromatogra-
phy for separating anions and cations; size-exclusion chromatography for
separating large molecules; and supercritical fluid chromatography for the
analysis of samples that are not easily analyzed by GC or HPLC.

In capillary zone electrophoresis a sample’s components are separated
based on their ability to move through a conductive medium under the
influence of an applied electric field. Positively charged solutes elute first,
with smaller, more highly charged cations eluting before larger cations of
lower charge. Neutral species elute without undergoing further separation.
Finally, anions elute last, with smaller, more negatively charged anions be-
ing the last to elute. By adding a surfactant, neutral species can be sepa-
rated by micellar electrokinetic capillary chromatography. Electrophoretic
separations also can take advantage of the ability of polymeric gels to sepa-
rate solutes by size (capillary gel electrophoresis), and the ability of solutes
to partition into a stationary phase (capillary electrochromatography). In
comparison to GC and HPLC, capillary electrophoresis provides faster and
more efficient separations.

12) Problems

1. The following data were obtained for four compounds separated on a
20-m capillary column.

compound  # (min) w (min)

A 8.04 0.15
B 8.26 0.15
C 8.43 0.16

(a) Calculate the number of theoretical plates for each compound and
the average number of theoretical plates for the column, in mm.

(b) Calculate the average height of a theoretical plate.

(c) Explain why it is possible for each compound to have a different
number of theoretical plates.
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Figure 12.67 Chromatogram for Problem 12.3.

Using the data from Problem 1, calculate the resolution and the se-
lectivity factors for each pair of adjacent compounds. For resolution,
use both equation 12.1 and equation 12.19, and compare your results.
Discuss how you might improve the resolution between compounds B
and C. The retention time for an nonretained solute is 1.19 min.

. Use the chromatogram in Figure 12.67, obtained using a 2-m column,
to determine values for z,, w, ¢/, k, N, and H.

Use the partial chromatogram in Figure 12.68 to determine the resolu-
tion between the two solute bands.

The chromatogram in Problem 4 was obtained on a 2-m column with a
column dead time of 50 s. Suppose you want to increase the resolution
between the two components to 1.5. Without changing the height of
a theoretical plate, what length column do you need? What height of
a theoretical plate do you need to achieve a resolution of 1.5 without
increasing the column’s length?

Complete the following table.

Ny o kg R
100000 1.05 0.50

10000 1.10 1.50

10000 4.0 1.00

1.05 3.0 1.75

retention time (s)

Figure 12.68 Chromatogram for Problem 12.4.
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When comparing columns, chromatog-
raphers often use dimensionless, reduced
parameters. By including particle size and
the solute’s diffusion coefficient, the re-
duced plate height and reduced flow rate
correct for differences between the pack-
ing material, the solute, and the mobile
phase.

7. Moody studied the efficiency of a GC separation of 2-butanone on a

dinonyl phthalate packed column.'® Evaluating plate height as a func-
tion of flow rate gave a van Deemter equation for which 4 is 1.65 mm,
Bis 25.8 mmemL min~!, and Cis 0.0236 mmemin mL .

(a) Prepareagraph of Hversus « for flow rates between 5120 mL/min.

(b) For what range of flow rates does each term in the Van Deemter
equation have the greatest effect?

(c) What is the optimum flow rate and the corresponding height of a
theoretical plate?

(d) For open-tubular columns the A term no longer is needed. If the
Band C terms remain unchanged, what is the optimum flow rate
and the corresponding height of a theoretical plate?

(e) Compared to the packed column, how many more theoretical
plates are in the open-tubular column?

Hsieh and Jorgenson prepared 12-33 pum inner diameter HPLC col-
umns packed with 5.44-um spherical stationary phase particles.” To
evaluate these columns they measured reduced plate height, 4, as a
function of reduced flow rate, v,

_ H _ ud,
lﬂ_d,, v="p

where d, is the particle diameter and D,, is the solute’s diffusion coef-
ficient in the mobile phase. The data were analyzed using van Deemter
plots. The following table contains a portion of their results for norepi-
nephrine.

internal diameter (um) A B C
33 0.63 1.32 0.10
33 0.67 1.30 0.08
23 0.40 1.34 0.09
23 0.58 1.11 0.09
17 0.31 1.47 0.11
17 0.40 1.41 0.11
12 0.22 1.53 0.11
12 0.19 1.27 0.12

(a) Construct separate van Deemter plots using the data in the first
row and in the last row for reduced flow rates in the range 0.7-15.
Determine the optimum flow rate and plate height for each case
given d,=5.44 pm and D,,=6.23 x 107° cm? 57!,

16 Moody, H. W. J. Chem. Educ. 1982, 59, 218-219.
17 Hsieh, S.; Jorgenson, J. W. Anal. Chem. 1996, 68, 1212-1217.
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(b) The A term in the van Deemter equation is strongly correlated
with the column’s inner diameter, with smaller diameter columns
providing smaller values of A. Offer an explanation for this obser-
vation. Hint: consider how many particles can fit across a capillary of
each diameter.

A mixture of #-heptane, tetrahydrofuran, 2-butanone, and #-propanol
elutes in this order when using a polar stationary phase such as Carbo-
wax. The elution order is exactly the opposite when using a nonpolar
stationary phase such as polydimethyl siloxane. Explain the order of
elution in each case.

The analysis of trihalomethanes in drinking water is described in Rep-
resentative Method 12.1. A single standard that contains all four triha-
lomethanes gives the following results.

compound concentration (ppb)  peak area
CHCl; 1.30 1.35 x 10*
CHCI,Br 0.90 6.12 x 10*
CHCIBr, 4.00 1.71 x 104
CHBr;, 1.20 1.52 % 10*

Analysis of water collected from a drinking fountain gives areas of
1.56 x 10%, 5.13 x 10%, 1.49 x 10%, and 1.76 x 10* for, respectively,
CHCI;, CHCI,Br, CHCIBr,, and CHBrj. All peak areas were cor-
rected for variations in injection volumes using an internal standard
of 1,2-dibromopentane. Determine the concentration of each of the
trihalomethanes in the sample of water.

Zhou and colleagues determined the %w/w H,O in methanol by capil-
lary column GC using a nonpolar stationary phase and a thermal con-
ductivity detector.'® A series of calibration standards gave the following
results.

%w/w H,O  peak height (arb. units)

0.00 1.15
0.0145 2.74
0.0472 6.33
0.0951 11.58
0.1757 20.43
0.2901 32.97

(a) What is the %w/w H,O in a sample that has a peak height of 8.63?

18 Zhou, X.; Hines, P. A.; White, K. C.; Borer, M. W. Anal. Chem. 1998, 70, 390-394.
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(b) The %w/w H,O in a freeze-dried antibiotic is determined in the
following manner. A 0.175-g sample is placed in a vial along with
4.489 g of methanol. Water in the vial extracts into the methanol.
Analysis of the sample gave a peak height of 13.66. What is the
%w/w H,O in the antibiotic?

Loconto and co-workers describe a method for determining trace levels
of water in soil.”” The method takes advantage of the reaction of water
with calcium carbide, CaC,, to produce acetylene gas, C,H,. By carry-
ing out the reaction in a sealed vial, the amount of acetylene produced is
determined by sampling the headspace. In a typical analysis a sample of
soil is placed in a sealed vial with CaC,. Analysis of the headspace gives
a blank corrected signal of 2.70 x 10°. A second sample is prepared in
the same manner except that a standard addition of 5.0 mg H,O/g soil
is added, giving a blank-corrected signal of 1.06 x 10°. Determine the
milligrams H,O/g soil in the soil sample.

Van Atta and Van Atta used gas chromatography to determine the
%v/v methyl salicylate in rubbing alcohol.?* A set of standard additions
was prepared by transferring 20.00 mL of rubbing alcohol to separate
25-mL volumetric flasks and pipeting 0.00 mL, 0.20 mL, and 0.50 mL
of methyl salicylate to the flasks. All three flasks were diluted to volume
using isopropanol. Analysis of the three samples gave peak heights for
methyl salicylate of 57.00 mm, 88.5 mm, and 132.5 mm, respectively.
Determine the %v/v methyl salicylate in the rubbing alcohol.

The amount of camphor in an analgesic ointment is determined by GC
using the method of internal standards.” A standard sample is prepared
by placing 45.2 mg of camphor and 2.00 mL of a 6.00 mg/mL internal
standard solution of terpene hydrate in a 25-mL volumetric flask and
diluting to volume with CCl,. When an approximately 2-pL sample
of the standard is injected, the FID signals for the two components are
measured (in arbitrary units) as 67.3 for camphor and 19.8 for terpene
hydrate. A 53.6-mg sample of an analgesic ointment is prepared for
analysis by placing it in a 50-mL Erlenmeyer flask along with 10 mL
of CCly. After heating to 50 °C in a water bath, the sample is cooled to
below room temperature and filtered. The residue is washed with two
5-mL portions of CCl, and the combined filtrates are collected in a
25-mL volumetric flask. After adding 2.00 mL of the internal standard
solution, the contents of the flask are diluted to volume with CCly.
Analysis of an approximately 2-pL sample gives FID signals of 13.5
for the terpene hydrate and 24.9 for the camphor. Report the %w/w
camphor in the analgesic ointment.

19 Loconto, P. R.; Pan, Y. L.; Voice, T. C. LC*GC 1996, 14, 128—132.
20 Van Atta, R. E.; Van Atta, R. L. J. Chem. Educ. 1980, 57, 230-231.
21 Pang, S. K; Gupta, P N.; Thomas, K. M.; Maitin, B. K.; Jain, C. L. LC*GC 1990, 8, 322-325.
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The concentration of pesticide residues on agricultural products, such
as oranges, is determined by GC-MS.? Pesticide residues are extracted
from the sample using methylene chloride and concentrated by evapo-
rating the methylene chloride to a smaller volume. Calibration is ac-
complished using anthracene-d, as an internal standard. In a study
to determine the parts per billion heptachlor epoxide on oranges, a
50.0-g sample of orange rinds is chopped and extracted with 50.00 mL
of methylene chloride. After removing any insoluble material by filtra-
tion, the methylene chloride is reduced in volume, spiked with a known
amount of the internal standard and diluted to 10 mL in a volumetric
flask. Analysis of the sample gives a peak-area ratio (A, 1yee/Ainesed)
of 0.108. A series of calibration standards, each containing the same
amount of anthracene-d as the sample, gives the following results.

ppb heptachlor epoxide A, 1o/ Aincsed

20.0 0.065
60.0 0.153
200.0 0.637
500.0 1.554
1000.0 3.198

Report the nanograms per gram of heptachlor epoxide residue on the
oranges.

The adjusted retention times for octane, toluene, and nonane on a
particular GC column are 15.98 min, 17.73 min, and 20.42 min, re-
spectively. What is the retention index for each compound?

The following data were collected for a series of normal alkanes using a
stationary phase of Carbowax 20M.

alkane ¢, (min)
pentane 0.79
hexane 1.99
heptane 4.47
octane 14.12
nonane 33.11

What is the retention index for a compound whose adjusted retention
time is 9.36 min?

The following data were reported for the gas chromatographic analysis
of p-xylene and methylisobutylketone (MIBK) on a capillary column.?

22 Feigel, C. Varian GC/MS Application Note, Number 52.
23 Marriott, . J.; Carpenter, P. D. J. Chem. Educ. 1996, 73, 96-99.

Anthracene consists of three fused aro-
matic rings and has the formula C;4Hy,.

In anthracene-d( all ten hydrogens are
replaced with deuteriums.
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injection t, peak area  peak width
mode compound  (min)  (arb. units) (min)
split MIBK 1.878 54285 0.028
p-xylene 5.234 123483 0.044
splitless MIBK 3.420 2493005 1.057
p-xylene 5.795 3396656 1.051

Explain the difference in the retention times, the peak areas, and the
peak widths when switching from a split injection to a splitless injec-
tion.

Otto and Wegscheider report the following retention factors for the
reversed-phase separation of 2-aminobenzoic acid on a C;g column
when using 10% v/v methanol as a mobile phase.*

pH k

2.0 10.5
3.0 16.7
4.0 15.8
5.0 8.0
6.0 2.2
7.0 1.8

Explain the effect of pH on the retention factor for 2-aminobenzene.

Haddad and associates report the following retention factors for the
reversed-phase separation of salicylamide and caffeine.

%v/v methanol 30% 35% 40% 45% 50% 55%
ko 24 16 1.6 10 07 07
ke 43 28 23 14 11 09
(a) Explain the trends in the retention factors for these compounds.
(b) What is the advantage of using a mobile phase with a smaller %v/v
methanol? Are there any disadvantages?

Suppose you need to separate a mixture of benzoic acid, aspartame, and
caffeine in a diet soda. The following information is available.

t. in aqueous mobile phase of pH

compound 3.0 3.5 4.0 4.5
benzoic acid 7.4 7.0 6.9 4.4
aspartame 5.9 6.0 7.1 8.1
caffeine 3.6 3.7 4.1 4.4

24 Otto, M.; Wegscheider, W. /. Chromatog. 1983, 258, 11-22.
25 Haddad, P; Hutchins, S.; Tuffy, M. J. Chem. Educ. 1983, 60, 166-168.
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(a) Explain the change in each compound’s retention time.

(b) Prepare a single graph that shows retention time versus pH for each
compound. Using your plot, identify a pH level that will yield an
acceptable separation.

The composition of a multivitamin tablet is determined using an HPLC
with a diode array UV/Vis detector. A 5-uL standard sample that con-
tains 170 ppm vitamin C, 130 ppm niacin, 120 ppm niacinamide,
150 ppm pyridoxine, 60 ppm thiamine, 15 ppm folic acid, and 10 ppm
riboflavin is injected into the HPLC, giving signals (in arbitrary units)
of, respectively, 0.22, 1.35,0.90, 1.37, 0.82, 0.36, and 0.29. The mul-
tivitamin tablet is prepared for analysis by grinding into a powder and
transferring to a 125-mL Erlenmeyer flask that contains 10 mL of 1%
v/v NHj in dimethyl sulfoxide. After sonicating in an ultrasonic bath
for 2 min, 90 mL of 2% acetic acid is added and the mixture is stirred
for 1 min and sonicated at 40 °C for 5 min. The extract is then filtered
through a 0.45-pm membrane filter. Injection of a 5-uL sample into
the HPLC gives signals of 0.87 for vitamin C, 0.00 for niacin, 1.40 for
niacinamide, 0.22 for pyridoxine, 0.19 for thiamine, 0.11 for folic acid,
and 0.44 for riboflavin. Report the milligrams of each vitamin present
in the tablet.

The amount of caffeine in an analgesic tablet was determined by HPLC
using a normal calibration curve. Standard solutions of caffeine were
prepared and analyzed using a 10-pL fixed-volume injection loop. Re-
sults for the standards are summarized in the following table.

concentration (ppm) signal (arb. units)
50.0 8354
100.0 16925
150.0 25218
200.0 33584
250.0 42002

The sample is prepared by placing a single analgesic tablet in a small
beaker and adding 10 mL of methanol. After allowing the sample to
dissolve, the contents of the beaker, including the insoluble binder, are
quantitatively transferred to a 25-mL volumetric flask and diluted to
volume with methanol. The sample is then filtered, and a 1.00-mL
aliquot transferred to a 10-mL volumetric flask and diluted to volume
with methanol. When analyzed by HPLC, the signal for caffeine is
found to be 21469. Report the milligrams of caffeine in the analgesic
tablet.

837
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24. Kagel and Farwell report a reversed-phase HPLC method for determin-

25.

ing the concentration of acetylsalicylic acid (ASA) and caffeine (CAF)
in analgesic tablets using salicylic acid (SA) as an internal standard.?
A series of standards was prepared by adding known amounts of ace-
tylsalicylic acid and caffeine to 250-mL Erlenmeyer flasks and adding
100 mL of methanol. A 10.00-mL aliquot of a standard solution of sali-
cylic acid was then added to each. The following results were obtained
for a typical set of standard solutions.

milligrams of peak height ratios for

standard ASA CAF ASA/SA CAF/SA
1 200.0 20.0 20.5 10.6
2 250.0 40.0 25.1 23.0
3 300.0 60.0 30.9 36.8

A sample of an analgesic tablet was placed in a 250-mL Erlenmeyer
flask and dissolved in 100 mL of methanol. After adding a 10.00-mL
portion of the internal standard, the solution was filtered. Analysis of
the sample gave a peak height ratio of 23.2 for ASA and of 17.9 for
CAE

(a) Determine the milligrams of ASA and CAF in the tablet.
(b) Why is it necessary to filter the sample?

(c) The directions indicate that approximately 100 mL of methanol is
used to dissolve the standards and samples. Why is it not necessary
to measure this volume more precisely?

(d) In the presence of moisture, ASA decomposes to SA and acetic acid.
What complication might this present for this analysis? How might
you evaluate whether this is a problem?

Bohman and colleagues described a reversed-phase HPLC method for
the quantitative analysis of vitamin A in food using the method of
standard additions.”” In a typical example, a 10.067-g sample of cereal
is placed in a 250-mL Erlenmeyer flask along with 1 g of sodium ascor-
bate, 40 mL of ethanol, and 10 mL of 50% w/v KOH. After reflux-
ing for 30 min, 60 mL of ethanol is added and the solution cooled to
room temperature. Vitamin A is extracted using three 100-mL portions
of hexane. The combined portions of hexane are evaporated and the
residue containing vitamin A transferred to a 5-mL volumetric flask
and diluted to volume with methanol. A standard addition is prepared
in a similar manner using a 10.093-g sample of the cereal and spik-
ing with 0.0200 mg of vitamin A. Injecting the sample and standard
addition into the HPLC gives peak areas of, respectively, 6.77 x 107

26 Kagel, R. A;; Farwell, S. O. J. Chem. Educ. 1983, 60, 163-166.
27 Bohman, O.; Engdahl, K. A; Johnsson, H. J. Chem. Educ. 1982, 59, 251-252.
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and 1.32 x 10%, Report the vitamin A content of the sample in mil-
ligrams/100 g cereal.

26. Ohta and Tanaka reported on an ion-exchange chromatographic meth-
od for the simultaneous analysis of several inorganic anions and the
cations Mg®" and Ca®" in water.?® The mobile phase includes the li-
gand 1,2,4-benzenetricarboxylate, which absorbs strongly at 270 nm.
Indirect detection of the analytes is possible because its absorbance
decreases when complexed with an anion.

(a) The procedure also calls for adding the ligand EDTA to the mobile
phase. What role does the EDTA play in this analysis?

(b) A standard solution of 1.0 mM NaHCO3, 0.20 mM NaNO,, 0.20
mM MgSOy, 0.10 mM CaCl,, and 0.10 mM Ca(NO3), gives the
following peak areas (arbitrary units).

ion HCO; CI” NO; NO;
peak area 373.5 322.5 264.8 262.7
ion Ca”* Mg2+ SOr

peak area 458.9 352.0 341.3
Analysis of a river water sample (pH of 7.49) gives the following

results.
ion HCO; CI NO; NO;
peak area 310.0 403.1 3.97 157.6
ion Ca®* Mg2+ SO¥

peak area 734.3 193.6 324.3

Determine the concentration of each ion in the sample.

(c) The detection of HCOj actually gives the total concentration of
carbonate in solution ([CO3 ]+ [HCOj; ]+ [H,CO;3]). Given
that the pH of the water is 7.49, what is the actual concentration
of HCO3?

(d) An independent analysis gives the following additional concentra-
tions for ions in the sample: [Na*]=0.60 mM; [NH;]=0.014
mM; and [K1]=0.046 mM. A solution’s ion balance is defined as
the ratio of the total cation charge to the total anion charge. Deter-
mine the charge balance for this sample of water and comment on
whether the result is reasonable.

27. The concentrations of CI-, NOj, and SO7 are determined by ion
chromatography. A 50-pL standard sample of 10.0 ppm CI7, 2.00 ppm
NO5, and 5.00 ppm SO:Z  gave signals (in arbitrary units) of 59.3,
16.1, and 6.08 respectively. A sample of effluent from a wastewater

28 Ohta, K.; Tanaka, K. Anal. Chim. Acta 1998, 373, 189-195.
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0 0
*H;N
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aspartame
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(0) OH /
\N N
0 T N
benzoic acid caffeine

Figure 12.69 Structures for the com-
pounds in Problem 12.29.

28.

29.

30.

31.

treatment plant is diluted tenfold and a 50-pL portion gives signals of
44.2 for CI7, 2.73 for NOs5, and 5.04 for SO . Report the parts per

million for each anion in the efluent sample.

A series of polyvinylpyridine standards of different molecular weight
was analyzed by size-exclusion chromatography, yielding the following
results.

formula weight  retention volume (mL)

600000 6.42
100000 7.98
20000 9.30
3000 10.94

When a preparation of polyvinylpyridine of unknown formula weight
is analyzed, the retention volume is 8.45 mL. Report the average for-
mula weight for the preparation.

Diet soft drinks contain appreciable quantities of aspartame, benzoic
acid, and caffeine. What is the expected order of elution for these com-
pounds in a capillary zone electrophoresis separation using a pH 9.4
buffer given that aspartame has pK values of 2.964 and 7.37, benzoic
acid hasa pK, of 4.2, and the pK, for caffeine is less than 0. Figure 12.69

provides the structures of these compounds.

Janusa and coworkers describe the determination of chloride by CZE.”
Analysis of a series of external standards gives the following calibration
curve.

area = —883 + 5590 X ppm CI°

A standard sample of 57.22% w/w CI” is analyzed by placing 0.1011-g
portions in separate 100-mL volumetric flasks and diluting to volume.
Three unknowns are prepared by pipeting 0.250 mL, 0.500 mL, and
0.750 mL of the bulk unknown in separate 50-mL volumetric flasks
and diluting to volume. Analysis of the three unknowns gives areas of
15310, 31546, and 47 582, respectively. Evaluate the accuracy of this
analysis.

The analysis of NOj in aquarium water is carried out by CZE using
IO; as an internal standard. A standard solution of 15.0 ppm NO;
and 10.0 ppm IO; gives peak heights (arbitrary units) of 95.0 and
100.1, respectively. A sample of water from an aquarium is diluted
1:100 and sufficient internal standard added to make its concentra-
tion 10.0 ppm in IO . Analysis gives signals of 29.2 and 105.8 for

29 Janusa, M. A.; Andermann, L. J.; Kliebert, N. M.; Nannie, M. H. J. Chem. Educ. 1998, 75,

1463-1465.
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NOj; and 105, respectively. Report the ppm NOj in the sample of

aquarium water.

Suggest conditions to separate a mixture of 2-aminobenzoic acid
(pK,; =2.08, pK,, =4.96), benzylamine (pK,=9.35), and 4-methyl-
phenol (pK,, =10.26) by capillary zone electrophoresis. Figure 12.70

provides the structures of these compounds.

McKillop and associates examined the electrophoretic separation of
some alkylpyridines by CZE.*® Separations were carried out using ei-
ther 50-pm or 75-pm inner diameter capillaries, with a total length of
57 c¢cm and a length of 50 cm from the point of injection to the detec-
tor. The run buffer was a pH 2.5 lithium phosphate buffer. Separations
were achieved using an applied voltage of 15 kV. The electroosmotic
mobility, p.p as measured using a neutral marker, was found to be
6.398 x 10~ cm? V! 571, The diffusion coefficient for alkylpyridines
is 1.0x 107 em®s™".

(a) Calculate the electrophoretic mobility for 2-ethylpyridine given
that its elution time is 8.20 min.

(b) How many theoretical plates are there for 2-ethylpyridine?

(c) The electrophoretic mobilities for 3-ethylpyridine and 4-ethylpyri-
dine are 3.366 x 104 cm? V' s and 3.397 x x 10 ecm? V157,
respectively. What is the expected resolution between these two
alkylpyridines?

(d) Explain the trends in electrophoretic mobility shown in the follow-
ing table.

alkylpyridine £, (cm* Vs
2-methylpyridine 3.581 x 107
2-ethylpyridine 3.222 x 1074
2-propylpyridine 2.923 x 1074
2-pentylpyridine 2.534 x 1074
2-hexylpyridine 2.391 x 107

(e) Explain the trends in electrophoretic mobility shown in the follow-
ing table.

alkylpyridine o2, (em* Vs

2-ethylpyridine 3.222 x 1074
3-ethylpyridine 3.366 x 1074
4-ethylpyridine 3.397 x 1074

30 McKillop, A. G.; Smith, R. M.; Rowe, R. C.; Wren, S. A. C. Anal. Chem. 1999, 71, 497-503.
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Figure 12.70 Structures for the com-
pounds in Problem 12.32.
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The data for this exercise were created so
that the actual resolution is 0.75. Given the
resolution of my ruler’s scale, my answer
is a pretty reasonable. Your measurements
may be slightly different, but your answer
should be close to the actual value.

The data for this exercise were created so
that the actual retention factors are 4.00
for solute 1 and 5.50 for solute 2. Giv-
en the resolution of my ruler’s scale, my
answers are pretty reasonable. Your mea-
surements may be slightly different, but
your answers should be close to the actual
values.

The data for this exercise were created so
that the actual selectivity factor is 1.375.
Given the resolution of my ruler’s scale,
my answer is pretty reasonable. Your mea-
surements may be slightly different, but
your answer should be close to the actual
values.

(f) The pK, for pyridine is 5.229. At a pH of 2.5 the electrophoretic
mobility of pyridine is 4.176 x 10~ cm? V™! 571, What is the ex-
pected electrophoretic mobility if the run buffer’s pH is 7.5?

12K Solutions to Practice Exercises

Practice Exercise 12.1

Because the relationship between elution time and distance is propor-
tional, we can measure Az, wy, and wp using a ruler. My measurements
are 8.5 mm for Az, and 12.0 mm each for w, and wp. Using these values,
the resolution is

_ 2At  _ 2(8.5 mm)
4B wi+ ws 12.0 mm + 12.0 mm

= 0.70

Click here to return to the chapter.

Practice Exercise 12.2

Because the relationship between elution time and distance is propor-
tional, we can measure ¢, 71, and 7, using a ruler. My measurements
are 7.8 mm, 40.2 mm, and 51.5 mm, respectively. Using these values, the
retention factors for solute A and solute B are

_ bty — t, _ 402mm — 7.8 mm _
ke = t - 7.8 mm = 415

_ to " tw _ 51.5mm — 7.8 mm _
ke = tr - 7.8 mm 5.60

Click here to return to the chapter.

Practice Exercise 12.3

Using the results from Practice Exercise 12.2, the selectivity factor is

_h _ 560 _
a= = 45 - 135

Your answer may differ slightly due to differences in your values for the
two retention factors.

Click here to return to the chapter.

Practice Exercise 12.4

Because the relationship between elution time and distance is proportion-
al, we can measure ¢, 1, £,,, w;, and w, using a ruler. My measurements
are 40.2 mm, 51.5 mm, 8.0 mm, and 13.5 mm, respectively. Using these
values, the number of theoretical plates for each solute is

4

_ S (40.2 mm)°
N = 16 wi 16 (8.0 mm)*

400 theoretical plates
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_ l’iz _ (51.5 mm)z _ .
N, = 16 i 16 X 135mm) 233 theoretical plates
The height of a theoretical plate for each solute is
_ L _ 0.500m 1000 mm _
H = N = 200 plates X - 1.2 mm/plate
H, = L _ 0500m ., 1000 mm _ 2.15 mm/plate

N, 233 plates *m

Click here to return to the chapter.

Practice Exercise 12.5

The following table summarizes my measurements of the peak heights for
each standard and the sample.

peak heights (mm) peak height

[standard] (mg/mL) internal standard analyte ratio
0.20 35 7 0.20

0.40 41 16 0.39

0.60 44 27 0.61

0.80 48 39 0.81

1.00 41 41 1.00

sample 39 21 0.54

Figure 12.71a shows the calibration curve and the calibration equation
when we ignore the internal standard. Substituting the sample’s peak
height into the calibration equation gives the analyte’s concentration in
the sample as 0.49 mg/mL. The 95% confidence interval is +0.24 mg/mL.
The calibration curve shows quite a bit of scatter in the data because of
uncertainty in the injection volumes.

Figure 12.71b shows the calibration curve and the calibration equation
when we include the internal standard. Substituting the sample’s peak
height ratio into the calibration equation gives the analyte’s concen-
tration in the sample as 0.54 mg/mL. The 95% confidence interval is
+0.04 mg/mL.

To review the use of Excel or R for regression calculations and confidence
intervals, see Chapter 5E.

Click here to return to the chapter.

Practice Exercise 12.6

Because we are using the same column we can assume that isobutane’s re-

tention index of 386 remains unchanged. Using equation 12.27, we have

g

mm)

peak height (

peak height ratio
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The data for this exercise were created
so that the actual number of theoretical
plates is 400 for solute 1 and 264 for sol-
ute 2. Given the resolution of my ruler’s
scale, my answer is pretty reasonable. Your
measurements may be slightly different,
but your answers should be close to the
actual values.

w1
o

| peak height (mm) = -1.3 + 45.5C,

I
o
1

w
o
1

N
o
1

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 12.71 Calibration curves for
the data in Practice Exercise 12.5.

The data for Practice Exercise 12.5 were
created so that the analyte’s actual concen-
tration is 0.55 mg/mL. Given the resolu-
tion of my ruler’s scale, my answer is pretty
reasonable. Your measurements may be
slightly different, but your answers should
be close to the actual values.
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1.2¢6 peak area = 16715 + 4318C4f
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Figure 12.72 Calibration curves for
the data in Practice Exercise 12.8.

logx — log(4.78)
log (6.86) — log(4.78)
where x is the retention time for isobutane. Solving for x, we find that

logx — log(4.78)
log (6.86) — log(4.78)

386 = 100 X

+ 300

0.86 =

0.135 = logx — 0.679
0.814 = logx
x = 6.52

the retention time for isobutane is 6.52 min.

Click here to return to the chapter.

Practice Exercise 12.7

If we let x be the fraction of water in the mobile phase, then 1—x is the

fraction of methanol. Substituting these values into equation 12.28 and
solving for x

7.5 =102x +5.1(1 — x)
7.5 = 10.2x + 5.1 — 5.1x
2.4 = 5.1x

gives x as 0.47. The mobile phase is 47% v/v water and 53% v/v methanol.

Click here to return to the chapter.

Practice Exercise 12.8

Figure 12.72 shows the calibration curve and calibration equation for
the set of external standards. Substituting the sample’s peak area into the
calibration equation gives the concentration of caffeine in the sample as

94.4 mg/L.

Click here to return to the chapter.

Practice Exercise 12.9

The capillary is 75 c¢m long, which means that 0.20% of that sample’s
maximum length is 0.15 cm. To convert this to the maximum volume of
sample we use the equation for the volume of a cylinder.

Vi = Iy = (0.15cm) (3.14) (25 X 10 * cm)” = 2.94 X 10™° cm’

Given that 1 cm® is equivalent to 1 mL, the maximum volume is

2.94%x107° mL or 2.94x 10~ L. To find the maximum injection time,
we first solve equation 12.45 for ¢

128V, i
r= #x 107 m*/L
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and then make appropriate substitutions.
_(128)(2.94%x107°L)(0.001 kg m™'s ") (0.75 m) o 107 m’
~ (25%10°kgm 's7) (50 X 10° m)*(3.14) L
= 5.8s

The maximum injection time, therefore, is 5.8 s.

Click here to return to the chapter.




