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Abstract

The rate of sorption of naphthalene from solution in methanol-water (85:15) onto 10-um diameter particles of the
macroporous poly(styrene—divinylbenzene) sorbent Hamilton PRP-1 is measured by the shallow-bed technique. The sorbent
bed is 3 mm in diameter by about 0.3 mm high and contains only 1 mg of PRP-1. This bed is located in the slider of a very
low hold-up volume valve. Linear velocity of naphthalene solution through the bed is high enough to exceed 400 bed
volumes per second and the valve is capable of accurately providing flow times as short as 0.04 s. The curve of moles sorbed
versus time is fit by an empirical tri-exponential rate equation. The parameters of this rate equation are used in a recently
developed mathematical model to predict the plate heights and peak shapes of naphthalene peaks that would be expected to
elute from a 15-cm long HPLC column of PRP-1 at various linear velocities, if intra-particle processes were the only source
of bandbroadening.

The predicted peaks are close representations of the peaks that are experimentally observed to elute from such a PRP-1

column. This demonstrates that slow intra-particle processes are the major cause of bandbroadening of naphthalene on
PRP-1.

Keywords: Band broadening; Sorption; Stationary phases, LC; Polymer packings, porous; Thermodynamic parameters;
Kinetic studies; Naphthalene

1. Introduction ever, they exhibit lower chromatographic efficiencies

than ODS packings of comparable particle diameter.
In fact, for some combinations of solute and mobile
phase, the solute peak eluted from a PS-DVB

Porous poly(styrene—divinylbenzene) (PS-DVB)
copolymers are reversed-phase liquid chromato-

graphic packings which possess both advantages and
disadvantages compared to silica-bound octa-
decylsilyl (ODS) packings. They exhibit greater
chemical stability, especially at the extremes of pH,
and they lack residual silanol groups [1-7]. How-
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column is extremely broad and tailing [8-11]. As
solutes, polynuclear aromatic hydrocarbons are often
particularly bad in this regard. Several possible
reasons have been advanced to explain the some-
times very low efficiency observed on PS-DVB: (i)
insufficient wetting of the pore surfaces which
creates ‘‘stagnant zones’’ within the particles [10];
(i) shrinking and swelling of the particles upon
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solvent switching which causes channeling in the bed
[12]; (iii) strong interaction of sr-electrons in the
polymer with the solute [9]; and (iv) slow diffusion
of solute into the polymer matrix itself {13]. In the
conventional view, it is the surface of the polymer
matrix lining the meso- and macropores which acts
as the sorbent (adsorbent) [2]. However, it has been
cogently argued that the polymer matrix is also
porous so that under some conditions, solvent and
solute molecules can diffuse into it. The claim is that
the polymer matrix has spaces (pores) between the
polymer chains that are <20 A in width [8,14]. Pores
of <20 A are called ““micropores’” [15]. Hence, in
one view, diffusion into the polymer matrix can be
interpreted as diffusion into micropores [8]. Of these
four suggested reasons for low efficiency, (i), (iv)
and probably (iii) would lead to a slow ‘‘intra-
particle sorption rate’’. This could be slow diffusion-
al mass transfer through the particle, a slow ad-
sorption/desorption step or some combination of
both.

The shallow-bed technique described in Part 1 [16]
of this study is adapted to the measurement of
sorption rates on a microparticle PS-DVB high-
performance liquid chromatography (HPLC) column
packing. Since sorption rates are generally faster on
smaller particles, the achievement of ‘‘shallow-bed
conditions’’ is much more challenging for mi-
croparticles than it is for large particles. The mi-
croparticle HPLC packing that is used is Hamilton
PRP-1, a 10-um diameter spherical packing that is
used for reversed-phase HPLC [1-9,11,14,17-24].
In this study the intra-particle rate is measured for
the sorption of naphthalene from methanol-water
(85:15) solution onto a 0.30 mm long shallow-bed of
PRP-1. A theoretical model was also developed and
validated in Part I, by which the measured sorption-
rate curve can be used to predict the contribution of
intra-particle sorption rate to the shape of a peak
eluted from an HPLC column [16]. The theoretical
model is used in the present study to predict the
intra-particle rate contribution to peak shape for
naphthalene eluted from a 15X0.46 cm L.D. HPLC
column of PRP-1 using methanol-water (85:15) as a
mobile phase; and the predicted elution peak is
compared to the experimentally-observed HPLC
elution peak for naphthalene.

2. Experimental
2.1. Reagents and chemicals

Naphthalene (Coleman and Bell, Norwood, OH,
USA) was recrystalized from methanol. Phlorog-
lucinol (1,3,5-trihydroxybenzene, Fisher) was re-
crystallized from water. Methanol (Fisher) was re-
agent grade and was distilled before use. Water was
distilled and deionized (Barnstead NANOpure Sys-
tem, Boston, MA, USA).

The solvent and eluent in both the sorption-rate
experiments and the elution chromatography was
always methanol-water (85:15, v/v). Before use in
either type of experiment solutions and eluent were
filtered through a 0.45-um pore size Nylon 66 filter
(Mandel Scientific Co.).

2.2. Sorbent

The macroporous PS-DVB sorbent PRP-1 (Lot
No. 334, Hamilton Co., Reno, NV, USA) was used in
the shallow-bed sorption-rate experiments. Charac-
teristics of PRP-1 listed by the manufacturer include:
spherical shape with 10-um particle diameter (95%
within the range 8—12 wm), specific pore volume of
particles 0.79 cm’/g, average pore diameter 75 A,
and specific surface area 415 m?/g. Particle porosity,
calculated from information supplied by the manu-
facturer, is 0.48 ml of pores per ml of a particle.
Elution chromatography was performed on a 15.0X
0.46 cm L.D., factory-packed column of PRP-1 (part
79425-3145, Hamilton Co.) which, based on the
manufacturer’s information, has the following
characteristics: bulk density 0.42 g/cm’, inter-par-
ticle porosity 0.31 ml/ml, intra-particle porosity 0.33
ml/ml.

2.3. Sorption-rate apparatus

Fig. 1 is a diagram of the apparatus used for the
shallow-bed sorption-rate experiments. P1 and P2 are
constant-pressure pumps of a type previously de-
scribed [25]. One contains 5%107° mol/l naph-
thalene in 85% methanol and the other contains
7%x107° mol/1 phloroglucinol in 85% methanol.
Valve V1 is a six-port, stainless-steel rotary valve
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Fig. 1. Schematic diagram of the shallow-bed sorption rate

apparatus. P1-P3: pumps; FI1-F4: in-line filters; V1-V4: vaives;
C: uBondapak analytical HPLC column; D, R and I: detector,
recorder and integrator. Flow through the left-hand side of the
shallow-bed valve (V) is turned on and off by valve V2, to
which the position sensor (PS) and timer (T) are attached. See text
for details.

(Model 204-01, Altex Corp.) which selects the
solution to be pumped into the left-hand port of the
shallow-bed valve V. F1 and F2 are in-line filters
(part no. XX4404700, Millipore Co.) containing
0.45-um membrane filters (Durapore, part no.
HVLP04700, Millipore). Valve V2 is a Cheminert
6-port rotary valve (part no. R6031V6, Laboratory
Data Control) which is used as an on—off valve to
determine whether or not the solution selected by V1
will flow through V. Attached to V2 is a small
infrared generator/detector, position sensor PS (ECG
3101 P312, Phillips, Dorval, Que., Canada) which is
connected to a digital timer T (Model 5321B,
Hewlett-Packard) set to display =10"* second. The
position sensor—timer device registers the time dur-
ing which solution is flowing through the shallow
bed.

Pump P3 is an HPLC pump (Model SP8000,
Spectra-Physics Corp.) which pumps 85% methanol
eluent at a constant flow-rate of 0.5 ml/min. The
Cheminert four-way slider valve V3 (part no.
CAV4031, LDC) either directs the flow of eluent
lirectly to the injection valve V4 (part no. 7017,
Rheodyne Corp.) as shown by the dashed lines, or

first circulates the eluent through the right-hand side
of Vgg as shown by the solid lines. C is a 15X0.46
cm HPLC column packed with uBondapak Phenyl
sorbent (part No. 086680, Waters Corp.). F3 and F4
are low dead-volume, in-line filters (part 7315,
Rheodyne, Berkeley, CA, USA) containing 2-um
stainless steel filter elements.

The shallow-bed slider valve Vg, is the heart of
the system. It is shown in Fig. 2, which is not drawn
to scale. The stainless-steel valve body is composed
of two parallel outer plates with four tension adjust-
ment screws, two parallel inner plates against which
the tension screws exert their force, and two end
plates. The outer plates are bolted together and the
end plates are bolted to them. Underlying the inner
steel plates are Teflon face plates. A piece of Teflon
tape is placed between the steel and Teflon plates to
insure a good seal. The slider is held between the
Teflon face plates. The slider is a 2 mm thickX13
mm wide X113 mm long flat piece of stainless steel,
the center of which is cut out and holds a 2.2 mm
highX9 mm wideX73 mm long piece of Kel-F with
two 3-mm diameter holes drilled through it. The
Teflon face plates contact only this Kel-F insert. The
hole on the right is empty and the hole on the left
contains a stainless-steel screen at the bottom. This
screen i1s 0.076 mm thick and has 2-pum pores. It
serves as the support for the shallow-bed which

—
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Fig. 2, Schematic diagram of the shallow-bed slider valve Vg, in
Fig. 1. Not to scale. 1,8: SS body plates; 2: Kel-F insert in slider;
3: Teflon face plate; 4: bed of PRP-1; 5: porous Teflon disks; 6:
SS screens; 7: tension-adjustment screws; 9: 0.05-mm L.D. SS
tube; 10: 3-mm 1.D. §S tubes.
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contains about 1 mg of PRP-1, accurately weighed,
spread uniformly over the screen to a depth of about
0.3 mm. On top of the PRP-1 are two 3-mm diameter
disks of Zitex porous Teflon membrane. The lower
one is 0.2 mm thick and has 10-20 um pores (part
H662-123, Chemplast Corp. Wayne, NJ, USA) and
the upper one is 0.64 mm thick and has 30-60 pum
pores (part K1064-222). The whole valve is bolted to
a back plate (not shown) and the slider is moved left
and right by a pair of metal levers which are also
attached to the back plate.

Flow into the left and right holes of the slider is
accommodated by 3-mm L.D. stainless steel hypo-
dermic needle tubing that passes through holes
drilled through the outer and inner steel plates, and is
silver soldered to the latter; and by 3-mm L.D. holes
in the Teflon face plate. Flow out of the left hole is
accommodated in the same way. The inlet and outlet
tubes on the left have the same 3-mm diameter as the
bed of PRP-1 in order to insure uniform flow, which
prevents disturbances to the bed and facilitates
achievement of shallow-bed conditions during the
sorption step. Flow out of the right-hand hole occurs
via 1/16" 0.D.X0.002" 1D. (1.6 mmX0.05 mm)
stainless-steel tubing soldered in a hole through the
inner stainless-steel plate. The small 1.D. is important
to minimize bandbroadening during the elution step.
A constant temperature of 25.02+0.2°C was achieved
by immersing P1, P2, F1, F2, Vg, and all tubing in a
thermostatted water bath.

Solute eluted from the shallow bed when it is in
the right-hand position is chromatographed on col-
umn C and quantified by means of a UV-absorbance
detector D (Spectrofiow 757, Kratos Analytical
Instruments), a Recordall recorder R (Fisher) and a
digital integrator I (HP3390A, Hewlett-Packard).
The detector, set at 276 nm, was calibrated by
injecting a series of standards into column C by
means of valve V4 fitted with a 20-x1 sample loop.

2.4. Sorption-rate measurement

With the bed of PRP-1 in the right-hand position
in Vgg, 85% methanol is pumped through it from P3
during the pre-equilibration step. Then V3 is
switched to bypass the bed, and the slider in Vg is
moved to the left. At this time V2 is in the off

position so that sample solution does not flow
through the bed of PRP-1.

Valve V2 is switched to the on position, which
starts both the timer and the flow of sample solution
containing 5X10~° moles naphthalene per liter. This
is the sorption step. When the desired exposure time
of PRP-1 to the flowing solution has elapsed, valve
V2 is switched to the off position which immediately
stops the flow and the timer. In this apparatus the
minimum sorption time is 0.04 s, which is de-
termined by the minimum time it takes to rotate V2
through the on to an off position.

The slider in Vg is next moved to the right-hand
position and V3 is switched to cause the 85%
methanol from P3 to flow through the bed in order to
elute naphthalene from the PRP-1, through column C
to the detector. This is the desorption step.

The moles of naphthalene sorbed per gram of
PRP-1 (Cs) at a given time is calculated via Eq. 14
in Part I [16]. The hold-up volume, V,;;, is measured
by equilibrating the shallow bed with a 7X 107°
mol/] solution of phloroglucinol in 85% methanol,
eluting and measuring the amount of phloroglucinol
in the bed. Phloroglucinol is not adsorbed by PRP-1
but it does enter all void spaces, including pore
spaces in the PRP-1 particles. For a bed containing
1.12X107° g of PRP-1 V,, was 9.2+0.9 uland V,
was 0.86:0.06 ul.

ore

2.5. Elution chromatography

Chromatography of naphthalene on the 15-cm
long column of PRP-1 was performed using only
pump P3, injection valve V4, detector D and recorder
R from the apparatus depicted in Fig. 1. Twenty-
microliter volumes of 3X10 > mol/1 of naphthalene
in 85% methanol were injected into the 85% metha-
nol eluent. The concentration of naphthalene in the
injected solution was made very low in order to
insure that it would be in the linear part of the
naphthalene sorption isotherm. The eluent flow-rate
was varied from 0.5 to 2 ml/min in these experi-
ments. Replicate injections were made at each flow-
rate. The elution peaks on the strip chart recorder
were manually digitized at 12 or 24 s intervals of
time. The extra-column contribution to the retention
volume due to injector (20 wl), detector (14 ul) and
connecting tubing (0.7 wl) is small and is neglected
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in calculations associated with the observed and
predicted elution peaks of naphthalene.

The retention time of an unretained component,
ty, was measured at each flow-rate by making
replicate 20-u1 injections of a 5X10~* mol/I solu-
tion of phloroglucinol in 85% methanol. The first
statistical moment of the symmetrical phloroglucinol
peak was used to calculate the retention time ¢, the
column void volume V,,, and the linear velocity of
the mobile phase U,,.

2.6. Sorption isotherm measurement

The sorption isotherm of naphthalene on PRP-1
was measured in the apparatus shown in Fig. 1,
employing the ‘‘column-equilibration technique”’
[26]. Solutions containing various concentrations of
naphthalene in 85% methanol were pumped through
a 1.09xX 10’ g bed of PRP-1 for 60 s, by which time
naphthalene has come very close to sorption equilib-
rium, as will be shown below [16]. The steps in the
procedure and the calculations are the same as those
listed above for measuring the sorption-rate curve by
the shallow-bed method.

3. Results and discussion

Both the experimental concept and the theoretical
model that are employed in this study have been
described and validated in Part | of this series [16].
In order to measure sorption rates on PRP-1 it was
necessary to construct and characterize a new ap-
paratus. The characteristics of the apparatus, the
sorption-rate curve measured with it, and the im-
portant role played by intra-particle sorption rate in
the chromatographic bandbroadening of naphthalene
on PRP-1 are discussed below.

3.1. Shallow-bed conditions

The critical difference between the previous study
[16], in which XAD-2 particles of 0.36-mm diameter
were used, and the present study, in which PRP-1
particles of 0.010-mm diameter are used, is the very
much faster sorption rate encountered in the present

study. In the sorption-rate experiment it is necessary
to achieve shallow-bed (infinite bath) kinetic con-
ditions, in which all particles in the bed, at all times,
are bathed in a solution whose solute concentration is
the same as that at the inlet to the bed; and it is also
necessary to eliminate film diffusion as a contributor
to sorption rate. In addition, data points have to be
collected at much shorter times than was true for the
XAD-2 study.

As the interstitial linear velocity of solution
through the bed (U, cm/s) is increased, con-
ditions in the bed approach more closely those of a
shallow bed and the thickness of the Nernst diffusion
film around the particles decreases. At sufficiently
high U, ., the desired conditions are met and the rate
of sorption becomes independent of the linear ve-
locity of solution. This serves as the basis of an
experimental test [16]. Since film diffusion makes its
greatest contribution early in the experiment, only
the initial rates need to be measured for this test.
During the initial 0.05 s, the sorption-rate curves are
approximated to be linear. Their slopes are presented
as a function of both flow-rate and U, in Table I.
It can be seen that for U, ., =16 cm/s, sorption rate
is independent of U,,.,; meaning that the bed of
PRP-1 acts as a shallow bed and the observed
sorption rate is equal to the intra-particle sorption
rate. In subsequent measurements of the sorption-rate
curve U, .. was always greater than 16 cm/s. For
this bed a linear velocity of 16 cm/s corresponds to
the passage of over 400 bed volumes of solution per
second.

3.2. Linear sorption isotherm

Shown in Fig. 3 is a plot of moles of naphthalene
sorbed per gram of PRP-1 at equilibrium versus
concentration of naphthalene in methanol-water
(85:15). The solid line in Fig. 3 is a fit of the
Langmuir equation to the data points. The isotherm
is linear up to a solution concentration of approxi-
mately 4x107° mol/l (dashed line). The slope of
(3.9+0.1)X1077 1/g, is equal to the mass—volume
distribution coefficient for naphthalene. Since sor-
ption-rate experiments were performed at a solution
concentration of 5X107° mol/l, they clearly were
performed in the linear part of the isotherm.
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Table 1

Initial sorption rates over the first 0.05 second on the 1.12-mg bed of PRP-1 as a function of flow-rate and interstitial linear velocity of

solution through the bed in order to verify shallow-bed conditions

F (ml/min) Uswe: (m/s) No. bed volume per s" Initial rate® (mol/g/s)
16.6 12.6 335 2.9x107"°

21.6 16.4 435 6.3%x107"°

25.1 19.1 506 7.4%x107"°

27.1 20.6 546 6.9x107"

31.6 24.0 637 6.1x107"°

37.5 28.5 756 6.9%x107"°

* U e, is calculated via Eq. 16 in Ref. [16], using r=0.15 cm bed radius, and ¢,

=0.31 from Ref. [17].

inter

® Interstitial (i.e. inter-particle) bed volume is 0.83 ul for this 1.12 mg shallow bed of PRP-1.
¢ Absolute initial rates cannot be compared directly with those in Table 1 of Ref. [16] because solute concentrations in solution and

distribution coefficients differ.

3.3. Sorption-rate curve

Shown in Fig. 4 is a typical sorption-rate curve for
naphthalene on the shallow bed of PRP-1. The points
are experimental, with the first one measured at
0.040 s and the last one measured at 69.3 s. The
vertical axis variable F' is the fraction of the equilib-
rium moles of naphthalene that has been sorbed at
any time. Examination of the data points shows that
about 0.5 (i.e. 50%) of the naphthalene is sorbed
within 0.2 s and about 0.9 is sorbed within 1.0 s.
After about 2 s the rate of sorption is very much
slower, but finite.

The solid line through the data points results from

C, Mol/g) x 10°

Y T

4 8

12 16 20
Cm (MolVL) x 105
Fig. 3. Equilibrium sorption isotherm of naphthalene between

PRP-1 and 85% methanol. Solid line is Langmuir fit. Dashed line
extrapolates linear region.

a tri-exponential fit of the data. The equation of this
line has the form [16]:

n, n,
F=1——exp(—k;t) — —exp(—k,1)
o Ry

-Eexp(——kat) €))
Ry

In this expression n, through n, are the moles of
solute sorbed per gram at equilibrium whose sorption
rate can be described by the first-order rate constants
k, through k;, respectively. The total moles sorbed
per gram at equilibrium is n, where:

1.0 I —
| 1
0.8 s
0.63
49
0.41
S
0.2]
3
Pl
0.0+ v ~ —
0 20 40 60

Time (s)

Fig. 4. Sorption-rate curve of naphthalene on PRP-1 from 85%
methanol. Points are experimental. Un-numbered line is tri-ex-
ponential fit (Eq. 1). At 60 s, sorption is about 95% of the way to
equilibrium. Numbered curves represent contributions of the j=1,
2 and 3 terms, respectively, in Eq. 1.
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ne=n, +n,+n, (2)

As discussed previously [16], the use of a multi-
exponential equation to represent the data is purely
empirical and is based on no theoretical model of
physically real processes occurring within the PRP-1
particle. A tri-exponential equation was employed,
rather than, for example, a mono-, bi- or tetra-
exponential equation, because a tri-exponential is the
multi-exponential equation with the smallest number
of exponential terms that accurately represents this
particular set of experimental data over the whole
curve. It is essential to realize that the model which
is employed requires a sum of exponential terms
rather than any other emperial equation, and that it is
not compromised by the fact that there may be strong
correlation among some of the n; and k; parameters
[16]. Eq. 1 was fit to the data points by a non-linear
least-squares program in the software package Mat-
Lab [27]. The six parameters, k,—k; and n,—n,,
which describe the solid line in Fig. 4, are presented
in the second column of Table 2, labeled run 1. The
three numbered curves in Fig. 4 correspond, respec-
tively, to the first, second and third exponential terms
in Eq. 2 for run 1, considered individually [16].
The sorption-rate experiment was repeated four
additional times. The n; and k; constants obtained
from the tri-exponential fitting of the sorption-rate
data in these experiments appear in the vertical
columns labeled run 2, 3, 4, and 5 in Table 2. The

linear velocities used in all five of the sorption-rate
experiments are shown in the first row of Table 2.
All of them are high enough to achieve both shallow-
bed conditions and intra-particle sorption-rate con-
trol. When intercomparing the n, and k; values
among the five replicate runs in Table 2 it is
important to bear in mind two facts. First, these
constants have no physical reality, but are merely
empirical curve fitting parameters. Second, the six
constants in Eq. 1 are not fully independent of one
another, so that for a given set of experimental data
(e.g. run 1) there may be several different combina-
tions of the six constants that yield nearly equally
good fits to the data. This situation creates no
problem in using Eq. 1, either in representing the
sorption-rate data or in predicting elution chromato-
graphic peak shapes. As previously discussed [16],
the ambiguities in the values of n, and k; can be
eliminated by accepting the set of n, and k, which
simultaneously satisfies the following two criteria:
(i) minimum value of the y” fitting parameter and,
(ii) smallest value of n,. The overall agreement
between the tri-exponential equation and the sor-
ption-rate data is indicated for each run by ,\/2 at the
bottom of each column in Table 4.

3.4. Predicted vs. observed elution peaks

According to the formalistic concept that has been
elaborated in Ref. [16], a chromatographic column of

Table 2
Constants for the tri-exponential equation (Eq. 1) which describe the five replicate sorption-rate curves for naphthalene on a shallow bed of
PRP-1
Parameter Run’
1" 2 3 4 5¢

U,por(cm/s) 19.1 240 20.6 17.6 20.2
k, s 4.23 19.6 1.1 3.95 6.64
ky, s7") 0.85, 2.70 1.37 0.60, 0.203
ky 67 0.012, 0.14, 0.030, 0.024, 4.94
n, (mol/g) 7.8x10°° 25%107° 57x107* 6.7%107° L1x107’
n, (mol/g) 24x107° 7.8x10°" 49%x107" 1.4x107° 3.4%107"
n, (mol/g) 5.6x107° 9.9x10~° 6.7x10°° 6.8x107° 3.1x107"7
n, (mol/g) Li1x107’ Lix107’ 1.1x1077 8.9%x107" 1.4x1077

2 6.4x107" 6.5%107° 54x107° . 81x107° 1.4x107°

* Shallow bed contained 1.12X10> g of PRP-1 in runs 1-4, and 9.4%107* g in run 5.

® Sorption-rate curve for run 1 is shown in Fig. 4.

‘ For run 5, a bi-exponential equation gives as good a fit as a tri-exponential equation.

¢ x* for nonlinear fit by Eq. 1.
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length L packed with PRP-1 is assumed to possess
three different types of hypothetical sorption sites
whose fractional amounts are n,/n,, n,/n, and n,/
n,, based on the tri-exponential fitting of the sor-
ption-rate data by Eq. 1 (Fig. 4; Table 2). The
chromatographic column is then represented by three
hypothetical columns placed in series, each of which
contains only one of the three types of sites. Each of
these hypothetical columns therefore corresponds to
one of the terms in Eq. 1, having the form (n;/
ny) exp(—k;t). Also, each of the three hypothetical
columns has the same length (L), linear velocity of
mobile phase (U,), retention time of an unretained
component (t,), retention volume of an unretained
component (Vy,), and weight of PRP-1 sorbent
(W_,), as the real chromatographic column has.

In order to predict the shape of the elution peak
for naphthalene which would arise from
bandbroadening due exclusively to intra-particle
sorption rate, it is necessary to know the values of n,
through n, and k, through k, obtained from Eq. 1. It
is necessary also to know the value of the capacity
factor (k') for naphthalene on the chromatographic
column in question, and to know the retention time
of an unretained component. In this study the
chromatographic column of PRP-1 was 15 cm long
and the mobile phase was methanol-water (85:15).
Four different linear velocities of mobile phase were
employed to obtain elution chromatograms. For the
chromatogram at each U, the value of ¢,, was taken
as the first statistical moment (i.e. center-of-gravity)
of the unretained component phloroglucinol [28,29].
Values of r,; measured at the four linear velocities
are presented in the second column of Table 3. The
corresponding linear velocities were calculated from
the expression:

Table 3
Parameters obtained from the observed elution chromatograms
and fraction of naphthalene not sorbed on hypothetical column 3

U, (cm/s) ty ® k'° exp(—k, .ty)
0.10 153+2 28.9+04 0.333
0.20 77.3x0.5 28.0+0.3 0.574
0.30 50.5*0.5 28.0+0.3 0.696
0.40 37.9*0.7 29.0+0.5 0.762

* 1y is from observed elution chromatogram of phloroglucinol.
® k' is from observed elution chromatogram of naphthalene.

U= (3)

The values of k' for naphthalene in the third
column of Table 3 were calculated from the expres-
sion:

k=2—M )

where f, is the first statistical moment of the
experimentally observed elution peak for naphtha-
lene (to be discussed below). As expected [28,29], k&’
is independent of U,,.

The steps involved in predicting elution peak
shape from the sorption-rate curve have been ex-
emplified in Fig. 2 of Part I [16]. The last step in that
operation is a convolution of the peak with the peak
due to an unretained component. As was true for the
system studied in Part I, the variance of the unre-
tained-component peak in the present study (e.g., 6.3
s’ at U,=0.30 cm/s) is so small compared to the
variance of the sample (naphthalene) peak (e.g.,
2.40%x10* s®> at U,=0.30 cm/s) that this final
convolution step increases the center-of-gravity of
the naphthalene peak by #,,, but makes a negligible
increase in its variance.

The experimentally measured first-order rate con-
stants (k;) for reversible sorption of naphthalene on
the hypothetical column j=1, 2 and 3 are given in
Table 2, along with corresponding n; and n, values.
Typical values of the adsorption (i.e., forward) first-
order rate constants k. ; and of the desorption (i.e.,
reverse) first-order rate constants k, ; for naphthalene
on hypothetical columns j, calculated using n; and k;
values obtained from the sorption-rate curve shown
in Fig. 4 (i.e. run 1), are: k, ,=4.03 s™ ', k,,=0.736
s, k,,=0.0072 s, k,,=0.196 s~', k,,=0.117
s~ ' and k, ;=0.0048 s '. In the last column of Table
3 are given the values of the term exp(—&,.fy)
which is the fraction of naphthalene not sorbed on
hypothetical column 3. At higher U, the fraction not
sorbed increases. For hypothetical columns 1 and 2
the fraction of naphthalene not sorbed is negligible
(.e. <107'°) at all four U, employed.

The manner in which a predicted elution peak may
be compared with an observed elution peak [16] can
be exemplified using the peak which is predicted to
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Fig. 5. Typical elution peak (points) and EMG-fit (line) that are
observed (A) and predicted (B) for elution of naphthalene from a

15-cm long HPLC column of PRP-1 at U,;=0.30 cm/s. Predicted
peak in panel B is calculated from sorption-rate run 1.

0.000

Table 4

elute from a 15-cm long column of PRP-1 at U,=
0.30 cm/s. A typical observed elution peak, obtained
under these conditions, is presented as the data
points in Fig. SA. The corresponding predicted peak
is presented as the points in Fig. SB. The first step in
comparing these two peaks is to fit the points in each
using the equation of an exponentially-modified
Gaussian (EMG) peak. The solid lines in Fig. 5A
and 5B are the EMG-peaks. Next, the following
figures of merit are obtained for the EMG peaks: The
first statistical moment (center-of-gravity) of the
overall peak (V;), which is the sum of the first
moments of the Gaussian part (V;) and the exponen-
tial part (Vexp); the second central moment (variance)
of the overall peak (%), which is the sum of the
variances of the Gaussian part (o) and the exponen-
tial part (O'ZXP); the plate height of the column, which

is given by the expression:

2 2
o+ T exp

(Vi + Vi)’ ®

0_2
H=L—=L
VR
and the asymmetry factor (A.F.), which is measured
graphically at 0.1 of the peak height [30]. The
predicted and observed peaks can then be compared
in terms of these figures of merit.

These comparisons are summarized in Table 4 at
four mobile phase linear velocities: 0.10, 0.20, 0.30,
and 0.40 cm/s. Five replicate sorption-rate curves
were measured, each of which yielded a unique set

Chromatographic figures of merit for observed (OBS) and predicted (PRE) elution peaks of naphthalene on a 15-cm column of PRP-1.

Averages and standard deviations

U,(cm/s)  Peak V;, (ml) V,, (ml) V., (ml) o m’)  ogm)y ol ()  H(mm) AF.
0.10 PRE  37.4%05 35205 2.0+0.7 7.3%2.1 3.8+0.8 43%29 0.8+0.2 1.4+0.3
OBS 38808 36.00.9 2.7+0.1 9.1+0.2 1.6+0.4 7.5+0.1 0.9%0.1 22402
0.20 PRE 37505 34.6+0.6 2.7+0.7 143 6.5+1.6 7.6+33 1.5+0.2 1.4+02
OBS 37805 35.1+0.7 2.7%0.2 9.5+0.9 2.1+0.2 74%1.1 1.0+0.1 1.9+0.0
0.30 PRE  36.7+03 333207 3.1£0.7 19+3 8.7+2.1 10+4 2.2+03 1.5+0.2
OBS  38.1%2. 363225 3.5+04 15+3 25202 13+3 1,6+0.2 2.2%0.1
0.40 PRE 373206 33.1209 3.6+0.7 24+4 10x2 145 26+04 1.4x0.1
OBS  37.0%1.0 332%1.1 3.8+0.6 17+4 2.2+0.1 155 19205 23+0.3
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of k; and n; constants (Table 2) from which an
elution peak was predicted for a given linear velocity
of mobile phase. Thus, for each of the four linear
velocities, five replicate predicted elution peaks were
calculated and all five were fit with an EMG function
from which figure-of-merit parameters were ob-
tained. Averages and standard deviations for these
parameters are presented in rows 1, 3, §, and 7 in
Table 4 for the predicted peaks. In separate experi-
ments replicate elution chromatograms of naphtha-
lene were measured at the four linear velocities. In
rows 2, 4, 6, and 8, of Table 4 are presented the
averages and standard deviations of the figure-of-
merit parameters obtained for these observed elution
peaks.

In order to provide visual comparison of observed
and predicted peaks, a typical observed peak is
shown as data points in Fig. 6 for each linear
velocity, along with a corresponding typical pre-
dicted peak based on the set of n; and k; from run 1,
which is shown as a solid line. These observed

80
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points and predicted lines are not the EMG peaks.
The points in Fig. 6C are the same as the points in
Fig. S5A, and the solid line in Fig. 6C is the same as
the points in Fig. 5B.

Visual comparison of the typical predicted and
observed peaks in Fig. 6 suggests that the former are
good approximations of the latter at all four linear
velocities of mobile phase. Quantitative comparison,
made by applying the t-test at each linear velocity of
mobile phase, reveals that at the 95% confidence
level the predicted and observed members of the
pairs of values for Vg, V., Vexp, 02, H and AF.
cannot statistically be distinguished from one
another. This is even more true for the square root of
H, which has been suggested as a criterion of
comparison [16]. The standard deviations for the
observed-peak parameters are comparable in mag-
nitude to those for the predicted-peak parameters.
The reason for this is associated with the inherent
uncertainties in quantitatively describing asymmetric
peaks which exhibit kinetic tailing [16].

0.004
c 3
o
0.0021
0.000
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40 | 60
V (ml)

80

Fig. 6. Comparison of typical observed (points) and predicted (lines) peaks for elution of naphthalene from a 15-cm long HPLC column of
PRP-1 at U,=0.10 cm/s (A), 0.20 cm/s (B), 0.30 cm/s (C), and 0.40 cm/s (D). These are not the EMG-fit curves. Predicted peaks are

calculated from sorption-rate run 1.
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It is necessary, in practice, to represent chromato-
graphic peaks by some analytical function, such as
the EMG, in order to compute statistical moments
that are free of the extreme ambiguities which would
otherwise arise from baseline-setting errors [16].
However, such an arbitrary division of a chromato-
graphic peak into a Gaussian and an exponential
component is quite sensitive to small differences in
peak shape, so that the relative contributions of o,
and azxp to o’ may vary considerably between
observed and predicted peaks while o itself exhibits
close agreement between these peaks. This is seen in
Table 4.

4. Conclusions

The peaks predicted above take into account only
the bandbroadening which arises from intra-particle
sorption rate (i.e. associated with only the Hg and
Hg,, terms in chromatographic rate theory). The
close agreement between predicted and observed
peaks therefore demonstrates that slow intra-particle
sorption is, by far, the major bandbroadening process
for naphthalene on the PS-DVB sorbent PRP-1. This
is a highly informative conclusion of this study,
because it constitutes direct evidence to support
earlier suggestions that slow intra-particle processes
are responsible for low chromatographic efficiencies
and tailing peaks [8-11,13]. The extreme slowness
of these processes for naphthalene on PRP-1 can be
appreciated by noting that a plate height of 1 to 2
mm, as found in this study, corresponds to a reduced
plate height of 100 to 200, which is very large [31].

The nature of the physical process within the
PRP-1 particles which is responsible for the slow
sorption rate of aromatic compounds has been in-
vestigated in detail in this laboratory. The results,
which strongly implicate diffusion of solute into the
polymer matrix as the slow process, are the subject
of Part 1II of this series [32].
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