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Abstract

A 0.50 mm high bed, containing ca. 3 mg of the nominally non-porous poly(styrene—divinylbenzene) (PS—DVB) sorbent Hamilton PRP-
00, is located in a valve. After the bed is pre-equilibrated with a (7/3) methanol/water solution of naphthalene (NA), the valve is switched
and (7/3) methanol/water solvent flows continuously through the bed at a high linear velocity. This causes NA to desorb into a constantly
refreshed solvent, creating a “shallow-bed” contactor with an “infinite bath” kinetic condition. The effluent from the bed passes through a
UV-absorbance detector which generates the observed instantaneous desorption rate curve for NA. The same experiment is performed usinc
the solute phloroglucinol (PG), which is not sorbed by RiRRand serves as an “impulse response function marker” (IRF-Marker). The
resulting peak-shaped IRF curve is used in two ways (i.e. subtraction and deconvolution) in order to correct the observed instantaneous rate
curve of NA for the following experimental artifacts: hold-up volume of the bed and valve, transit-delay time between the bed and the detector
and instrument bandbroadening of the NA zone. The cumulative desorption rate curve, which is a plot of moles NA desorbed versus time, is
obtained by integration. It is found to be accurately described by the theoretical equation for homogeneous spherical diffusion. The diffusion
coefficient of NA inside the PRBe particles (5.0t 0.6) x 10-*cn?/s, agrees with the literature value that was obtained from the sorption
rate of NA into the same particles. This constitutes virtually conclusive evidence for diffusion control of intra-particle kinetics of NA in the
PS-DVB matrix of PRRo and related polymers. The influence of both sorbent and solute properties on the method is evaluated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction perature jumpl4] and photon-induced dipole junip5] and
pulsed-gradient spin-echo NMR spectroscfig;,17]

The rates of sorption and desorption into and out of partic-  Uptake-rate and release-rate methods are also used to mea-
ulate stationary phases contribute to chromatographic band-sure intra-particle kinetics. These methods can be performed
broadenind1,2]. Any excessively slow sorption/desorption in the batch mode either by placing sorbent particles in a
behavior will reduce column efficiencies, yielding broad or stirred solute-containing solution and measuring the deple-
even tailed peaks. Slow intra-particle processes can includetion of concentration in solution as a function of time, or by
slow diffusion and/or slow binding and unbinding onthe sorp- placing sorbent particles which have been pre-equilibrated
tion sites. Techniques that have been used to study such intrawith a solute in a stirred solute-free solvent and measuring
particle kinetics include column chromatograpf8+11], the increase of concentration in solution as a function of time
luminescence methods involving pressure jufr#)13], tem- [18-22] In variations of the uptake/release methods a sin-

gle sorbent particle is contacted with the solution or with
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spectroscopy23,24] fluorescence imagin@5] or confocal 2. Theory
laser scanning microscopg6,27]

Uptake/release-rate measurements can also be performe@.1. Rate laws
by the shallow-bed technique. To measure the intra-particle
sorption rate, sorbent particles are packed into an extremely The detector at the outlet of the shallow-bed reports as a
short column through which a solution of solute is caused function of time the instantaneous optical absorbance signal
to flow at a sufficiently high linear velocity to achieve two A(t) thatis produced by the desorbing solute. This absorbance
conditions[2,20-22,28-35] The first condition is that the  signalis a function of the instantaneous (i.e. differential) mo-
concentration of solute in the solution flowing out of the bed lar desorption rate of the soluter{ddt), of the molar absorp-
is almost identical to the concentration of solute in the so- tivity of the solutes (L mol~t cm™1), of the pathlength of the
lution flowing into it, so that all particles regardless of their detector cell (cm) and of the flowrat& (L/s) through the
location in the bed are bathed in a solution containing the bed as shown iq. (1)
influent solute concentration at all times. That is, the bed is
a “differential contactor29,36] also referred to as a zero-  A(r) = M (1)
length columri37,38] The second requisite condition is that F
the Nernst diffusion filnj20] of solvent surrounding the parti-  |n order to transform an experimentally-measured plét(of
clesis thin enough that the time required for diffusion through versus into a cumulative (i.e. integral) desorption rate curve
this film will be negligible compared to the time required for it is necessary to integrateq. (1) as is shown irEq. (2)

the slow intra-particle process. After a certain time, the flow Here, n;(t) is moles ofi desorbed by elapsed tintewhich
of solute solution is stopped and the amount of solute that jncreases with time.

has been sorbed is measured by eluting it out of the particles .

and performing a quantitative determination on the eluate. F
The shallow-bed technique is readily performed in the “in- (1) = o f A(r)dr ()
finite bath” kinetic modg20,39] by pumping fresh, rather 0

than recycled36], solute solution through the bed.

Rate curves have been obtained from shallow-bed 2.2. Observed rate curves
measurements for the sorption of naphthalene (NA) by
the macroporous poly(styrene—divinylbenzene) (PS-DVB) In Fig. 1A, an idealized version of the instantaneous rate
high-performance liquid chromatography (HPLC) sorbent curve is shown, which can be expected when a shallow-bed,
Hamilton PRP-133,34] It has been found that these curves previously equilibrated with solute is placed in a flowing
accurately predict the contribution of intra-particle kinetics stream of eluent. At time zero, solute leaving the bed travels
to bandbroadening in the elution chromatography of naph- to the detector. Because the flow velocity is necessarily high
thalene on PRP-1. Rate curves have also been obtained fomn order to achieve shallow-bed conditions, the portion of
the sorption of naphthalene by the nominally non-porous solute which is washed from the extra particle spaces would
PS-DVB sorbent Hamilton PR&:. It was shown that the  appear as a very narrow absorbance spike which is labeled
rate of sorption is controlled by diffusion through the poly- as | inFig. 1A. On the other hand, the portion of solute,
mer matrix[34,35] A disadvantage of operating in the sorp- which is desorbed from within the particles would appear
tion mode is the labor-intensive and time-consuming nature as a decaying absorbance signal. This is shown as the line
of the experiments. Each experiment yields the amount of bounding the shaded part &fg. 1A and is labeled as II.
solute sorbed at only a single loading tifge22,33-35] The Only curve Il is related to desorption rate as described by
experiment is repeated for different loading times in order to Eq. (1) The more strongly sorbed the solute (larger value of
obtain the entire sorption rate curve. distribution coefficienk;) the smaller is the ratio of moles in

The shallow-bed technique can also be used to measurdahe spike to moles desorbed.
intra-particle desorption rates. The particle-packed bedisfirst  Fig. 1A is idealized. In reality, the flow of solute be-
pre-equilibrated with a solution of the solute and then solute- tween bed and detector requires time and, more importantly,
free solvent is caused to flow through the bed to desorb thethe instrument components through which this flow occurs
solute. By placing a detector downstream of the bed the entire(e.g. bed outlet frit, connecting tubing, detector cell, detector
plot of desorbed solute concentration versus time is obtainedtime constant) produce instrument bandbroadening (i.e. so-
in one experimeni21,22,28] The detector signal decays to- lute zone dispersiof0,41] The result of thisis the solid line
ward zero with time. Reported in the present paper are mea-bounding the whole area Fig. 1B. The part of this plot that
surements of the intra-particle desorption rate of naphthaleneis associated with the desorbed portion of solute is shaded,
from spherical particles of the non-porous PS—DVB sorbent just asitisinFig. 1A, and itis labeled IV. The part associated
Hamilton PRPeo, performed under shallow-bed, infinite- with the broadened spike is not shaded and is labeled III.
bath conditions. Emphasis is placed on experimental sources In order to obtain curve Il from the whole of curve (Il
of systematic error and the means by which they can be min-+ 1V) in Fig. 1B, the following strategy is employed. The
imized. desorption experiment described above is performed also on
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4 Inthis equatiofVp is the hold-up volume of solution between
(A) the particles in the bed (it has the same value for both solute
i and IRF-Marker)g; andegrr are the molar absorptivities;
3 and i]mp and [IRF}yp are the concentrations of solutand
of IRF-Marker in the mobile phases that were used to pre-
i% 2 -1 equilibrate the bed and which are therefore present in the

hold-up volume at the beginning of the desorption step.

The re-scaled values of the IRF peak are first subtracted
from the A(t) values of solute in Fig. 1B at corresponding
times. The remaining difference is curve IV. The second use
of the IRF peak is to deconvolve curve IV as described in a
later section. Deconvolution yields curve Il, to whigly. (1)
applies. Finally, integration of curve Il according Eg. (2)
gives the experimental cumulative rate curve for soltet
(B) shown inFig. 1). The resulting curve can then be compared

to theoretical kinetic models in order to identify the intra-

100

§ particle process responsible for the control of desorption rate.
2.3. Theoretical kinetic models
2.3.1. Linear driving force model

_— Eqg. (4)is frequently employed to represent the integral
100 first-order rate equation for sorption and desorption in theo-
ries of chromatographic bandbroadenjag0,42,43]
3 © ni(t) = nio(l—e™*) (4)
Z N Itis a first-order rate equation, which contains a single expo-

nential term. For intra-particle diffusion rate contkx. (4)
can be considered as only a crude approximatidagpf(5)

14 which contains a sum of many exponential ter&g. (4)can
-V be expected to apply when intra-particle rate is controlled by
N a slow first-order chemical kinetic process such as the site
N 50 100 binding stef1]. It is also expected in the case of rate control
time by extra-particle film diffusiori20].

Fig. 1. Simulations qf curves assopiated with continuously monitqred in- 232 Spherical diffusion model
stantaneous desorption rate of solufeom a shallow-bed. (A) Idealized . . . . .
rate curve including the spike bfrom extraparticle spaces (I) and the curve Eq. (5)is the theoretical integral rate equation, which de-
for desorbed (11). (B) Observed rate curve showing displacement and band- scribes intra-particle diffusion into and out of a spherical par-
broadening of the spike (IIl) and of the desorbed soil(t¥). (C) Observed ticle [39]. In this equatiom;(t) is both the number of moles
peak for the IRF-Marker (V). of solute that has diffused into the particle by titnguring

a sorption experiment, and the number of moles of solute
a solute which does not enter the particles in the bed and isthat has diffused out of the previously equilibrated particle
not sorbed by them. Such a solute can be called the “impulseby timet during a desorption experiment.
response function marker” (IRF-Marker). Shown as the curve

labeled VinFig. 1C is a simulated plot of(t) versud such as 6 A1l 2

. . (1) — 1 1 JeBt 5
might be observed for an IRF-Marker. The center of gravity ni(t) =nio |1~ 72 Z j_ze (5)
of this somewhat asymmetric peak is displaced from zero =1

along the time axis by the transit time between the bed and . .
: The parameten; g is the total number of moles of solute in
the detector. It has a non-zero width as a result of the same ’

. . ; Hwe particle at sorption equilibrium which can be expressed
instrument bandbroadening processes that are experienced | e distribution coefficient for the solute(L/g)
by solutei. The IRF peak is used in two ways after Af) 9.

values are rescaled via multiplication By. (3) Errforlr/]f)ss of the packing in the shallow-beds (g) and [Jwp
Vhulilmpei

Scaling factor= —————— 3 0= kili 6
g VrIRFIvperr (3) ni,0 = kililmpmss (6)
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Fig. 2. Predicted effects of varying experimental parameters on instantaneous desorption rate curves calcutaie(Byvithe parameters with their default
values are as follows: (A); (0.1L/g), (B)F (0.0833 mL/s through a 0.3 cm diameter bed), Bg)Y6.0 x 10~ cn?/s) and (D)r (1.0 x 10~3cm). In each
panel the solid line is calculated using all default values. Values of non-varied parameters 485 mg); jlvp (1.6 x 1074 M); ¢ (5000 M~1cm~1) and
detector cell pathlength,(1.00 cm). Points from the first 15 s of each curve are omitted because only 20 terms werekge@)n

Itis implicitin Eq. (6)thatk; is constant, which requires that  course is physically impossible since film diffusion is never
solutei must be present at concentrations in the linear region negligible at very short timeg0], so it would become the

of its sorption isotherm. The paramefg(s™) in Eq. (5)is rate-determining process.

related to the diffusion coefficie®; (cn?s 1) and to the Examples of the predicted effects of various experimental

radius of the spherical particte(cm) as follows: parameters on the instantaneous rate curve are shdvig &
72D; in which the plots all start at 15 s, as justified by the use of 20

B= 2 () terms inEq. (8) In Fig. 2A, it is seen that the value &(t)

. . e _ at any given time is directly proportional to the valuexpf
If in fact spherical diffusion is the process, which controls o cameis true (1) with respect to the parameteihfp
the observed, desorption rate then the experimental plot ofmSB ¢; andl, all of which appear in the numerator & (8)’
1 ©1 1 .

ni(t) versust from Eq. (2) can be fitted withEq. (S)using ;' Fig 28 it is seen that a slower flow rate gives a larger
non-linear regression. The two fitting parameters faend signal. Although, the area under the curve changes inversely
n;.,0- with the flow rate, this change does not reflect the amount of

In order to predict the effects of various experimental pa- gqte in the packing since it is compensated by the presence
rameters on the observed plotAlt) versugs when spherical of Fin Eq. (2)

diffusion prevails Egs. (1), (5) and (6¢an be combined to The effects of solute diffusion coefficierif. 2C) and
give: of particle radiusFig. 2D) are mediated via the paramefer
AQ) = 6pki[ilmpmsseil i o 2Pt ®8) in Eq. (8) A larger value oD; produces both a higher con-
Fr2 _ centration of desorbed solute and a sharper drop off(Df
=1 with time. At later desorption times the curves for solutes
Eqg. (8) like Eg. (5) contains the sum of an infinite series with higher values oD; cross over those with lower values
of exponential terms. The accuracy with whigly. (8)rep- since the faster desorption processes decay to zero earlier

resentsA(t) at shorter and shorter times improves with the than the slower ones. This is portrayed in the ins&ign 2C.
number of terms employed. In the present work, the use of A smaller radius of the packing particles,increases by
the first 20 terms assures that the valueA(®f at and above  an inverse square relationsHin. (7) The resulting effect,
15 s time have negligible error. Here, it should be noted that shown inFig. 2D, is more pronounced than that Df be-
if an infinite number of terms could be usdgtj. (8)would cause is squared. The area under th@) versust curve is
give a numerical value of infinity foi(t) at time zero. Thisof ~ independent of bot®; andr.
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Table 1

Parameters from non-linear regression fitkxj. (5) for spherical diffu-
sion to the cumulative desorption rate curves of NMAq(and g are fitting
parameters)

Result/parameter Rurf1 Run 2 Run 3 Run 4
msg (x10° g) 2.53 2.53 2.48 2.48
[iImp (x10* mol/L) 1.83 1.83 1.36 1.36

F (x10°L/s) 8.58 8.47 7.88 7.88
n;.o (x10° mol) 3.63 4.11 4.05 3.35
B(x10*s™1) 5.7 4.6 4.6 52

D; (x 10" cé/sy 5.7 4.6 4.6 5.2

R? 0.9985 0.9925 0.9982 0.9955

@ Cumulative rate curve for Run 1 is shownFHig. 5.
b The diffusion coefficient for NA is obtained fro via Eq. (7)using
1.0 x 103 cm for particle radius.

3. Experimental
3.1. Reagents, solvents and resin

NA (Coleman and Bell, Norwood, OH) was re-
crystallized from methanol. Phloroglucinol (PG) (1,3,5-
trihydroxybenzene, Fisher) was recrystallized from water.
Methanol (MeOH) (certified ACS grade, Fisher) was dis-
tilled before use. Water was distilled and deionized with a
NANO-pure System (Barnstead, Boston, MA). The eluting
solvent, 7/3MeOH/HO, was prepared by combining sol-
vent volumes in this ratio. NA and PG solutions were also
prepared in 7/3 MeOH/ED with the individual concentra-
tions of NA as given inTable 1 The PG concentration was
11.0mM. The sorbent PR&> is a nominally non-porous
poly(styrene—divinylbenzene) copolymer of particle diame-
ter 194 1 um [34,35,57](batch EE2, Hamilton, Reno, NV,
USA).

3.2. Apparatus and procedure

3.2.1. Desorption kinetics
Plots of A(t) versust were measured using the apparatus
showninFig. 3. Pump P1, which delivers the NA solution, and

177

k2

2 )
|7/,

to detector

Fig. 3. Top: Schematic diagram of the continuous monitoring shallow-
bed desorption apparatus. P1, P2 and P3 are pumps, F is an in-line filter
(0.45um), V1, V2 and V3 are valves, 34 is the slider valve containing the
shallow-bed, D is the detector, C is the computer. Bottom: Schematic dia-
gram of the slider valve ¥g. (1) Teflon face plate, (2) Kel-F insert in S.S.
slider, (3) bed of PR, (4) porous Teflon disk, (5) S.S. screen, (6) tension
adjustment screw, (7) 3mm i.d. S.S. tubing and (8) 0.75 mm i.d. (left) and
0.55mm i.d. (right) S.S. tubing. See text for details.

tion passes through the bed for at least 2 h at a flow rate of
about 1 mL/min in order unambiguously to establish sorption
equilibrium. Meanwhile the eluent solution from P2 passes
through the empty hole in the slider valve and flushes out
the HPLC detector (Waters Lambda Max 481, 1cm path-
length, 276 nm wavelength). The detector signal is recorded
using a data acquisition program written in Labview on
a Pentium 166 MHz PC equipped with a PCI-MIO-16XE-
50input/output board (National Instruments, Austin, TX).
The signal gainwas 10 in order to decrease the bit noise intro-
duced by the I/O board. After the bed is equilibrated with NA

pump P2, which delivers the eluent, are pulseless constant-a sequence of three steps requiring 15 s is performed in order

pressure pumps operated at 50 psi (3.4 p&t). Pump P3,
which delivers the PG solution, is an HPLC pump (Waters
591, Milford, MA). All pumped solutions were thermostated
at 25+ 0.5°C. The slider valve, ¥g, contains the shallow-
bed of PRP=c (between 2 and 3 mg accurately weighed). It
is a modified version of a valve that was previously used in
sorption rate studig83—35] In the present modification, the
left outlet flow channel has been tapered at an angle of 30
from 3.0mm i.d. to 0.75mm i.d. starting at a distance 1cm

to initiate desorption of NA: (i) flows of both NA and eluent
are stopped by closing V2 and V3 which are both Cheminert
on/off valves (Valco, Houston, Texas, Part #4142410); (ii) the
slider in Vsg is switched left and (iii) eluent flow from P2

is restarted by opening V3. During desorption the flow rate
was measured as the time necessary to fill a specified volume
of a burette situated downstream of V3. The major resistance
to flow during the desorption step is the detector cell with its
connecting tubing. The shallow-bed accounts for about 20%

below the bed. This was done in order to reduce the volume of the total resistance.
between the shallow-bed and the detector while at the same The PG experiments were performed immediately after

time maintaining parallel flow streamlines of eluent through
the bed during desorption.gg enables switching of the bed
between the loading and the desorption positions.

The NA desorption experiment starts with the slider in
the loading position as shown Fig. 3 in which NA solu-

the naphthalene experiments using the same sequence of steps
with two minor differences. First, the equilibrium (loading)
time was only a few minutes since this step had only to ensure
that Vsg and the tubing were fully flushed. Second, since a
constant displacement HPLC pump was used to deliver PG,
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Fig. 4. Instantaneous desorption rate curves for NA (Run 1) and PG. Acquisition frequency was 10 Hz. There are 64,000 data points over the 6400 s. The firs
100 s are shown in the large panels, with the remaining 100-6400's given in the inserts. (A) Observed NA curve, (B) IRF peak for PGEsgg[&H ()
difference between curves in (A) and (B), and (D) result of deconvolution of curve in (C) with normalized version of curve in (B).

the flow from P3 was stopped and started simply by turning observed and the corrected instantaneous rate curves, and the
that pump off and on. cumulative rate curve. The cumulative rate curve is quantita-
The molar absorptivity &) of NA (5.00 x tively interpreted in terms of theory.
10°Lmol~lcm™1) in 70/30 MeOH/HO was obtained
by measuring absorbances of several solutions having4.l. IRF-Marker
concentrations between & 107 and 1 x 10~°mol/L
while flowing through the HPLC detector at a flow rate Solutes such as NA, which possess a similar solubility
of 5.0mL/min. The molar absorptivity of PG at 276 nm parameter to that of the PS—-DVB polymer are adsorbed onto
(262 L mol-t cm™1) was obtained in a separate experiment. the polymer surface and also diffuse into the polymer matrix
[34,35,48,49] In contrast, polar-hydrophilic solutes such as
3.2.2. Deconvolution and filtering PG neither adsorb onto nor diffuse into a PS—DVB polymer
TheA(t) versust data for both NA and PG were saved as matrix [35]. Furthermore, since PR®> particles are free of
Microsoft Excef spreadsheet files. Prior to deconvolution meso- and macro-pores, PG cannot enter the particle via that
the PG curve irFig. 4B was normalized to make the area un- route. Hence, PG meets the IRF-Marker criterion of non-
der it equal to 1 (curve not shown). Deconvolution and digital entry into the particles. A secondary criterion is that the IRF-
filtering in the Fourier domain were performed by the follow- Marker should have a free-solution diffusion coefficient that
ing stepg45—47} complex division of the Fourier transform  is similar to that of soluté because free-solution diffusion
of curve inFig. 4C by the Fourier transform of the normal- may be involved in some of the processes that contribute
ized PG curve; multiplication of the quotient of this complex to instrument bandbroadeniffl,50-52] PG is satisfactory
division by the filter function{0,1}, {0,1}, {0.3,1}, {0.4,0}) also in this regard. The diffusion coefficients for NA and
[46] in order to remove high frequency noise (>0.4 Hz); and PG at 298K in 7/3 MeOH/bO are 6.0x 10°% and 6.9x
inverse Fourier transformation to produce the deconvolved 108 cnm?/s, respectively, with an estimated uncertainty of 0.7
data in the time domain. x 1078 cn?/s for each based on calculations employing the
Wilke—Chang equatiofb3].

4. Results and discussion 4.2. Instantaneous rate curve for NA

The following topics are considered: the choice of PG as  Data for the first 100s in a typical experiment on NA
an IRF-Marker, the attainment of shallow-bed conditions, the (Run 1) and on PG are shown Kig. 4. The insets show
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the remainder of the data from 100 to 6406 &). 4A is the IRF-Marker effectively eliminates the effect of the holdup
observed curve oA(t) versust for the desorption of NA. volume on the NA curve.
Fig. 4B is the IRF peak for PG scaled tqg. (3) Fig. 4C To measure only intra-particle desorption kinetics, the
results from subtractingig. 4B from Fig. 4A. Fig. 4D shows relative rate of diffusion through the Nernst diffusion film
the result of deconvolution and frequency filtering. In or- surrounding the particle must be much faster than the intra-
der to clarify their significance, the curves in panels A, B, particle rate. Steady-state diffusion is established across the
C, and D ofFig. 4 may be compared, respectively, to the Nernst film after about 0.01s in the present system. When
corresponding simulated curves (lll + 1V), V, IV and Il in  intra-particle desorption rate is controlled by diffusion, as is
Fig. 1 true in this system (see below), the criterion for attainment
The “ringing” noise, which is evident in the first 100s of of exclusively intra-particle rate control j20]:
the corrected instantaneous desorption rate curvigiD is [i]spDis
a common side effect of frequency filterifig]. Comparison =
among the curves presented in panels A, C and D reveals[’]MPDW
that at times longer than about 50 s they are identical to oneHere,r is the particle radiusj the film thickness£1.6pum
another (i.e. absorbances at corresponding times agree withinn this case, ref[20]), [i]sp the equilibrium concentration
1% relative). This is true for all of the NA runs listed in  of solute in the particle in units of mol per litre of particle,
Table 1 Its significance is that after about 50 s the distorting and f]mp is the concentration in units of mol per litre of
effects of extra particle NA and of bandbroadening become the surrounding solvent. For NBy, the free-solution dif-

« 0.13 (for particle diffusion control) (9)

negligible. fusion coefficient, is 6.0x 10-6cmé/s (see above) and;
is 5.0x 10~ cn?/s (see below), the density of PS-DVB is
4.3. Shallow-bed and linear isotherm about 1 g/mL55], and the ratioi] sp/[i]mp is about 100. The

left-hand side oEq. (9)is about 1.3x 10~ which is three
Ideally, the achievement of shallow-bed kinetic conditions orders of magnitude smaller than 0.13. This shows that the
for a desorption process requires that the eluent leaving thedesorption rate will be controlled by intra-particle processes
bed should contain zero concentration of solutef course at times longer than about 0.01 s.
this condition cannot be met because the desorbed solute The sorption isotherm of NA from 7/3 MeOH#® onto
molecules produce a non-zero solute concentration in thePRPec is linear with a distribution coefficient of 0.106 L/g
flowing eluent and furthermore the technique depends onup to a solution concentration of abouk210~4 mol/L [35].
this concentration becoming high enough to be experimen- Since the loading step of PRR-was done with solutions
tally measurable. In practice, shallow-bed conditions can be containing less than this concentration, all experiments were
closely approximated by ensuring that the maximum solute performed in the linear region of the NA isotherm.
concentration in the flowing eluent never exceeds a very small
fraction of the concentration that was used initially to pro- 4.4. Cumulative rate curve for NA
duce sorption equilibrium (i.ei]jp in Eq. (3)). Inthe present
case, {Jmp for the naphthalene loading solution was k7 The instantaneous rate curves (€ig. 4D) were digitally
10~4 M, while the highest absorbance, observed in curve D integrated between 0 and 6400s for all four experimental
of Fig. 4 (i.e. about 0.03 AU), corresponds to a maximum runs using Excel software. The average absorbance between
concentration of only 6< 107 M NA in the eluent. After 6000 and 6400 s was taken as baseline and the results of the
3—-4sA(t) has become smaller than 0.01 AU which corre- integrations were multiplied b¥/s;l in order to obtain the
sponds to a concentration of less thar 20~ M NA. This cumulative rate curves for desorption of NA. The curve for
is two orders of magnitude smaller than its concentration in Run 1 is shown irFig. 5 as a solid line which is actually
the loading solution. Therefore, the requirement of zero so- composed of 6400 data points, corresponding to every tenth
lute concentration is effectively achieved after the first few one of the 64,000 acquired data points. Prism Software Ver-
seconds in the present experiments. sion 4.00 (GraphPad Software, San Diego, CA) was used to
The attainment of this condition may also be tested in fit Egs. (4) and (5)o all of the points starting at 15 s in these
another wayEgs. (5) and (8yepresent a particular case of cumulative rate curves using non-linear regression. The re-
a more general zero-length column equation, Eq. (17) in ref. gression fit-line oEq. (4)to the data for Run 1 is shown with
[37], which has been developed for desorption over a broada thin dashed line ifrig. 5. Its correlation coefficientR?)
range of flow-rates. When the paramettein that equation value is only 0.9601, which indicates a relatively poor fit to
has a very large value it means that the flow of the mobile the data points. Fits diq. (4)to the data for the other three
phase effectively takes away the desorbing solute as soorruns yield comparable results (not shown).
as it exits the particle. The average magnitudé. ébr the The non-linear regression fit-line &f. (5)to the data for
present experimental conditions, calculated from Eq. (17) in Run 1 is shown with a thick dashed line ffg. 5. Fitting
ref.[37]is 2.1x 10° which is very large. This is anotherway —parameters, o and S and other parameters for all four runs
of proving that correcting the observed differential desorption are summarized iffiable 1 Correlation coefficientsRe) are
rate curve of NA by subtraction and deconvolution with the all high suggesting th&q. (5)describes the data well. The
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4.0x10°8 is described by an equation containing two diffusion coeffi-
cients[34]. Plotting only the long time data would yield only
the value of the smaller diffusion coefficient.

The same theoretical spherical diffusion equation de-
scribes both the sorptidi34,35]and desorption rate curves
and in both cases yields the same value for the diffusion co-
efficient of NA. This result is consistent with the expecta-
tion that pure intra-particle diffusion control, free of any sig-
| nificant contribution from film-diffusion control, is the rate-

i 0 2000 2300 3000 3500 determining process for both sorption and desorption of NA
0 1000 2000 3000 4000 5000 6000 7000 in PRPeo in these shallow-bed experiments. The mechanism
time by which NA diffuses through the PR&> polymer matrix
can be treated either as “pore diffusion” through the liquid
Fig. 5. Cumulative desorption rate curve for NA (Run 1). The apparently which fills the micropores, in which caga would be an

solid line is 6400 of the 64,000 experimental points from integration of the fective” diffusi ffici 34 diffusi
pointsin curve D irFig. 4usingEq. (2) The thin dashed line is the regression eliecuve” dimiusion coe ICIent[ ]' or as diffusive move-

fit-line for the linear driving force modelq. (4) The thick dashed lineisthe ~Ment among the entangled and crosslinked polymer chains,
regression fit-line for the spherical diffusion mod. (5) Inset: a semi-log the structure of which ranges from rigid microporous to soft
plot of only the long-time data from the instantateous desorption rate curve ge| [35]. Previous solvent-sorption and polymer swelling
for Run 1 after smoothing and baseline-subtraction. The linear regression studies would seem to favor the Iatt@S].

fit-line is not shown.

3.0x10°8 H

n(t)

2.0x108 4

1.0x10% ¢,

4.5. Minimizing experimental artifacts
intra-particle diffusion coefficierina is obtained frong via

Eq. (7) The average value &fya, with standard deviation, is Continuous monitoring of the entire time course of des-
(5.0+ 0.6) x 10 1 cm?/s (n = 4). Comparison of this value  orption of solute from a shallow-bed in a single experiment
via thet-test with the value (7.3 0.8) x 10 1cnmé/s (n = is convenient. The present work identifies the several artifac-

3), which previously was obtained from shallow-bed sorp- tual sources of systematic error that cause inaccuracies in this
tion rate experimentf33], shows that these two measured technique and it demonstrates the ways, including deconvo-
values ofDna are in agreement with one another at the 99% lution, in which corrections can be made for them. If these
confidence level. systematic errors cause relatively small distortions of the rate
There is an alternative way to obtddawhich involves us- curves as is true in the present case, correction for them in
ing the data from the differential (instantaneous) rate curves this way yields an accurate corrected rate curve. However, if
such as the one shown in the insefiig. 4D. A plot of the the systematic errors are relatively much larger it becomes
natural logarithms of\(t) versus time for only the dataatvery necessary also to reduce their absolute magnitude by modi-
long times is expected to be linear becalse (8) reduces fication of the experimental details. For example, this would
to a single exponential term as the higher order terms be-be necessary in the measurement of desorption rates from
come negligiblg20,37,38] The data frontig. 4D between HPLC packing materials such as [Lth diameter particles of
1500 and 3500 s, after smoothing by the running average ofan alkylsilyl bonded phadé6,17]for which desorption rates
100 points and subtracting the baseline absorbance, is prewould be much faster (i.e. half-time < 0.5 s) because particle
sented as the semilog plot in the insetFafl. 5 The slope radius is smallerr(in Fig. 2D) and because intra-particle dif-
of the linear regression line of this plot gives the value of fusion coefficients are largedf in Fig. 2C). Faster desorption
B in Eq. (7) from which D; can be extracted as described rates give higher concentrations of solute in the early stages
above. The average value Bf from the four runs is (5.8  of the experiment, which would necessitate the use of higher
+ 0.6) x 10~ cm?/s and theR? values for the four runs  flow rates F in Fig. 2B) to attain shallow-bed conditions (i.e.
range from 0.9930 to 0.9962 (inclusion of data much beyond very low concentration dfin the effluent). A higher flow rate
3500 s would have decreasBd for the linear fit due to the  and a smaller both require a higher pump pressure, the latter
lower signal-to-noise ratio and was therefore not included in because the permeability of the bed is inversely proportional
the semi-log plot). Thetest shows that this average value of to r2 [55].
D; agrees with both (5.8 0.6) x 10~ and (7.1 0.8) x Also, for such a packing material the true instantaneous
10~ cné/s at the 95% confidence level. It is important to  desorption rate curve would be much narrower than the
note, however, that there is an advantage to fitting data fromone that is now seen iRig. 4D and the observed desorp-
the entire cumulative rate curve wittg. (5)as opposed to  tion rate curve would be only slightly broader than the IRF
fitting only the long-time data with the semi-log plot. Agood peak. This would make it virtually impossible accurately
fit of the entire rate-curve shows that spherical intraparticle to extract the true rate curve from the observed rate curve
diffusion (defined byEgs. (5) and (§)is the rate-controlling  solely by deconvolution because of the uncertainty intro-
process, while a good fit to only the data at long times does duced by the unavoidable presence of noise in the[B4ialt
not. For example, spherical diffusion in a biporous particle would be necessary to reduce instrument bandbroadening by
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reducing the volume of the instrument components that are

located between the bed and the outlet end of the detector.

For porous particles it would be also necessary, in principle,
to distinguish the amount of solute in the pores from that be-
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[20] F. Helfferich, lon Exchange, McGraw-Hill, New York, 1962 (Chap-

ters 6 and 9).

[21] A.K. Hunter, G. Carta, J. Chromatogr. A 930 (2001) 79.

[22] R.K. Lewus, F.H. Altan, G. Carta, Ind. Eng. Chem. Res. 37 (1998)
1079.

tween the particles because the former amount should not bg3) 1. sekine, K. Nakatani, Langmuir 18 (2002) 694.
subtracted from the observed rate curve. These experimentaj24] K. Nakatani, T. Sekine, Langmuir 16 (2000) 9256.

modifications are all feasible. Their implementation will be
the subject of a subsequent report from this labordtsyin
which are reported desorption rate curves of solute, both from
porous 1Q:m diameter PS-DVB particles and from porous
12 um diameter, silica-based, octadecylsilyli L bonded-
phase particles.
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