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Abstract

lodoxybenzoic acid has been covalently attached to polystyrene-co-divinylbenzene beads at different capacities and the hydroquinone
oxidation kinetics have been studied in a stirred batch reactor. An initial rate analysis yielded a first order dependence on the concentration
of the substrate hydroquinone and the supported IBX reagent implying chemical reaction is rate limiting. An observed second order rate
constant of 1.340.3) M~* s~ was obtained for the initial rate of oxidation using the supported reagent. The activation energy was halved at
later stages of reaction (greater than 50% conversion of the reagent), suggesting that intraparticle diffusion then become rate limiting as the
conversion of the reagentin the bead proceeded. Unreacted shrinking core and pseudo-homogeneous diffusion-reaction models have been use
to analyse the experimental data to yield values for the effective diffusivity of hydroquinone in the polymer matrix of (:xQHLE)m?/s.
The performance of the supported reagent in a packed bed has also been studied by continuous flow of a solution of hydroguinone. The
product quinone concentration profile at the reactor exit showed limited dependence on the flow-rates studied. Pronounced tailing of the
product concentration was obtained for more highly loaded beads, which was attributed to hindered diffusion limiting access to the residual
reactive sites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction recycling, thus fulfilling the requirements of environmen-
tally friendly chemistry. The power and elegance of this
Requirements in the pharmaceutical industry for paral- approach has been demonstrated by Ley and co-workers
lel synthesis of libraries of organic compounds has led to who recently reported the first fully automated multi-step
the development of simple, high yielding chemical transfor- synthesis of an array of histone deacetylase (HDAc) in-
mations using polymer-supported reagents, scavengers, catahibitors. These were prepared by an unattended reaction se-
lysts and ‘catch and release’ reagents that are amenable to auguence incorporating in line ‘catch and release’ purification
tomation. After reactions using insoluble polymer-supported [1].
species a simple filtration process allows the product in  The technology presents an exciting potential for manu-
solution to be recovered with high yield and purity. Re- facturing since the immobilisation and recycling of reagents
covery of the spent reagent retained on the support allowswithin a packed or fluidised bed reactor circumvents energy-
demanding molecular separation processes and facilitates
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geneous reactions in many cagbs. Increasing the level

Nomenclature of cross-linking enhances the mechanical stability of the
polystyrene beads and reduces their swelling ability, lead-
Cao initial concentration of solute in bulk solution ing to a lower solvent volume in the swollen beads. Per-
(M) (kmolm—3) manent pores can also be introduced by use of a poro-
Cae  concentration of solute in bulk solution (M gen during the synthesis of the beads, yielding a macro-
(kmol m—3) porous structurg4]. Faster rates of conversion of benzyl
Cas concentration of solute at the bead surface (M)  alcohol to benzaldehyde have been observed for IBX sup-
(kmol m—3) ported on macroporous ‘ArgoPore’ resin as compared with
Cr concentration of supported reagent (M) a gel-type ‘Janda’ suppof6]. However, the capacities of
(kmolm~3) macroporous beads are generally lower than for gel-type.
Cro initial concentration of immobilised reagent i The mechanical stability of the two resin-types in stirred
pellet (M) (kmol n1-3) vessels also differs. In our experience, gel-type resins are
Dg bulk diffusion coefficient of solute in solution generally amenable to use in mechanically stirred reac-
(m?s™1) tions that utilise an overhead stirrer and are even relatively
De effective diffusivity of solute in pellet (s 1) stable to short periods of stirring using magnetic stirrers.
IBX iodoxybenzoic acid The more highly cross-linked macroporous resins appear
ki liquid side film mass transfer coefficien to be less stable when stirred, possibly due to their lower
(ms™1) elasticity.
ks pseudo-first order surface reaction rate cop- The rate of reactions on the supports can be signifi-
stant (ms?) cantly affected by the ability of reacting species to dif-
ky pseudo-first order reaction rate constant baged  fuse through the matrix. In a study of ion exchange pro-
on volume (s1) cesses Helfferich proposed that a model incorporating in-
M mass of polymer-supported reagent (kg) trinsic chemical reaction, intraparticle diffusion and inter-
R radius of polymer support (m) particle film mass transfer was suitable for analysing mass
r radial coordinate in the bead (m) transfer and reaction in beadg]. Liberti and Helfferich
t time (s) [8] elaborates on the operating conditions that would enable
USC  unreacted shrinking core one of the mass transfer mechanisms to be rate controlling.
Vi volume of reactor (%) In a batch reactor, at high solute concentrations and high
X conversion of reagent in pellet (-) agitation speeds the intraparticle diffusion in beads could
be the rate-limiting step. Conversely, at low solute concen-
Greek symbols trations and low agitation speeds the external mass trans-
0C density of the polymer support (kgTh) fer may be rate limiting. Few studies have focussed on the
T dimensionless variable defined in §§) scale-up of polymer-supported reactions in reactors based
1) Thiele modulus defined in E¢8) on kinetic measurements. In one study the oxidising reagent
Chloramine T supported on Amberlyst 15 resin was used to
oxidise $~ in a packed bed9] and the variation of flow-

rate on the breakthrough of reactant was studied. The break-

reduced, so opening the possibility of responsive, local pro- through effect was related to the residence time in the reactor,
duction. In addition the technology overcomes the environ- where too high a flow-rate yielded premature breakthrough
mental problems and costs associated with the disposal ofof S?~.
spent reagents.

lodoxybenzoic acid (IBX) is a versatile oxidaf#t] for

Furthermore large-scale organic synthesis in packed beds,
while promising in practice, has not been pursued aggres-

the oxidation of a diverse collection of primary and sec- sively. Overcoming technical difficulties, such as excessive
ondary alcohols. It promotes many other organic transfor- backpressure at high solution flow-rates and swelling of
mations including iodinations and epoxidations. We have lightly cross-linked beads during chemical reaction, are some
recently reported the synthesis of polymer-supported IBX of the challenges that need to be overcome. A change in bead
by a novel method3]. The choice of our polymer sup- swelling brought about by a change in polarity could lead to
port material was influenced by a trade-off between capac- blockage of packed beds. To counter this monolithic reactors
ity, rate of reaction and mechanical stability in stirred re- have been developed with polymer beads polymerised within
actors and flow through at high pressures in packed bedsthe channels of a porous glass monolith, and the resulting
[4]. composite used in supporting the readéni. In thiswork we

Lightly cross-linked polystyrene gels (1-2% DVB) are report on the kinetic characterisation of a polymer-supported
widely used in polymer assisted solution phase synthesis.IBX reagent and evaluate the performance of a continu-
These gels swell to many times their original volume in or- ous packed bed reactor containing this polymer-immobilised
ganic solvents and reaction yields are comparable to homo-reagent.
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2. Experimental ter jacket. Ports for sample addition, condenser, stirrer shaft,
sample tube, thermocouple and gas inlet for bubbling nitro-
All materials other than functionalised 8% DVB beads gen were on a glass lid sealed to the reactor by an O-ring. An
were obtained from Sigma—Aldrich and used without further overhead stirrer (50-1500 rpm) with a stainless steel shaft
purification. The beads were obtained by suspension poly-and a six-blade rushton turbine (3 cm in diameter for a vessel
merisation4]. The protocol for the synthesis of the support diameter of 8 cm) was used in all experiments. The sampling
and the subsequent synthesis of the polymer-supported IBXtube was made of PTFE with a 0.5 PTFE filter con-
have been reported previou$B]. nected at one end and placed near the base of the vessel and
The pore surface area was obtained from the analysis ofthe other end connected to solvent resistant silicone tubing
N> sorption isotherms (Micromeritics ASAP2010). All resin  running through a peristaltic pump and a flowcell in the spec-
batches were pre-swollen in DMF for 2 h before use to en- trophotometer and returned to the vessel to ensure a constant
sure swelling equilibrium was reached. The spherical beadsreactor volume throughout the reaction. Experiments were
(10 mg) were spread over a glass microscope slide and sol-conducted with temperature control between 22 ané(b0
vated by adding 1 ml of solvent. The diameter change in a (£0.6°C). A valve was placed between the flowcell and the
bead was followed with an optical microscope coupled with return to the reactor to enable removal of samples to be peri-
imaging software. The swelling equilibrium was assumed odically analysed offline.
when there was no further change in particle size. This oc- A weighed amount of the free flowing resin was added
curred in 45 min for IBX loaded beads. to the reaction vessel. DMF (80 ml) was then added and the
The solvent uptake was measured by the centrifugationresin was allowed to swell at the required temperature for
method[11]. The dry density of the resin was estimated by 2h. Reactant was added to the vessel in 20 ml of DMF and
water displacement. A balance was used to measure the masstirring commenced to initiate the reaction. The entire length
of water that was added to make up a total volume of ini- of sample tubing initially contained fresh solvent to expel air
tially dry resin and water of 18 0.005ml as measured by bubbles that affected the spectrophotometer reading.
a micro-volume pipette. The mass of the dry sample was
0.540.0002 g and the density of water used was 0.9959 g/ml. 2.3. Packed bed experiments
This measure yielded the volume of solids and the dry density.
The resin was fed as slurry into a 1-crl0-cm glass col-
2.1. Reaction monitoring umn fitted with an adapter for varying the column length.
The column had chromatographic end fittings to ensure plug
Spectrophotometric measurements to obtain the concen<low entry of fluid into the column and end filters to retain the
tration of the product benzoquinone in DMF were taken at 360 resin. The column was thermostated)6°C) by a circulat-
and 490 nnj12]. This enabled the study of arange of concen- ing water jacket. Before entry into the column the inlet tubing
trations of benzoquinone. The sample absorbance was stablevas immersed in a water bath to preheat the feed. A Phar-
for up to 30 min when flushed with nitrogen. The Beer Lam- macia series P-6000 pump was used to feed the liquid into
bertlaw was followed with an extinction coefficientat 360 nm the column. All solvents used in the packed bed experiments
of 166.4 M~ cm~1 and at 490 nm of 14.9 M! cm~1 for the were degassed by connecting to vacuum for 2 h prior to use.
concentration of the quinone product. Continuous monitoring With the support material used a constant backpressure and
of product formation in the concentration range 10> M flow-rate was obtained during the reaction. This implied that
to 2x 103 M for batch and 1x 1074M to 1 x 10~1 M for there was no significant swelling change or irreversible ad-
packed bed experiments was thus achieved by following the sorption. The column outlet was connected to a flowcell in the
change in absorbance at 360 and 490 nm, respectively, with-spectrophotometer. Fractions were collected at programmed
out the need for dilution. time intervals and analysed in a GC column.
Fractions collected at regular time intervals were also anal-
ysed by gas chromatography to obtain the concentration of
hydroquinone and benzoquinone offline. The gas chromatog-3. Theoretical development
raphy retention times for solvent, benzoquinone and hydro-
quinonewere 5.4,11.5and 22.6 min, respectively, andthe dif- To model the oxidation reaction several simplifications
ference between the concentrations obtained by spectrophowere made and the utilities of the widely used pseudo-
tometry and by gas chromatography for different samples homogeneous diffusion reactiofi3] and the unreacted
were not significantly different at a 95% confidence level shrinking core models were considered. These models are

(multiple t-test was performed). preferred for their simplicity and the limited number of pa-
rameters that need to be independently determined. The sim-
2.2. Batch reactor experiments ulation of a batch reactor using the two models was compared
with the experimentally obtained batch conversion data.
The batch kinetics were studied in a cylindrical glass ves-  In the unreacted shrinking core (USC) model, a rapid ir-

sel (0.5L capacity) with four internal baffles and a hot wa- reversible reaction is considered to occur at the boundary be-
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tween an outer shell of spent solid reagent and the unreacted®.2. Pseudo-homogeneous reaction and diffusion model
core. In the case of diffusion across the shell being faster than

the advance of the moving boundary, a pseudo-steady state For the pseudo-homogeneous reaction and diffusion
assumption is used to yield analytical results. The existencemodel, Eq.(2) applies for a stoichiometric second order re-
of moving boundaries in reactions involving ion exchange action between the substrate and the reagent

resins was predicted from purely theoretical considerations 5

[14] and has been verified experimentdls, 16} Further-  p_ <3CA 28CA) = kvCaCro(1 - X) (2)
more, fluorescence microscopic investigation of the kinetics dr? roor

of polymer-supported reactions has revealed the existence ofyherek, is a rate constan€a the concentration of reactant

a shrinking core of unreacted reaggfif] in some cases. A at depthr in the supportCro the initial concentration of

Another possibility is that diffusion and reaction oc- jmmopilised reagent and the fractional conversion at time
cur simultaneously throughout the resin, and the pseudo-; aigo:

homogeneous diffusion—reaction model is better suited to

model this scenario. Using confocal Raman spectroscopyix = kyCa(l— X) (3)
Bradley and coworkergl8] have shown that reaction can

occur throughout the bead from an early stage of the reac- dCas

tion. T = k.(Cag — Cps) atr =R 4)
The unreacted shrinking core model is more applicable

to reaction in microporous solids, with greater restriction to and

solute access. The pseudo-homogeneous model finds applic g = Cag (5)

cation in the modelling of reactions in highly porous solids.

Other models of greater complexity have been used in theX =0 atr =0 (6)

mo?hel:l{ng (t)fl I'Ct‘rl:'d ?\;]_l"f;% reac;uhons_, |nV(t)I\|/|ng dr(;sms. FOr - Ramachandran and Kulkar@il] derived an approximate so-
methylt-butyl ether ( ) synthesis catalysed by Macro- . tion (7) for the conversion of the resin for this set of equa-

iFr)]orodl?;l:(;?oixg:inr%zgfgsS'i’narzggsgﬁg;%“i;‘(ggego;npglst'ions. The difference between the numerical solution and the
pf?ase and pore diffusion in macrogores éituated betwgenapproximate solution is less thar_1 17% fqr a Thiele modu-
these r,nicrospheres is used in the modelling of the kinetically Ius., ¢, of value 19' For the experiments simulated herg the

Thiele modulus did not exceed 10. As such, the approximate

controlle_d react|0|{|19]: . . . solution was used to simulate the reactor behaviour:
Consider the reaction in the resin. Assume it is isother-

mal, conducted in dilute solution, and neglect swelling and 1-X  expt-1) = ﬁ
shrinking during reaction. The following analysis can then be 0.699 2.33 ~ 105
carried out to obtain equations that describe the conversion

) ) 1-X exp1)
in the resin. 1-— 7
x { 0699 233 @
o where
3.1. Unreacted shrinking core )
2 kvCroR (8)
The unreacted shrinking core approximation yields the De
rate of concentration change of substrate A inthe bulk reactor _ _ v C
. 7 . . T = kvCaBt 9)
volume, Cag, Whilst undergoing first order reaction with a
supported reagent: To simulate anisothermal finite volume in a well-stirred batch
reactor containing reactant and fully swollen reagent parti-
dc, 3 1 R R cles, the following design equation applies:
dAB =S Kk_D) +H(1_X)_l/3 g design eq PP
d L e € dX WV pCdCap
1 1 CRo gy = — — 4 (10)
- x2e] @ omd
ks and for initial conditions (5) and (6),
wherek is the film mass transfer coefficient abdthe intra- Cag = Cao — p(;nv CroX (1))
L

particle effective diffusivity of AXthe fractional conversion
of the supported reagent amithe support radiusss is a The ordinary differential equatior{¢) and (11)were solved
pseudo-first order rate constant for the surface reaction andfor conversion of reagent, and concentration of substrate in
contains the dependence of the intrinsic reaction rate on thethe bulk solutionCag using a Runge—Kutta algorithm. While
initial reagent concentration. The derivation (&) is given for the pseudo-homogeneous model, the non-linear equations
elsewherg20]. (7) and (11)were solved using the Newton—Raphson method.
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Table 1 20 A
Properties of the selected functionalised polymer support 18 4
Percentage of divinyl benzene 8 ‘in 16
(cross-linking) g 14 -
Particle diameter (dry.m) 40-150 § 12 4
Swollen particle diameter (average, 904 = 104
pm) %
Pore diameter distribution (dry, nm) 82 11-30 5 81
Relative pore volume occupied (%) 20 80 5‘5‘ 6
Relative surface area (obtained by 79 21 4
NLDFT, %) 2
Wet bead porosity 62 0
Dry reagent density (kg/f) 1300 0 50 100 150 200
lodine loading (mmol IBX/g) a resin bead size in microns
Active oxidant loading (elemental, 0.2,0.4,05
g?:gclsz/% (BET, #g) 51 Fig. 1. Resinbead size distribution obtained by light scattering using Coulter

LS230. Average pore size of 9Qu4n.

Elemental microanalysis of C, H and | revealed a
loading of 3.1 mmoll/g for the iodo-polystyrene, corre-
sponding to 66% of phenyl groups iodinated. Batches of
polymer-supported IBX used in this work had loadings of
0.2-0.5 mmol IBX/g by titration with hydroquinone. The ox-
idation reactions were conducted using DMF as the solvent.

In this study an 8% divinyl benzene cross-linked The low solubility of hydroquinone in DCM excluded the use
polystyrene resin was used as the support for IBX to re- Of this solvent in the oxidation reaction.
duce swelling variation. The resins were easy to handle and
were suitable for packed bed use. The data fronsdéption
isotherms indicated that the dry functionalised polymer is a
gel with a small quantity of accessible micropores. There was 4.2.1. Effect of stirring speed
evidence of a small quantity of mesopores and macropores The critical impeller speed for complete particle sus-

4. Results

4.1. Characterisation of the functionalised polystyrene
support

4.2. Experimental batch studies

in the dry state.
The dry resins had a low internal surface area of S/gm
determined from M sorption isotherms utilising the BJH the-

pension estimated from the Zwittering correlati@d] was
530 rpm for the vessel dimensions and impeller placement.
The effect of stirring speed in a batch reactor was studied to

Ory [22] The cumulative pore volume for resins with a pore elucidate the effect of concentration gradients on the initial
size less than 480 nm was 0.025 ml/g. The BJH model gave'ate of reaction. The variation of initial raf@5] with the
a porosity distribution between 8 and 40 nm, and a mean Stirring Speed is shown |ﬁ|g 2. Initial rates were obtained
pore diameter of 19.1 nm. The porosity distribution was also from the initial slope in the conversion—time curve. The ob-
obtained exploiting the non-local density functional theory served initial rate was independent of stirring speed when the
(NLDFT) model[23]. Utilising this model, the average pore experiment was conducted with a stirring speed greater than
diameter was 1.9 nm in a micropore region contributing to 560 rpm. Below this speed the observed initial rate was sig-
79% of the cumulative pore surface area. This pore size dis-
tribution was well separated from the mesopore to macropore
distribution. The larger pore sizes were distributed between
11 and 30 nm with an average pore diameter of 21.4nm. The + +
relative cumulative volume and the surface area occupied by + +
the separated pore size distributions in the dry state are shown %+
in Table 1

When swollen in DMF, the equilibrium sorption was
0.8+ 0.05 g of solvent per gram of dry resin as measured by
the centrifugation method. The fraction of solvent volume in
the solvent filled polymer gel was calculated as Gt3204.
The mean particle size and standard deviation of resin (in
hexane) was obtained by dynamic light scattering (Coulter
LS230) as 90.4 and 1843n, respectively. The resin had a
normal distribution as shown iRig. 1 The functionalised
resins had a dry density of 1.290.02 g/ml as measured by
water displacement.

oy

observed initial rate constant (M"'s™")

600 800 1000

stirring speed (rpm)

200 400

Fig. 2. Effectof stirring speed on the observed initial rate constant of reaction
in M~1s~1in a baffled 0.5L stirred tank with overhead stirrer attached to
a rushton turbine. The reaction was carried out &t@@nd between 0.25g

of 0.4 mmol IBX/g and 0.01 M HQ.



nificantly affected by concentration gradients in the reactor.

All subsequent reactions were carried out at a stirring speed

of 660 rpm. The Frossling correlatig@6] yielded an exter-
nal mass transfer coefficient of 3:610~* m/s at this stirring
rate.

4.2.2. Effect of concentration

The reaction behaviour at the early stage of conversion
of reagent and reactant was studied by calculating the ini-
tial rates. The temperature was maintained &t@@nd all

rate constants reported apply to this temperature. The rate
dependence on the concentration of hydroquinone was ob-

tained under conditions such that the IBX conversion and the
hydroquinone conversion in the reactor did not exceed 30%.
Initial rates are plotted against initial hydroquinone concen-
tration in Fig. 3. The method of analysis yields a reaction
order of 0.97 £0.15) for hydroquinone in solution during
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3,

*
2

observed initial rate (s’' x1000)

0.5 1 1.5
concentration of PSIBX (mM)

Fig. 4. Initial rate plot for supported IBX concentration; observed initial
rate for concentration change of IBX in solvent volume. The observed initial
rate shown is in MIBXx M~1HQ x s~1 x 1000 and IBX concentration is

in mmol of IBX in reactor volume. The rate plot yields an order of 1.04
(£0.13) from the slope and a rate constant of 1:28.05) M~ s~1 at 40°C

the early stage of conversion of the resin. Furthermore, thefrom the gradient.

initial reaction rate varied linearly with the mass of polymer-
supported IBX reagent used, and more significantly with the
loading (or concentration of attached groups). The initial rate
was plotted against the active IBX concentrati&ig( 4) in

the reactor volume and from this analysis a reaction order of
1.04 0.25) was obtained for the concentration of the IBX
reagent on the support.

4.2.3. Effect of temperature
The effect of temperature on the conversion of hydro-
quinone in the range 22-3C is shown inFig. 5. Initial

rates were determined from the slopes of these plots and

yielded an activation energy of 484) kd/mol for 8% DVB
polystyrene-supported IBX. During the later stage of reac-

£ 0.9 R O S
2 e
Z 08 +HT 50
g +* X300 XX 4 aa KR AANAS
g 071 X X ak “o‘“o‘o(;booOQ
2 061 X, adh 5000
@ gn‘ fo)
2 0.5 A‘DO
— o
§ 04 4 ’ 4
§ 0.3
& 02

0.1

0 : r . T . ,
0 200 400 600 800 1000 1200
time (s)

Fig. 5. Conversion-time curves for 0.5 mmol IBX/g resin, reacting with
0.01 M hydroquinone at temperatures of 225(0), 30°C (a), 35.5°C

tion, the ConyerSion rapidly de(?reases and the ipflugnce 0f (x), 40°C (#), 50°C (+) in a 100 ml stirred tank operating at 660 rpm.
temperature is less. For conversion of the reagentin this phase

the activation energy from the rate data is 284] kJ/mol
(Fig. 6).

12.0 1

8.0 1

4.0 1

observed initial rate (s x1000)

0.0 T T T T T |
8 10

concentration of hydroquinone (mM)

Fig. 3. Initial rate plot for hydroquinone concentration; observed initial rate
for concentration of hydroquinone. The observed initial rate shown is in
MHQ x M~1IBX x 571 x 1000 and IBX concentration is in mmol of IBX

in solvent volume. The rate plot yields an order of 0.2D(07) with respect

to hydroquinone from the slope and a rate constant of #8715) M~1s1

at 40°C from the gradient.

4.2.4. Intraparticle diffusivity

To determine the intraparticle diffusivity, the experimen-
tal batch data were fitted to Eq4) and (7)for the respective
models whereby the effective diffusivity parameter was var-
ied to obtain a nonlinear least squares fit to the experimental
data for the entire conversion range.

3.8
E ® #
z T
3 ®
P 221
]
=
L
z
Q
2 ey
§ 0.6 4 @
= s

0.0(305 0.00325

-1 - "*"

1/T (1/K)

Fig. 6. Activation energy plots for initial rat@) and later phasé) showing

the activation energy slopé&4/R) in chemical reaction rate control and

diffusion rate control. Observed rate constant in‘\~1.
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The second order rate constant obtained experimentally I 1

from the initial rate analysis was used to obtain an esti- 5 09

mate for the intrinsic rate constant for the USC and pseudo- 2 081

homogeneous reaction models. The heterogeneous analysis £ 0.7 -

using the unreacted shrinking core model uses a pseudo- = 061

first order rate constant that incorporates the concentration iﬁ 0.5 1

of the reagent at the reaction interface. This is the initial g 04

reagent concentration from the model assumption, which 5 %37 £

is assumed unchanged within the shrinking core during = 0214

the course of the reaction. The observed rate constant ob- o1 3

tained from the initial rate analysis was also modified to . 0 T P . N
account for the change from a volume to a surface area time (s)

reference.

For the pseudo-homogeneous model, a single diffusivity Fig. 8. Conversion-time curves and USC model simulations for
parameter could not adequately simulate the conversion ove-2Mmol IBX/g (@) and (+)) and 0.4 mmol IBX/g resin4) and (x)), re-
the entire reaction time. For the respective experimental s S_actlng with 0.01 M hydroquinone at 4C in a 100 ml stirred tank operating

o o ) - p p 112 y at 660 rpm. The effective diffusivity parameter is varied in the simulations,

tems shown irFFig. 7, higher diffusivities of 5« 10~**m</s to obtain a diffusivity of 1.2« 10-11m?/s for 0.2 and i 10~1*m?/s for
and 5.5x 10~ m?/s were found to fit the early conversion 0.4 mmol IBX/g.
data selected up to 50% conversion. In the same figures
are shown the fits to the conversion throughout the reac- o )
tion progress, and this corresponds to .00~ m?/s between the pressure drop and the superficial velocity of the
and 1.2x10 "m?/s, respectively, for the 0.2 and fluid phase. _ _
0.4 mmol IBX/g resin loadings. All other experimental con- 1 he flow-rate was also varied for the reaction. The effect
ditions, fluid reactant concentration (0.01 M), temperature of the superficial velocity on the breakthrough profile of the

(40°C) and stirring speed (660 rpm), were kept constant. product was observed and is showifrig. 10for a resin load-

The fits obtained using the USC model, Hd), for the ing of 0.5 mmol IBX/g. The fluid volume collected as shown

experimental runs are shownfig. 8 With the USC model in Fig. 10is corrected for the dead volume in the column ends,

it was possible to identify a single effective diffusivity to fit detector and inlet valve from the pump. The fluid reactant
the entire conversion—time behaviour. Effective diffusivities €€d concentration was increased 10-fold to 0.1 M from the

of 1.0x 10~ m?/s and 1.2 10~ m?/s were obtained by batch study and the temperature was controlled ac4@lso
this method for the 0.2 and 0.4 mmol IBX/g resin. shown is the result for a resin loading of 0.2 mmol IBX/g. A
premature breakthrough of product was observed but there is
less tailing in the concentration profile than was observed for
0.5 mmol IBX/g.

By integrating the product concentration profile, the
loading of the bed was 0.170.02) mmol IBX/g (0.076
(£0.011) mmol IBX/ml of bed) for the bed with low loading

4.2.5. Packed bed experiments
The flow-rate was varied and the pressure drop per unit
length recorded. The dathig. 9, show a linear relationship

14

and 0.49 £0.06) mmol IBX/g (0.21 £0.02) mmol IBX/ml

§ 091 of bed) for the bed with higher loading.

£ 08

% 0.7

E 0.6 1 10 -

3 05

E 04 A e

z 2 :?

S 034 2 =

£ 0.2 1 S8 & +

0.1 % § 2 +
0 e 2 +
0 100 200 300 400 500 600 = 4
time (s) 5 f{ﬂ

Fig. 7. Conversion—time curves for 0.2 mmol IBX/@®)X and 0.4 mmol &Ei
IBX/g resin (a), reacting with 0.01 M hydroquinone at 4G in a 100 ml 0 —— T T
solution stirred at 660 rpm. The pseudo-homogeneous model simulations 0 0.0005 . 9'00' 0.0015
for effective diffusivities of 5.5« 10~ m?/s (0 to fit early conversion) and superficial velocity (m/s)
1.2x 1071 m?/s ([ to fit conversion at end) for 0.2 mmol IBX/g. Simula-
tions with effective diffusivities of 5« 1012 m?/s (+) and 1x 10~ m?/s Fig. 9. Influence of mobile phase velocity (m/s) on the pressure drop(N/m

(x) for 0.4 mmol IBX/g to illustrate the better fit to initial and latter data ~ across a 4.5cm long 1 cm internal diameter packed bed of reagent beads
with different diffusivities. operating at 40C.
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0.12 7 particle size range. For the single diffusivity approach, the
g ot | USC.modeI is a better fit throughout the course of the
g reaction.
E 0.08 This study has focused on diffusion as the principal mode
5 of intraparticle mass transfer. Pivonka and Palf28 dis-
5 0067 cussed reactant partitioning as a reason for reduced or ac-
:.: 0.04 4 celerated reaction rates in supports. The selective uptake or
g rejection of solute over the solvent can lead to a higher/lower
S 0.02 4 concentration of solute in the resin than in the solution envi-

ronment. They observed solute partitioning by directinfrared
monitoring.
Bed volumes The USC modelis based on diffusion rates in the converted
‘ash layer’ being slower than the reaction rates. Thus chem-
Fig. 10. The product quinone concentration monitored at the exit of the reac- jcal reaction rate control at a stage other than for the initial
tor for feed concentration of 0.1M, bed dimensions 4.5cm (lenghfm — rate j5 not consistent with the model. In this study, the initial
(i.d.) and temperature 4€. The bed volume is 3.5 ml for the column di- . . - . f
mensions and the resin volume is 2.05 ml. The loading of resin is 0.2 mmol/g rates W_ere Ob_tam_Ed in the limit of ChemIC§l| reaction COI’_ltI’0|.
and the flow-rate is 0.4 mi/min for (+). The loading is 0.5 mmol/g and the 1Ne shift to diffusion control occurs for higher conversions
flow-rate is 0.2 ml/min for (), 0.4 ml/min for ) and 0.8 ml/min for ). and the model is thus partially satisfactory. In addition, the
more highly loaded resins take longer to fully react, which is
consistent with the model.
5. General discussion Jung and coworkerf30] cite adsorption of reactant as
contributing to the product gradients they observed using 1%
The initial rate of reaction follows a first order depen- DVB polystyrene resin. They argue that pore diffusion is not
dence on both hydroquinone and IBX concentration. This rate limiting in the reactions they studied. They obtained a
implies that the data has been acquired in the limit of intrin- diffusion coefficient of 1x 10-11 m?/s (by fitting data of dye
sic chemical reaction control. Santagostino and coworkers elution to a diffusion equation). This is in agreement with the
[27] observed first order dependence in both reactants in theeffective diffusivity obtained by our approach for reaction in
oxidation of alcohols and 1,2-diols by IBX dissolved inDMF. 8% DVB polystyrene resin. However, they obtained a two
In that study an inverse dependence on the concentration oforders of magnitude higher diffusion coefficient for small
water, a by-product of the reaction, was also observed for thesolvent molecules inside the polymer by pulsed field gradient
reaction. spin-echo NMR. They attribute the difference to fast pore
The intrinsic chemical reaction rate would be expected diffusion of solvent molecules and slow surface diffusion of
to vary according to the Arrhenius relationship and in the dye molecules after adsorption onto the matrix.
case of intraparticle diffusion limitation the activation energy In packed bed conversion, the change in product concen-
of reaction would be expected to hali#28]. The effect of tration profile at the reactor exit with volume of effluent is
temperature on an external mass transfer controlled reactiorminimal for the different flow velocities studied. The same
would be negligible. This gives a relatively simple means of reagent capacity and length is used in the beds, thus the resi-
characterising the different rate-limiting mechanisms during dence times were different for different flow velocities. Thus
the course of areaction. An activation energy oft48kJ/mol residence times in the reactor were adequate for the reactant
was found for the initial rate but at a higher conversion of the to be converted in a similar fashion for the different flow ve-
reagent a much lower activation energy of28 kJ/mol was locities studied. The external mass transfer coefficient for a
obtained. The approximate halving of activation energy from packed bed depends on the mobile phase velocity. For the op-
the early to the later stages of conversion can be attributed to aerating conditions of the packed bed at 0.4 ml/min the mass
change in rate-limiting step from intrinsic chemical reaction transfer coefficient is 1.9 10~*m/s, obtained from the cor-
to intraparticle diffusion at higher reagent conversion in the relation of Obashi et al. (s¢&1]). The external mass transfer
resin. rate in the packed bed is much higher than the rate due to the
The data analysis has been based on a single effectiventrinsic chemical reaction for the terms in E@). This im-
diffusivity parameter. A model that incorporates a pore dif- plies that external mass transfer to the resins does not control
fusion coefficient and a surface or Knudsen diffusion coef- the kinetics Table 2.
ficient would adequately describe the longer residence time  The rise in product concentration occurs for a volume of
behaviour in the conversion data. The long tailing might be fluid that is greater than the bed void volume and less than
due to hindered diffusion in micropores of dimensions similar the total bed volume. The solute is thus taking a tortuous path
to the molecular size, leading to Knudsen diffusion. through the interior of resins at an axial velocity between the
Fig. 1shows a monodisperse yet broad particle size dis- superficial and the interstitial velocity in the bed. The use
tribution between 40 and 15918pm in diameter. The  of a lower loading of active reagent on the resin leads to an
model uses a single effective diffusivity parameter for this early fall in conversion at the outlet of the bed as expected.
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Table 2

Fixed bed and batch reactor operating conditions

Operating conditions Batch Fixed bed
Mobile flow velocity (cm/h) 0.25,0.51,1.01
Stirring speed (rpm) 660

Column dimension (cm) 45() x 1 (i.d.)
Temperature®C) 40 40

Mass of reagent polymer (g) .Zb 15

Initial concentration of fluid reactant (mmol/ml) .a 01

Calculated loading (mmol IBX/g) A% 0.30 0.17,0.48

a Using PSIBX of active oxidant loading 0.2 mmol IBX/g.
b Using PSIBX of active oxidant loading 0.4 mmol IBX/g.
¢ Using PSIBX of active oxidant loading 0.5 mmol IBX/g.

The product breakthrough for the higher loading of reagent 6. Conclusions
on the resin shows a pronounced tailing, and conversion of
the reactant continues for a large feed volume. This slow IBX supported on 8% DVB gel can be easily recovered,
conversion behaviour for the resins is similar to the batch and potentially regenerated to be reused. There is, however,
result. This could be attributed to the more highly loaded experimental evidence of the heterogeneity of the reaction as
resins having more of the reagent in less accessible regionghe reaction proceeds. The reaction rate appears to be chem-
in the bead. ical reaction controlled at an early stage of conversion of the
The assumptions inherent in the models used to obtainreagent. However, at the latter stages it appears to be microp-
estimates of effective diffusivity are now discussed. For the ore diffusion controlled for the experimental conditions stud-
completely reacted layer to form (the basis of the USC model) ied. The influence of external mass transfer at the early stage
the reagent needs to be completely consumed during reacof reaction appears to be small if not negligible. The sup-
tion at the interface. In the case of diffusion being the rate- ported reagent conversion throughout the reaction progress
limiting step for a first order reaction in the concentration of has been modelled as an unreacted shrinking core reaction
the reagent, a more realistic view is that the reaction is con- assuming a pseudo-first order dependence on the fluid phase
fined to a diffuse region in the pellet as opposed to a sharpreactant. A significant influence of intraparticle diffusivity
interface. The model then applicable is the diffuse interface has been observed in the runs on comparing the model to ex-
model[32]. periment. The pseudo-homogeneous model of reaction and
Wen [33] studied the applicability of the pseudo-steady diffusion fits the early conversion well for a higher effective
state assumption in the shrinking core model. They con- diffusivity than obtained for the shrinking core model, but
cluded that the assumption is valid for liquid—solid reactions predicts a shorter time for complete reaction than has been
when the ratio of the liquid reactant concentration to the resin observed experimentally. This model can predict the reaction
reagent concentration is less than 0.01. For the loadings oftime by using a smaller diffusivity that is comparable to the
IBX used in this batch study, the ratio is as high as 0.08. This values obtained for the USC model of (1-1:2J0~ 1t m?/s.
implies that the pseudo-steady state approximation may not  Altering the morphology of the support to increase the ac-
be suitable. cessibility to reactive sites could lead to faster kinetics and a
The Wilke—Chang correlatiori34] was used to pre- more efficient utilisation of the entire reagent quantity sup-
dict a bulk diffusion coefficient for hydroquinone in portedin the matrix in a particular reaction time. In batch re-
DMF and this was corrected for temperature using the actions, in driving the fluid phase reactant to full conversion
Stokes—Einstein equation relating the temperature, solventby a near stoichiometric quantity of reagent, the combined
viscosity and diffusion coefficient. A bulk diffusion coeffi- effect of low solute concentration and diffusion limitation at

cient of 4.7x 10-°m?/s is obtained at 40C. A diffusivity higher conversions would lead to the reaction running for
of 4.1x 10-°m?/s was obtained experimentally for benzo- prolonged times in order to be taken to completion.
guinone product in hexane at 26 by Saiki et al[35]. The In packed beds, arelatively sharp breakthrough is observed

much lower effective diffusivity that is predicted from the forthe product. However, this becomes tailing at high conver-
models could be attributed to Knudsen diffusion in microp- sion of reagentin the bed. A better utilisation of the available
ores. Low diffusivities of the order of 161 to 10718 in the bed capacity is observed for lightly loaded resins in compar-
polymer gel phase have been used to characterise the sorpison, as this tailing is limited. A longer tail would lead to a
tion and reaction accompanied by diffusion in microporous poorer bed capacity utilisation, as the product conversion will
polystyrene gel-type resins. These values are affected by theall earlier than would be anticipated for the active reagent
diffusion mechanism (pore, Knudsen or surface diffusion). loading found in batch tests. Thus in order to obtain a pure
and the polymer architecture. The models are an approxima-product, a careful monitoring of the product effluent would
tion and the diffusivity parameter while useful, is a result of be required in this case in order to stop collecting fractions
the model used to obtain it. once a threshold in product purity is reached.
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