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Abstract

Iodoxybenzoic 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
o order rate
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f the substrate hydroquinone and the supported IBX reagent implying chemical reaction is rate limiting. An observed second
onstant of 1.3 (±0.3) M−1 s−1 was obtained for the initial rate of oxidation using the supported reagent. The activation energy was h

ater stages of reaction (greater than 50% conversion of the reagent), suggesting that intraparticle diffusion then become rate lim
onversion of the reagent in the bead proceeded. Unreacted shrinking core and pseudo-homogeneous diffusion–reaction models h
o analyse the experimental data to yield values for the effective diffusivity of hydroquinone in the polymer matrix of (1.0–1.2)× 10−11 m2/s.
he performance of the supported reagent in a packed bed has also been studied by continuous flow of a solution of hydroqu
roduct quinone concentration profile at the reactor exit showed limited dependence on the flow-rates studied. Pronounced ta
roduct concentration was obtained for more highly loaded beads, which was attributed to hindered diffusion limiting access to th
eactive sites.
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. Introduction

Requirements in the pharmaceutical industry for paral-
el synthesis of libraries of organic compounds has led to
he development of simple, high yielding chemical transfor-
ations using polymer-supported reagents, scavengers, cata-

ysts and ‘catch and release’ reagents that are amenable to au-
omation. After reactions using insoluble polymer-supported
pecies a simple filtration process allows the product in
olution to be recovered with high yield and purity. Re-
overy of the spent reagent retained on the support allows

∗ Corresponding author. Tel.: +44 1223 762953; fax: +44 1223 334796.
E-mail address:nkhs2@cam.ac.uk (N.K.H. Slater).

recycling, thus fulfilling the requirements of environm
tally friendly chemistry. The power and elegance of
approach has been demonstrated by Ley and co-wo
who recently reported the first fully automated multi-s
synthesis of an array of histone deacetylase (HDAc
hibitors. These were prepared by an unattended reactio
quence incorporating in line ‘catch and release’ purifica
[1].

The technology presents an exciting potential for ma
facturing since the immobilisation and recycling of reag
within a packed or fluidised bed reactor circumvents ene
demanding molecular separation processes and facil
semi-continuous processing. Consequently equipment
plant inventories and environmental and safety risks ca

385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2004.09.004
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Nomenclature

CA0 initial concentration of solute in bulk solution
(M) (kmol m−3)

CAB concentration of solute in bulk solution (M)
(kmol m−3)

CAS concentration of solute at the bead surface (M)
(kmol m−3)

CR concentration of supported reagent (M)
(kmol m−3)

CR0 initial concentration of immobilised reagent in
pellet (M) (kmol m−3)

DB bulk diffusion coefficient of solute in solution
(m2 s−1)

De effective diffusivity of solute in pellet (m2 s−1)
IBX iodoxybenzoic acid
kL liquid side film mass transfer coefficient

(m s−1)
ks pseudo-first order surface reaction rate con-

stant (m s−1)
kV pseudo-first order reaction rate constant based

on volume (s−1)
M mass of polymer-supported reagent (kg)
R radius of polymer support (m)
r radial coordinate in the bead (m)
t time (s)
USC unreacted shrinking core
VL volume of reactor (m3)
X conversion of reagent in pellet (–)

Greek symbols
ρG density of the polymer support (kg m−3)
τ dimensionless variable defined in Eq.(9)
φ Thiele modulus defined in Eq.(8)

reduced, so opening the possibility of responsive, local pro-
duction. In addition the technology overcomes the environ-
mental problems and costs associated with the disposal of
spent reagents.

Iodoxybenzoic acid (IBX) is a versatile oxidant[2] for
the oxidation of a diverse collection of primary and sec-
ondary alcohols. It promotes many other organic transfor-
mations including iodinations and epoxidations. We have
recently reported the synthesis of polymer-supported IBX
by a novel method[3]. The choice of our polymer sup-
port material was influenced by a trade-off between capac-
ity, rate of reaction and mechanical stability in stirred re-
actors and flow through at high pressures in packed beds
[4].

Lightly cross-linked polystyrene gels (1–2% DVB) are
widely used in polymer assisted solution phase synthesis.
These gels swell to many times their original volume in or-
ganic solvents and reaction yields are comparable to homo-

geneous reactions in many cases[5]. Increasing the level
of cross-linking enhances the mechanical stability of the
polystyrene beads and reduces their swelling ability, lead-
ing to a lower solvent volume in the swollen beads. Per-
manent pores can also be introduced by use of a poro-
gen during the synthesis of the beads, yielding a macro-
porous structure[4]. Faster rates of conversion of benzyl
alcohol to benzaldehyde have been observed for IBX sup-
ported on macroporous ‘ArgoPore’ resin as compared with
a gel-type ‘Janda’ support[6]. However, the capacities of
macroporous beads are generally lower than for gel-type.
The mechanical stability of the two resin-types in stirred
vessels also differs. In our experience, gel-type resins are
generally amenable to use in mechanically stirred reac-
tions that utilise an overhead stirrer and are even relatively
stable to short periods of stirring using magnetic stirrers.
The more highly cross-linked macroporous resins appear
to be less stable when stirred, possibly due to their lower
elasticity.

The rate of reactions on the supports can be signifi-
cantly affected by the ability of reacting species to dif-
fuse through the matrix. In a study of ion exchange pro-
cesses Helfferich proposed that a model incorporating in-
trinsic chemical reaction, intraparticle diffusion and inter-
particle film mass transfer was suitable for analysing mass
t
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ransfer and reaction in beads[7]. Liberti and Helfferich
8] elaborates on the operating conditions that would en
ne of the mass transfer mechanisms to be rate contro

n a batch reactor, at high solute concentrations and
gitation speeds the intraparticle diffusion in beads c
e the rate-limiting step. Conversely, at low solute con

rations and low agitation speeds the external mass t
er may be rate limiting. Few studies have focussed on
cale-up of polymer-supported reactions in reactors b
n kinetic measurements. In one study the oxidising rea
hloramine T supported on Amberlyst 15 resin was use
xidise S2− in a packed bed[9] and the variation of flow
ate on the breakthrough of reactant was studied. The b
hrough effect was related to the residence time in the rea
here too high a flow-rate yielded premature breakthro
f S2−.

Furthermore large-scale organic synthesis in packed
hile promising in practice, has not been pursued ag
ively. Overcoming technical difficulties, such as exces
ackpressure at high solution flow-rates and swellin

ightly cross-linked beads during chemical reaction, are s
f the challenges that need to be overcome. A change in
welling brought about by a change in polarity could lea
lockage of packed beds. To counter this monolithic rea
ave been developed with polymer beads polymerised w

he channels of a porous glass monolith, and the resu
omposite used in supporting the reagent[10]. In this work we
eport on the kinetic characterisation of a polymer-suppo
BX reagent and evaluate the performance of a con
us packed bed reactor containing this polymer-immobi
eagent.



S. Jegasothy et al. / Chemical Engineering Journal 105 (2004) 1–10 3

2. Experimental

All materials other than functionalised 8% DVB beads
were obtained from Sigma–Aldrich and used without further
purification. The beads were obtained by suspension poly-
merisation[4]. The protocol for the synthesis of the support
and the subsequent synthesis of the polymer-supported IBX
have been reported previously[3].

The pore surface area was obtained from the analysis of
N2 sorption isotherms (Micromeritics ASAP2010). All resin
batches were pre-swollen in DMF for 2 h before use to en-
sure swelling equilibrium was reached. The spherical beads
(10 mg) were spread over a glass microscope slide and sol-
vated by adding 1 ml of solvent. The diameter change in a
bead was followed with an optical microscope coupled with
imaging software. The swelling equilibrium was assumed
when there was no further change in particle size. This oc-
curred in 45 min for IBX loaded beads.

The solvent uptake was measured by the centrifugation
method[11]. The dry density of the resin was estimated by
water displacement. A balance was used to measure the mass
of water that was added to make up a total volume of ini-
tially dry resin and water of 10± 0.005 ml as measured by
a micro-volume pipette. The mass of the dry sample was
0.5± 0.0002 g and the density of water used was 0.9959 g/ml.
T sity.
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ter jacket. Ports for sample addition, condenser, stirrer shaft,
sample tube, thermocouple and gas inlet for bubbling nitro-
gen were on a glass lid sealed to the reactor by an O-ring. An
overhead stirrer (50–1500 rpm) with a stainless steel shaft
and a six-blade rushton turbine (3 cm in diameter for a vessel
diameter of 8 cm) was used in all experiments. The sampling
tube was made of PTFE with a 0.15�m PTFE filter con-
nected at one end and placed near the base of the vessel and
the other end connected to solvent resistant silicone tubing
running through a peristaltic pump and a flowcell in the spec-
trophotometer and returned to the vessel to ensure a constant
reactor volume throughout the reaction. Experiments were
conducted with temperature control between 22 and 50◦C
(±0.6◦C). A valve was placed between the flowcell and the
return to the reactor to enable removal of samples to be peri-
odically analysed offline.

A weighed amount of the free flowing resin was added
to the reaction vessel. DMF (80 ml) was then added and the
resin was allowed to swell at the required temperature for
2 h. Reactant was added to the vessel in 20 ml of DMF and
stirring commenced to initiate the reaction. The entire length
of sample tubing initially contained fresh solvent to expel air
bubbles that affected the spectrophotometer reading.

2.3. Packed bed experiments
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.1. Reaction monitoring

Spectrophotometric measurements to obtain the con
ration of the product benzoquinone in DMF were taken at
nd 490 nm[12]. This enabled the study of a range of conc

rations of benzoquinone. The sample absorbance was
or up to 30 min when flushed with nitrogen. The Beer La
ert law was followed with an extinction coefficient at 360
f 166.4 M−1 cm−1 and at 490 nm of 14.9 M−1 cm−1 for the
oncentration of the quinone product. Continuous monito
f product formation in the concentration range 1× 10−5 M

o 2× 10−3 M for batch and 1× 10−4 M to 1× 10−1 M for
acked bed experiments was thus achieved by followin
hange in absorbance at 360 and 490 nm, respectively,
ut the need for dilution.

Fractions collected at regular time intervals were also a
sed by gas chromatography to obtain the concentrati
ydroquinone and benzoquinone offline. The gas chrom
aphy retention times for solvent, benzoquinone and hy
uinone were 5.4, 11.5 and 22.6 min, respectively, and th

erence between the concentrations obtained by spectr
ometry and by gas chromatography for different sam
ere not significantly different at a 95% confidence le

multiple t-test was performed).

.2. Batch reactor experiments

The batch kinetics were studied in a cylindrical glass
el (0.5 L capacity) with four internal baffles and a hot
The resin was fed as slurry into a 1-cm× 10-cm glass co
mn fitted with an adapter for varying the column len
he column had chromatographic end fittings to ensure
ow entry of fluid into the column and end filters to retain
esin. The column was thermostated (±0.6◦C) by a circulat
ng water jacket. Before entry into the column the inlet tub
as immersed in a water bath to preheat the feed. A P
acia series P-6000 pump was used to feed the liquid

he column. All solvents used in the packed bed experim
ere degassed by connecting to vacuum for 2 h prior to
ith the support material used a constant backpressur

ow-rate was obtained during the reaction. This implied
here was no significant swelling change or irreversible
orption. The column outlet was connected to a flowcell in
pectrophotometer. Fractions were collected at program
ime intervals and analysed in a GC column.

. Theoretical development

To model the oxidation reaction several simplificati
ere made and the utilities of the widely used pseu
omogeneous diffusion reaction[13] and the unreacte
hrinking core models were considered. These model
referred for their simplicity and the limited number of
ameters that need to be independently determined. The
lation of a batch reactor using the two models was comp
ith the experimentally obtained batch conversion data
In the unreacted shrinking core (USC) model, a rapi

eversible reaction is considered to occur at the boundar
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tween an outer shell of spent solid reagent and the unreacted
core. In the case of diffusion across the shell being faster than
the advance of the moving boundary, a pseudo-steady state
assumption is used to yield analytical results. The existence
of moving boundaries in reactions involving ion exchange
resins was predicted from purely theoretical considerations
[14] and has been verified experimentally[15,16]. Further-
more, fluorescence microscopic investigation of the kinetics
of polymer-supported reactions has revealed the existence of
a shrinking core of unreacted reagent[17] in some cases.

Another possibility is that diffusion and reaction oc-
cur simultaneously throughout the resin, and the pseudo-
homogeneous diffusion–reaction model is better suited to
model this scenario. Using confocal Raman spectroscopy
Bradley and coworkers[18] have shown that reaction can
occur throughout the bead from an early stage of the reac-
tion.

The unreacted shrinking core model is more applicable
to reaction in microporous solids, with greater restriction to
solute access. The pseudo-homogeneous model finds appli-
cation in the modelling of reactions in highly porous solids.
Other models of greater complexity have been used in the
modelling of liquid phase reactions involving resins. For
methyl-t-butyl ether (MTBE) synthesis catalysed by macro-
porous ion exchange resins, a heterogeneous model compris-
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3.2. Pseudo-homogeneous reaction and diffusion model

For the pseudo-homogeneous reaction and diffusion
model, Eq.(2) applies for a stoichiometric second order re-
action between the substrate and the reagent

De

(
∂2CA

∂r2 + 2

r

∂CA

∂r

)
= kVCACR0(1 − X) (2)

wherekV is a rate constant,CA the concentration of reactant
A at depthr in the support,CR0 the initial concentration of
immobilised reagent andX the fractional conversion at time
t. Also:

∂X

∂t
= kVCA(1 − X) (3)

dCAS

dt
= kL(CAB − CAS) atr = R (4)

and

CAB = CA0 (5)

X = 0 att = 0 (6)

Ramachandran and Kulkarni[21] derived an approximate so-
lution (7) for the conversion of the resin for this set of equa-
tions. The difference between the numerical solution and the
a du-
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ng diffusion and reaction in microspheres, taken as a
hase, and pore diffusion in macropores situated bet

hese microspheres is used in the modelling of the kineti
ontrolled reaction[19].

Consider the reaction in the resin. Assume it is isot
al, conducted in dilute solution, and neglect swelling

hrinking during reaction. The following analysis can the
arried out to obtain equations that describe the conve
n the resin.

.1. Unreacted shrinking core

The unreacted shrinking core approximation yields
ate of concentration change of substrate A in the bulk re
olume,CAB, whilst undergoing first order reaction with
upported reagent:

dCAB

dt
= − 3

R
CAB

[(
1

kL
− R

De

)
+ R

De
(1 − X)−1/3

+ 1

ks
(1 − X)−2/3

]−1

(1)

herekL is the film mass transfer coefficient andDe the intra-
article effective diffusivity of A.X the fractional conversio
f the supported reagent andR the support radius.ks is a
seudo-first order rate constant for the surface reaction
ontains the dependence of the intrinsic reaction rate o
nitial reagent concentration. The derivation of(1) is given
lsewhere[20].
pproximate solution is less than 17% for a Thiele mo
us, ϕ, of value 10. For the experiments simulated here
hiele modulus did not exceed 10. As such, the approxi
olution was used to simulate the reactor behaviour:

n

[
1 − X

0.699
− exp(−τ)

2.33

]
+ τ = φ2

10.5

×
[
1 − 1 − X

0.699
+ exp(−τ)

2.33

]
(7)

here

2 = kVCR0R
2

De
(8)

= kVCAB t (9)

o simulate an isothermal finite volume in a well-stirred ba
eactor containing reactant and fully swollen reagent p
les, the following design equation applies:

R0
dX

dt
= VLρG

m

dCAB

dt
(10)

nd for initial conditions (5) and (6),

AB = CA0 − m

ρGVL
CR0X (11)

he ordinary differential equations(1) and (11)were solved
or conversion of reagent,X, and concentration of substrate
he bulk solution,CAB using a Runge–Kutta algorithm. Wh
or the pseudo-homogeneous model, the non-linear equa
7) and (11)were solved using the Newton–Raphson met
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Table 1
Properties of the selected functionalised polymer support

Percentage of divinyl benzene
(cross-linking)

8

Particle diameter (dry,�m) 40–150
Swollen particle diameter (average,
�m)

90.4

Pore diameter distribution (dry, nm) 1.5–2 11–30
Relative pore volume occupied (%) 20 80
Relative surface area (obtained by
NLDFT, %)

79 21

Wet bead porosity 0.52
Dry reagent density (kg/m3) 1300
Iodine loading (mmol IBX/g) 3.1
Active oxidant loading (elemental,
mmol IBX/g)

0.2, 0.4, 0.5

Surface area (BET, m2/g) 5.1

4. Results

4.1. Characterisation of the functionalised polystyrene
support

In this study an 8% divinyl benzene cross-linked
polystyrene resin was used as the support for IBX to re-
duce swelling variation. The resins were easy to handle and
were suitable for packed bed use. The data from N2 sorption
isotherms indicated that the dry functionalised polymer is a
gel with a small quantity of accessible micropores. There was
evidence of a small quantity of mesopores and macropores
in the dry state.

The dry resins had a low internal surface area of 5.1 m2/g
determined from N2 sorption isotherms utilising the BJH the-
ory [22]. The cumulative pore volume for resins with a pore
size less than 480 nm was 0.025 ml/g. The BJH model gave
a porosity distribution between 8 and 40 nm, and a mean
pore diameter of 19.1 nm. The porosity distribution was also
obtained exploiting the non-local density functional theory
(NLDFT) model[23]. Utilising this model, the average pore
diameter was 1.9 nm in a micropore region contributing to
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
1 . The
r d by
t hown
i

as
0 d by
t e in
t
T n (in
h ulter
L a
n d
r by
w

Fig. 1. Resin bead size distribution obtained by light scattering using Coulter
LS230. Average pore size of 90.4�m.

Elemental microanalysis of C, H and I revealed a
loading of 3.1 mmol I/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.
The low solubility of hydroquinone in DCM excluded the use
of this solvent in the oxidation reaction.

4.2. Experimental batch studies

4.2.1. Effect of stirring speed
The critical impeller speed for complete particle sus-

pension estimated from the Zwittering correlation[24] was
530 rpm for the vessel dimensions and impeller placement.
The effect of stirring speed in a batch reactor was studied to
elucidate the effect of concentration gradients on the initial
rate of reaction. The variation of initial rate[25] with the
stirring speed is shown inFig. 2. Initial rates were obtained
from the initial slope in the conversion–time curve. The ob-
served initial rate was independent of stirring speed when the
experiment was conducted with a stirring speed greater than
560 rpm. Below this speed the observed initial rate was sig-

F ction
i d to
a g
o

1 and 30 nm with an average pore diameter of 21.4 nm
elative cumulative volume and the surface area occupie
he separated pore size distributions in the dry state are s
n Table 1.

When swollen in DMF, the equilibrium sorption w
.8± 0.05 g of solvent per gram of dry resin as measure

he centrifugation method. The fraction of solvent volum
he solvent filled polymer gel was calculated as 0.52± 0.04.
he mean particle size and standard deviation of resi
exane) was obtained by dynamic light scattering (Co
S230) as 90.4 and 18.3�m, respectively. The resin had
ormal distribution as shown inFig. 1. The functionalise
esins had a dry density of 1.29± 0.02 g/ml as measured
ater displacement.
ig. 2. Effect of stirring speed on the observed initial rate constant of rea
n M−1 s−1 in a baffled 0.5 L stirred tank with overhead stirrer attache

rushton turbine. The reaction was carried out at 40◦C and between 0.25
f 0.4 mmol IBX/g and 0.01 M HQ.
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nificantly affected by concentration gradients in the reactor.
All subsequent reactions were carried out at a stirring speed
of 660 rpm. The Frossling correlation[26] yielded an exter-
nal mass transfer coefficient of 3.6× 10−4 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 at 40◦C and 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
the early stage of conversion of the resin. Furthermore, the
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 concentration (Fig. 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
dro-

q
r and
y
p eac-
t ce of
t hase
t
(

F rate
f is in
M X
i t
t
a

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 M IBX× M−1 HQ× s−1 × 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 1.23 (±0.15) M−1 s−1 at 40◦C
from the gradient.

Fig. 5. Conversion–time curves for 0.5 mmol IBX/g resin, reacting with
0.01 M hydroquinone at temperatures of 22.5◦C (©), 30◦C (�), 35.5◦C
(×), 40◦C (�), 50◦C (+) in a 100 ml stirred tank operating at 660 rpm.

4.2.4. Intraparticle diffusivity
To determine the intraparticle diffusivity, the experimen-

tal batch data were fitted to Eqs.(1) 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.

Fig. 6. Activation energy plots for initial rate (�) and later phase (�) showing
the activation energy slope (EA/R) in chemical reaction rate control and
diffusion rate control. Observed rate constant in M−1 s−1.
.2.3. Effect of temperature
The effect of temperature on the conversion of hy

uinone in the range 22–50◦C is shown inFig. 5. Initial
ates were determined from the slopes of these plots
ielded an activation energy of 48 (±4) kJ/mol for 8% DVB
olystyrene-supported IBX. During the later stage of r

ion, the conversion rapidly decreases and the influen
emperature is less. For conversion of the reagent in this p
he activation energy from the rate data is 28 (±4) kJ/mol
Fig. 6).

ig. 3. Initial rate plot for hydroquinone concentration; observed initial
or concentration of hydroquinone. The observed initial rate shown

HQ × M−1 IBX × s−1 × 1000 and IBX concentration is in mmol of IB
n solvent volume. The rate plot yields an order of 0.97 (±0.07) with respec
o hydroquinone from the slope and a rate constant of 1.37 (±0.15) M−1 s−1

t 40◦C from the gradient.
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The second order rate constant obtained experimentally
from the initial rate analysis was used to obtain an esti-
mate for the intrinsic rate constant for the USC and pseudo-
homogeneous reaction models. The heterogeneous analysis
using the unreacted shrinking core model uses a pseudo-
first order rate constant that incorporates the concentration
of the reagent at the reaction interface. This is the initial
reagent concentration from the model assumption, which
is assumed unchanged within the shrinking core during
the course of the reaction. The observed rate constant ob-
tained from the initial rate analysis was also modified to
account for the change from a volume to a surface area
reference.

For the pseudo-homogeneous model, a single diffusivity
parameter could not adequately simulate the conversion over
the entire reaction time. For the respective experimental sys-
tems shown inFig. 7, higher diffusivities of 5× 10−11 m2/s
and 5.5× 10−11 m2/s were found to fit the early conversion
data selected up to 50% conversion. In the same figures
are shown the fits to the conversion throughout the reac-
tion progress, and this corresponds to 1.0× 10−11 m2/s
and 1.2× 10−11 m2/s, respectively, for the 0.2 and
0.4 mmol IBX/g resin loadings. All other experimental con-
ditions, fluid reactant concentration (0.01 M), temperature
(40◦C) and stirring speed (660 rpm), were kept constant.
T
e l,
i fit
t ties
o y
t

4
unit

l ip

F l
I l
s ations
f d
1 la-
t
( ata
w

Fig. 8. Conversion–time curves and USC model simulations for
0.2 mmol IBX/g ((�) and (+)) and 0.4 mmol IBX/g resin ((�) and (×)), re-
acting with 0.01 M hydroquinone at 40◦C in a 100 ml stirred tank operating
at 660 rpm. The effective diffusivity parameter is varied in the simulations,
to obtain a diffusivity of 1.2× 10−11 m2/s for 0.2 and 1× 10−11 m2/s for
0.4 mmol IBX/g.

between the pressure drop and the superficial velocity of the
fluid phase.

The flow-rate was also varied for the reaction. The effect
of the superficial velocity on the breakthrough profile of the
product was observed and is shown inFig. 10for a resin load-
ing of 0.5 mmol IBX/g. The fluid volume collected as shown
in Fig. 10is corrected for the dead volume in the column ends,
detector and inlet valve from the pump. The fluid reactant
feed concentration was increased 10-fold to 0.1 M from the
batch study and the temperature was controlled at 40◦C. Also
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 0.17 (±0.02) mmol IBX/g (0.076
(±0.011) mmol IBX/ml of bed) for the bed with low loading
and 0.49 (±0.06) mmol IBX/g (0.21 (±0.02) mmol IBX/ml
of bed) for the bed with higher loading.

F /m
a eads
o

he fits obtained using the USC model, Eq.(1), for the
xperimental runs are shown inFig. 8. With the USC mode

t was possible to identify a single effective diffusivity to
he entire conversion–time behaviour. Effective diffusivi
f 1.0× 10−11 m2/s and 1.2× 10−11 m2/s were obtained b

his method for the 0.2 and 0.4 mmol IBX/g resin.

.2.5. Packed bed experiments
The flow-rate was varied and the pressure drop per

ength recorded. The data,Fig. 9, show a linear relationsh

ig. 7. Conversion–time curves for 0.2 mmol IBX/g (�) and 0.4 mmo
BX/g resin (�), reacting with 0.01 M hydroquinone at 40◦C in a 100 m
olution stirred at 660 rpm. The pseudo-homogeneous model simul
or effective diffusivities of 5.5× 10−11 m2/s (♦ to fit early conversion) an
.2× 10−11 m2/s (� to fit conversion at end) for 0.2 mmol IBX/g. Simu

ions with effective diffusivities of 5× 10−11 m2/s (+) and 1× 10−11 m2/s
×) for 0.4 mmol IBX/g to illustrate the better fit to initial and latter d
ith different diffusivities.
ig. 9. Influence of mobile phase velocity (m/s) on the pressure drop (N3)
cross a 4.5 cm long× 1 cm internal diameter packed bed of reagent b
perating at 40◦C.
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Fig. 10. The product quinone concentration monitored at the exit of the reac-
tor for feed concentration of 0.1 M, bed dimensions 4.5 cm (length)× 1 cm
(i.d.) and temperature 40◦C. The bed volume is 3.5 ml for the column di-
mensions and the resin volume is 2.05 ml. The loading of resin is 0.2 mmol/g
and the flow-rate is 0.4 ml/min for (+). The loading is 0.5 mmol/g and the
flow-rate is 0.2 ml/min for (©), 0.4 ml/min for (♦) and 0.8 ml/min for (×).

5. General discussion

The initial rate of reaction follows a first order depen-
dence on both hydroquinone and IBX concentration. This
implies that the data has been acquired in the limit of intrin-
sic chemical reaction control. Santagostino and coworkers
[27] observed first order dependence in both reactants in the
oxidation of alcohols and 1,2-diols by IBX dissolved in DMF.
In that study an inverse dependence on the concentration of
water, a by-product of the reaction, was also observed for the
reaction.

The intrinsic chemical reaction rate would be expected
to vary according to the Arrhenius relationship and in the
case of intraparticle diffusion limitation the activation energy
of reaction would be expected to halve[28]. The effect of
temperature on an external mass transfer controlled reaction
would be negligible. This gives a relatively simple means of
characterising the different rate-limiting mechanisms during
the course of a reaction. An activation energy of 48± 4 kJ/mol
was found for the initial rate but at a higher conversion of the
reagent a much lower activation energy of 28± 4 kJ/mol was
obtained. The approximate halving of activation energy from
the early to the later stages of conversion can be attributed to a
change in rate-limiting step from intrinsic chemical reaction
to intraparticle diffusion at higher reagent conversion in the
r

ctive
d dif-
f oef-
fi time
b t be
d ilar
t

dis-
t e
m this

particle size range. For the single diffusivity approach, the
USC model is a better fit throughout the course of the
reaction.

This study has focused on diffusion as the principal mode
of intraparticle mass transfer. Pivonka and Palmer[29] dis-
cussed reactant partitioning as a reason for reduced or ac-
celerated reaction rates in supports. The selective uptake or
rejection of solute over the solvent can lead to a higher/lower
concentration of solute in the resin than in the solution envi-
ronment. They observed solute partitioning by direct infrared
monitoring.

The USC model is based on diffusion rates in the converted
‘ash layer’ being slower than the reaction rates. Thus chem-
ical reaction rate control at a stage other than for the initial
rate is not consistent with the model. In this study, the initial
rates were obtained in the limit of chemical reaction control.
The shift to diffusion control occurs for higher conversions
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.

Jung and coworkers[30] cite adsorption of reactant as
contributing to the product gradients they observed using 1%
DVB polystyrene resin. They argue that pore diffusion is not
rate limiting in the reactions they studied. They obtained a
diffusion coefficient of 1× 10−11 m2/s (by fitting data of dye
e the
e in
8 two
o all
s ient
s ore
d n of
d

cen-
t t is
m me
r resi-
d hus
r actant
t ve-
l for a
p e op-
e ass
t r-
r fer
r to the
i
p ontrol
t

e of
fl than
t path
t the
s use
o o an
e ted.
esin.
The data analysis has been based on a single effe

iffusivity parameter. A model that incorporates a pore
usion coefficient and a surface or Knudsen diffusion c
cient would adequately describe the longer residence
ehaviour in the conversion data. The long tailing migh
ue to hindered diffusion in micropores of dimensions sim

o the molecular size, leading to Knudsen diffusion.
Fig. 1 shows a monodisperse yet broad particle size

ribution between 40 and 150± 18�m in diameter. Th
odel uses a single effective diffusivity parameter for
lution to a diffusion equation). This is in agreement with
ffective diffusivity obtained by our approach for reaction
% DVB polystyrene resin. However, they obtained a
rders of magnitude higher diffusion coefficient for sm
olvent molecules inside the polymer by pulsed field grad
pin-echo NMR. They attribute the difference to fast p
iffusion of solvent molecules and slow surface diffusio
ye molecules after adsorption onto the matrix.

In packed bed conversion, the change in product con
ration profile at the reactor exit with volume of effluen
inimal for the different flow velocities studied. The sa

eagent capacity and length is used in the beds, thus the
ence times were different for different flow velocities. T
esidence times in the reactor were adequate for the re
o be converted in a similar fashion for the different flow
ocities studied. The external mass transfer coefficient
acked bed depends on the mobile phase velocity. For th
rating conditions of the packed bed at 0.4 ml/min the m

ransfer coefficient is 1.9× 10−4 m/s, obtained from the co
elation of Obashi et al. (see[31]). The external mass trans
ate in the packed bed is much higher than the rate due
ntrinsic chemical reaction for the terms in Eq.(1). This im-
lies that external mass transfer to the resins does not c

he kinetics (Table 2).
The rise in product concentration occurs for a volum

uid that is greater than the bed void volume and less
he total bed volume. The solute is thus taking a tortuous
hrough the interior of resins at an axial velocity between
uperficial and the interstitial velocity in the bed. The
f a lower loading of active reagent on the resin leads t
arly fall in conversion at the outlet of the bed as expec
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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) 4.5 (l) × 1 (i.d.)
Temperature (◦C) 40 40
Mass of reagent polymer (g) 0.25 1.5
Initial concentration of fluid reactant (mmol/ml) 0.01 0.1
Calculated loading (mmol IBX/g) 0.19a, 0.36b 0.17a, 0.48c

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

The product breakthrough for the higher loading of reagent
on the resin shows a pronounced tailing, and conversion of
the reactant continues for a large feed volume. This slow
conversion behaviour for the resins is similar to the batch
result. This could be attributed to the more highly loaded
resins having more of the reagent in less accessible regions
in the bead.

The assumptions inherent in the models used to obtain
estimates of effective diffusivity are now discussed. For the
completely reacted layer to form (the basis of the USC model)
the reagent needs to be completely consumed during reac-
tion at the interface. In the case of diffusion being the rate-
limiting step for a first order reaction in the concentration of
the reagent, a more realistic view is that the reaction is con-
fined to a diffuse region in the pellet as opposed to a sharp
interface. The model then applicable is the diffuse interface
model[32].

Wen [33] studied the applicability of the pseudo-steady
state assumption in the shrinking core model. They con-
cluded that the assumption is valid for liquid–solid reactions
when the ratio of the liquid reactant concentration to the resin
reagent concentration is less than 0.01. For the loadings of
IBX used in this batch study, the ratio is as high as 0.08. This
implies that the pseudo-steady state approximation may not
be suitable.

-
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6. Conclusions

IBX supported on 8% DVB gel can be easily recovered,
and potentially regenerated to be reused. There is, however,
experimental evidence of the heterogeneity of the reaction as
the reaction proceeds. The reaction rate appears to be chem-
ical reaction controlled at an early stage of conversion of the
reagent. However, at the latter stages it appears to be microp-
ore diffusion controlled for the experimental conditions stud-
ied. The influence of external mass transfer at the early stage
of reaction appears to be small if not negligible. The sup-
ported reagent conversion throughout the reaction progress
has been modelled as an unreacted shrinking core reaction
assuming a pseudo-first order dependence on the fluid phase
reactant. A significant influence of intraparticle diffusivity
has been observed in the runs on comparing the model to ex-
periment. The pseudo-homogeneous model of reaction and
diffusion fits the early conversion well for a higher effective
diffusivity than obtained for the shrinking core model, but
predicts a shorter time for complete reaction than has been
observed experimentally. This model can predict the reaction
time by using a smaller diffusivity that is comparable to the
values obtained for the USC model of (1–1.2)× 10−11 m2/s.

Altering the morphology of the support to increase the ac-
cessibility to reactive sites could lead to faster kinetics and a
m up-
p re-
a sion
b ined
e at
h for
p

rved
f ver-
s able
b par-
i a
p will
f ent
l pure
p uld
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o

The Wilke–Chang correlation[34] was used to pre
ict a bulk diffusion coefficient for hydroquinone
MF and this was corrected for temperature using
tokes–Einstein equation relating the temperature, so
iscosity and diffusion coefficient. A bulk diffusion coef
ient of 4.7× 10−9 m2/s is obtained at 40◦C. A diffusivity
f 4.1× 10−9 m2/s was obtained experimentally for ben
uinone product in hexane at 25◦C by Saiki et al.[35]. The
uch lower effective diffusivity that is predicted from t
odels could be attributed to Knudsen diffusion in micr
res. Low diffusivities of the order of 10−11 to 10−18 in the
olymer gel phase have been used to characterise the

ion and reaction accompanied by diffusion in micropor
olystyrene gel-type resins. These values are affected b
iffusion mechanism (pore, Knudsen or surface diffusi
nd the polymer architecture. The models are an approx

ion and the diffusivity parameter while useful, is a resu
he model used to obtain it.
-

ore efficient utilisation of the entire reagent quantity s
orted in the matrix in a particular reaction time. In batch
ctions, in driving the fluid phase reactant to full conver
y a near stoichiometric quantity of reagent, the comb
ffect of low solute concentration and diffusion limitation
igher conversions would lead to the reaction running
rolonged times in order to be taken to completion.

In packed beds, a relatively sharp breakthrough is obse
or the product. However, this becomes tailing at high con
ion of reagent in the bed. A better utilisation of the avail
ed capacity is observed for lightly loaded resins in com

son, as this tailing is limited. A longer tail would lead to
oorer bed capacity utilisation, as the product conversion

all earlier than would be anticipated for the active reag
oading found in batch tests. Thus in order to obtain a
roduct, a careful monitoring of the product effluent wo
e required in this case in order to stop collecting fract
nce a threshold in product purity is reached.
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