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We have conducted experiments and simulations of the spatial variation of a short-lived
intermediate species (triiodide) in the autocatalytic oxidation of arsenite by iodate in a reactor
that is essentially one dimensional-—the Couette reactor. (This reactor consists of two
concentric cylinders with the inner one rotating and the outer one at rest; reagents are
continuously fed and removed at each end in such a way that there is no net axial flux and
there are opposing arsenite and iodate gradients.) The predictions of a one-dimensional
reaction—diffusion model, which has no adjustable parameters, are in good qualitative (and, in
some cases, quantitative) agreement with experiments. Thus, the Couette reactor, which is
used to deliberately create spatial inhomogeneities, can be exploited to enhance the recovery of
short-lived intermediate species relative to that which can be obtained with either a batch or

continuous-flow stirred-tank reactor.

I. INTRODUCTION

Continuous-flow stirred tank reactors (CSTR’s) are
widely used for both industrial and research applications.
Much of their utility stems from their ability to sustain a
homogeneous reaction far from thermodynamic equilibri-
um. If, however, the desired product is a short-lived interme-
diate species, then often the reactor must be maintained at a
very narrow set of conditions that correspond to an unstable
steady state in which the species is present in relatively high
concentrations. The sensitivity of such systems to even the
smallest perturbations in process variables (such as feed
concentrations, flow rates, and temperature) requires that
sophisticated process control strategies and hardware be
used. '

Recently, an alternative approach to recovering short-
lived intermediate species has been introduced by Ouyang et
al.** This method employs a Couette cell as a chemical reac-
tor. A Couette cell consists of a fluid confined to the annular
region between two concentric cylinders, with one or both
cylinders rotating (in the work of Quyang e al. the outer
cylinder was fixed). Above a critical Reynolds number R,
the flow self-organizes into pairs of oppositely rotating toroi-
dal vortices (Taylor vortices) stacked along the cylinder
axis. At higher Reynolds numbers rapid radial and azi-
muthal mixing occurs within each Taylor vortex. Axial
transport between neighboring vortices, however, occurs on
a much longer time scale. If the reacting species (say 4 and
B) are continuously fed at opposite ends of the cell (into the
Taylor vortices nearest to the ends) and solution is removed
at both ends at flow rates equal to the reactant feed rates so
that there is no net mass transport in the axial direction, then
a steady state will be reached in which the concentration of
each species varies from one vortex to the next. Since there is
to a good approximation no radial or azimuthal dependence
on concentration, the axial transport can be described by a
one-dimensional form of Fick’s law, at least on length scales
large compared to the size of a vortex.'* The effective diffu-
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sivity, typically several orders of magnitude larger than mo-
lecular diffusion, depends upon the cylinder speed and is
identical for all species due to the mechanical nature of the
transport mechanism. A Couette cell, then, can be employed
as a one-dimensional reaction—diffusion system (Couette
reactor). The chemical reactants that are fed at opposite
ends of the reactor diffuse toward each other, forming a reac-
tion front at some point along its length. Within this steady
reaction front, the short-lived species is present in a relative-
ly high concentration, and it can be recovered by simply
tapping it at the appropriate location along the length of the
reactor and by replacing it with an equal volume of solvent so
that there is no net axial flow. This recovery technique is in
sharp contrast to those that employ stirred tanks. In a
Couette reactor spatial inhomogeneities are deliberately
created, preserved, and exploited rather than destroyed.

In the earlier work'? the utility of a Couette reactor for
recovering a short-lived species (HOCI) was demonstrated
for the minimal chlorite—iodide reaction. The effects of sev-
eral control parameters such as the cylinder rotation rate,
the feed concentrations, and the removal rate of the interme-
diate species were studied. However, the concentration dis-
tribution along the length of the reactor could not be quanti-
tatively determined for any particular species. In the present
work we discuss the results of a Couette reactor experiment
on another reaction: the acidic oxidation of arsenite by io-
date. This simple system was chosen since the mechanism
and reaction kinetics are fairly well understood. We have
measured the concentration distribution of a particular in-
termediate species (triiodide) and have compared these re-
sults with the predictions of a reaction—diffusion model of a
Couette reactor.

II. EXPERIMENTAL METHOD
A. The chemical reaction

In order to simplify our study, a homogeneous liquid-
phase reaction with well-understood kinetics was chosen.
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The acidic oxidation of arsenite by iodate can be modeled by
the two-step mechanism,'>'¢

517 + I0; + 6H* =3I, + 3H,0, (A)
H,AsO, + I, + H,O~H,AsO, + 21~ +2H*. (B)

If arsenite is in excess, the iodine produced in reaction (A) is
quickly consumed by reaction (B), which is significantly
faster than reaction (A), and the overall reaction is given by
(A) + 3(B):

I0; + 3H;As0,—~1" + 3H,AsO,. (C)

Note that iodide is a product in the net reaction and that it is
also a reactant in the rate-limiting reaction (A). Therefore,
the net reaction accelerates as iodide is produced (it is auto-
catalytic in I™) and iodine is a short-lived species. The reac-
tion rates of (A) and (B) have been previously studied and
are given by!’

re=[H 1[I0, 1171 (kyy + Ky [171) (1)
and'®
_ [1,][H;As0,]
's =Kp [I_][H+] s (2)

where the rate constants are given by'” k,, = 8x 10> M~3
s Lk, =6X108M™*s™ and® k, =3.2X 1072 Ms~ ",
B. Apparatus

The Couette reactor (Fig. 1) consisted of a concentric
inner rod (o0.d. = 2.22 cm) and outer cylinder (i.d. = 2.54
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Inner Cylinder

§ Arsenite Feed
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FIG. 1. Schematic of the Couette reactor showing configuration of feed and
removal streams.
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cm, length = 20 cm). The outer cylinder was fixed by end
plates, while the inner cylinder was able to rotate through
bearings in the end plates and was connected to a precision
motor by a rubber belt. Both pieces were made from optical
glass. The reactor was arranged vertically along its main axis
to facilitate the escape of bubbles. The arsenite solution was
fed into the bottom vortex via a small hole in the bottom end
plate by a precision piston pump (Pharmacia P-500). Solu-
tion was removed by an identical pump from the bottom of
the reactor (opposite to the feed location) at a volumetric
flow rate equal to the arsenite feed rate. Similarly, iodate
solution was introduced into the uppermost vortex by the
use of a precision pump. Therefore, the flow rate of the exit
stream at the top of the reactor was self-adjusting (such that
there was no net mass flux through the reactor) since the
flow rates of the other three streams were fixed by precision
pumps. The entire assembly was surrounded by a circulating
water bath at 20 °C.

C. Data collection

The presence of iodine in the reactor was detected by
using Thiodéne (a soluble starch from Prolabo) as an indica-
tor. Iodine, iodide, and Thiodéne react to form a complex
that absorbs light with wavelengths in the range 570-590
nm. However, neither the mechanism nor the rate law for
this reaction is well-understood. It is widely believed that
amylose is the component in starch that reacts with iodine
and iodide to form the light-absorbing complex. Several in-
vestigators have studied the reaction between iodine, iodide,
and amylose,”®?* and their findings suggest the following
approximate scenario. First, iodine and iodide react to form
triiodide:

L+ I =21, (D)

with an equilibrium constant given by K,, =770 M. A
complex is then formed by the reaction,

I + Am~=2Am'I;, (E)
where Am is amylose. Once the triodide—amylose complex is
formed, it may react repeatedly to bind iodine molecules
along the length of the amylose chain.

In view of the above considerations and in order to faci-
litate the comparison between simulation and experiment,
we calibrated our optical absorption measurements in the
following manner. First, several solutions with known initial
concentrations of iodine and iodide were prepared with the
fixed concentration ratio [I~]/[1,] = 10. The equilibrium
concentration of the resulting triiodide was then calculated
and a fixed amount of Thiodéne (2 g/1) was added to the
solution. The solution was placed in the reactor and the light
absorption was measured. In this way we were able to con-
struct a calibration curve (Fig. 2) relating the concentration
of triodide (without starch) with the observed light absorp-
tion due to the triiodide—iodine-Thiodéne complex.

Once the above calibration curve was constructed, it
was possible to obtain an estimate of the trilodide concentra-
tion for a given set of experimental conditions. A high pres-
sure sodium lamp with a peak intensity between 550—-600 nm
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FIG. 2. Calibration curve for absorption measurements. The observed light
absorbance between 550-600 nm is plotted as a function of the calculated
equilibrium concentration of triiodide (in the absence of starch).

was used for illumination. The light from the lamp was
passed through a lens in order to produce parallel light. A
one-dimensional CCD array (with 4096 photodetectors)
was used to acquire data for the light intensity as a function
of axial position in the reactor, and the data were stored on
an IBM PC-AT for later analysis.

{ll. NUMERICAL SIMULATIONS

Since fluid in each Taylor vortex can be considered to be
well-mixed, we can approximate the reactor as a network of
CSTR’s connected in series (with flow in both directions),
where each CSTR corresponds to a vortex. The flow rate of
each species between adjacent CSTR’s is proportional to the
effective diffusion coefficient as well as the difference in con-
centration between the CSTR’s. Since the rate laws are
known for the component reactions (A) and (B), the con-
centration of species 7 in CSTR (vortex) j obeys the reac-
tion—diffusion equation:

dli];

= = —ry +Ds{([i]j+l - [i]j)

+ (i, — [ (3)

where r;; is the rate of reaction of species 7 (in vortex j). The
term D, is the scaled effective diffusivity, D, = D (n/L)?,
where # is the number of vortices and L is the reactor length.
Three Reynolds number ratios were used in our study: R /
R, =25, 5, and 10. The corresponding values of D, are
given by*® 0.0146, 0.0282, and 0.0783 cm?/s.

The vortices at the ends of the reactor obey slightly dif-
ferent equations due to the feed and removal of reactants.

These are given by
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= —ry + D (lil, — [i1)) + ko1 ([iYeea — [11y),
4)

d [i]jmax

dt = — I'jmax +D([i]jmax—l

- [i]jmax)

+k02([i]feed - [i]jmax)9 (5)

where k,, and k,, are the scaled (by the volume of a single
vortex) flow rates of the feed and removal streams at either
end of the reactor. Since the iodine—iodide-triiodide reaction
rapidly reaches equilibrium, it is not necessary to write a
differential equation for triiodide. Within each vortex there
are four species with unknown concentrations: iodate, io-
dide, iodine, and arsenite. Thus, a closed system of 4» ordi-
nary differential equations with 47 unknowns can be con-
structed. For the Reynolds numbers used in this study the
number of vortices is typically 75 but can vary depending on
the Reynolds number history.!*?® We note that the above
reaction—diffusion model (with different boundary condi-
tions) has been employed by Showalter to describe chemical
waves in the arsenite-iodate system in a stagnant medium.?’

This system of differential equations is stiff owing to the
large difference in the rates of reaction of (A) and (B). It
was therefore integrated using Gear’s backward differenti-
ation method. The integrations were performed with the fol-
lowing initial conditions: [L,]; = [10;™ ], = [AsOs];
=0.0mol/l, [I7]; = 1.0X107* mol/], and were carried
out until steady-state conditions were met (a change of less
than 0.1% in all variables).

IV. RESULTS AND DISCUSSION

The concentration profiles of arsenite, iodate, and triio-
dide obtained from a numerical simulation at one set of con-
ditions corresponding to a typical experiment are shown in
Figs. 3(a)-3(c). As we expect, the concentrations of arsen-
ite and iodate decrease almost linearly as a function of the
distance from their feed locations due to the imposed gradi-
ents. Furthermore, at a single intermediate location the con-
centrations of both arsenite and iodate are nearly zero, and
this location is that at which a single peak occurs in the
concentration of triiodide. These concentration profiles sug-
gest that a chemical front occurs at this position and that
intermediate species such as triiodide are present in relative-
ly high concentrations. We emphasize that this state can be
sustained indefinitely as long as reactants are continuously
fed and removed at the boundaries. We have found that the
width of the triiodide peak, which represents the chemical
reaction front, was typically 109—20% of the length of the
reactor. The peak triodide concentration was 1-2 orders of
magnitude smaller than the feed concentration of the limit-
ing reagent, 10;".

For comparison, we have performed numerical simula-
tions of the temporal evolution of triiodide in a batch reactor
[Fig. 3(d)]. This is a closed system and thus it cannot be
sustained at a nonequilibrium steady state. Notice that the
trilodide concentration undergoes an induction period,

J. Chem. Phys., Vol. 86, No. 8, 15 April 1992

Downloaded 09 Dec 2003 to 128.83.156.151. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Vigil, Ouyang, and Swinney: Short-lived intermediate in a Couette reactor

4 L L T 1 L] L] L} L L
®

31 d
3 )
§ 2 L
A

0 1 1 2 1 1 1 A 1 0.0 1 1 1 1 s 1 L 1

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Reactor Position (cm) Reactor Position (cm)
30 1] L) L) L] L 50 L] L] 1 L] L] LS T L] 1
© )

25 L . 40 L 4

20 L 4
g g 30 L 4

15 | 13
3 a0 | ]
E 10 L E

5 10 | 4

o 1 1 1 - 1 1. 1 1 0 A 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20 60 61 62 63 64 65 66 67 68 69 70
Reactor Position (cm) Time (s)

reaches a maximum, and decays rapidly. It is only present in 35 . :

large concentrations for a few seconds. The maximum con-
centration and the shape of the pulse is similar to that ob-
served in the Couette reactor under similar reactant concen-
trations. This comparison is suggestive of the utility of a
Couette reactor. In a stirred batch reactor spatial fluctu-
ations are destroyed and the concentrations of all reactants
are time-dependent. In a Couette reactor, spatial inhomo-
geneities are created and, in a sense, the time dependence of
the concentration of a species in a batch reactor is converted
to a spatial distirbution that is time-independent.

This description of a Couette reactor is corroborated by
experiment. For example, Fig. 4 shows a direct comparison
of the simulation prediction with the experimental observa-
tion at a particular set of conditions. The numerical simula-
tion gives excellent qualitative agreement and surprisingly
good quantitative agreement with the data, especially con-
sidering that the model contains no adjustable parameters
and that it is approximate due to the incomplete understand-
ing of the nature of Thiodéne and its interaction with iodine
and iodide.

The location of the front depends strongly on the ratio of
the feed stream concentrations, [H;AsO;],/[NalO;] . Fig-
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FIG. 3. Numerical simulation predictions of
the (a) arsenite, (b) iodate, and (c) triio-
dide concentration distributions in the
Couette  reactor with [H;AsO,l1,
= 5.0 mM, [NalO,], = 1.0 mM,
[I"],=1.0X107* mM, [L,],= 0.0, and
[H*]o = 0.1 M. Iodate was fed at position
0.0 cm and arsenite was fed at position 20.0
cm. The scaled feed stream flow rates were
Ky = Ky, = 0.035s57", (d) Results of a nu-
merical simulation showing the time evolu-
tion of the triiodide concentration in a barch
reactor during the acidic oxidation of arsen-
ite by iodate. The following initial concen-
trations were used: [NalO,;], =0.001 M,
[I7],=10x10"7 M, [L],=00 M,
[H;As0;]o=0.01M,and [H*],=0.1M.
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FIG. 5. Measured (solid lines) and predicted (dashed) triiodide concentra-
tion distributions along the length of the reactor for three feed concentra-
tion ratios, [H;As0;],/[NalO;]; = 10, 5, and 3 from left to right. In all
three cases R/R, =5, [H*] =0.1 M, and [NalO,] = 0.001 M. Iodate
was fed at reactor position 0.0 cm while arsenite was fed at 20.0 cm. Both

were fed at 40 ml/h. The measurements were made after the system reached
steady-state conditions ( ~ 1 h).

Vigil, Ouyang, and Swinney: Short-lived intermediate in a Couette reactor

ure 5 shows a comparison of experiments and simulations at

three sets of conditions. As the relative feed concentration of

arsenite is increased, the front moves further away from the

end of the reactor at which arsenite is fed, but the peak triio-
dide concentration and the width of the front do not vary
greatly.

Figures 6(a)-6(d) show the effects of varying the

Reynolds number and relative feed rate ratios on the triio-

dide concentrations. In both cases, the position and width of
the reaction front do not vary greatly in the range that these

parameters were studied. Indeed, it appears that the maxima

of the triiodide concentrations are slightly more dependent
on this variable. The weak dependence of the triiodide distri-
bution on the Reynolds number is somewhat surprising. The
effective diffusivity changes by a factor of 7 as R /R, is in-
creased from 2.5 to 10.0. One would expect that as D4 is
increased, that a broadening of the reaction front would oc-
cur due to the larger rate of axial transport. Nevertheless,
such a broadening effect was not observed, in contrast to the
findings with the minimal chlorite-iodide reaction.'”

In conclusion, we have shown that a simple one-dimen-
sional reaction—diffusion model can provide a semiquantita-
tive description of the spatial structure in a Couette reactor.
Our calculations and experiments show that short-lived spe-
cies can be sustained indefinitely at relatively high concen-

FIG. 6. The effects of varying the Reynolds
number and the feed flow rates on the triio-
i dide distribution in a Couette reactor. (a)
Measured triiodide concentration distribu-
tions (three separate experiments) along
the length of the reactor for R/R, = 2.5

6 8
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M, and [NalO,;] = 0.001 M. (c¢) Numeri-
cal simulations corresponding to the experi-
ments in (a). (b) Measured triiodide con-
centration distributions along the length of

the reactor for the three cases kg,/kg, = 1.0
(d) (solid), 1.5 (dashed), and 1.67 (dots),
where k,, and &, are the flowrates of iodate
| and arsenite, respectively. In all three ex-
perimentsR /R, =2.5,[H*] =0.1M, and
[NalO,] = 0.001 M. (d) Numerical simu-
lations corresponding to the experiments in

h (b).
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trations. Hence, the Couette reactor has promising applica-
tions in both basic and applied science. For example, the
ability to recover short-lived intermediate species in signifi-
cant concentrations may aid in the study of the mechanism
and kinetics of important reactions. Furthermore, these in-
termediate species may have intrinsic value for the develop-
ment of commercial products. Other potential applications
might include the fractionation of polymers or copolymers
for composition and molecular weight.
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