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A new technique for  studying and recovering short-lived chemical intermediate 
species has been developed using a Couette reactor, which is an open one-dimensional 
reaction-diffusion system. Reaction occurs in the annulus between concentric cyl- 
inders with the inner one rotating and the outer one at rest. Fresh reagents are in 
contact with the ends of the annulus, but there is no net axial flow. The axial 
transport arising from the hydrodynamic motion is effectively diffusive, but has a 
diffusion coefficient 3 to 5 orders of magnitude larger than that of molecular 
diffusion. The oxidant ( C102- ) and reductant (I- ) of an autocatalytic reaction are 
fed at opposite ends of the reactor. The reactants diffuse toward each other and 
react, forming a steady, sharp chemical front and a stable spatial concentration 
band of unstable intermediate species (HOCI) in the front region. Unstable inter- 
mediate species are thus stabilized at a well-defined spatial position where they can 
be recovered and studied. The experiments and numerical simulations demonstrate 
that the faster the reaction rate, the stabler the chemical front and the more effective 
the recovery of unstable intermediate species. 

Introduction 
Stabilization and recovery of unstable intermediate species 

in a reaction are of interest from both a fundamental and an 
applied point of view. For example, verification of the existence 
of short-lived chemical intermediate species may be crucial for 
developing accurate kinetic models where intermediate species 
have important roles in the reaction kinetics. From a more 
applied point of view, the ability to recover a species that would 
otherwise be short-lived could have important economic con- 
sequences. For example, the ability to  isolate a particular com- 
pound that would otherwise be consumed could lead to the 
development of new chemical products. 

In a continuously-fed, stirred-tank reactor (CSTR), short- 
lived species may be present in abundance only in certain un- 
stable steady states. Therefore, one way to  recover short-lived 
species would be t o  maintain a CSTR in an unstable steady 
state using sophisticated process control strategies, such as 
feedback control (Aris and Amundson, 1958; Douglas, 1972; 
Ding et al., 1974; Chang and Schmitz, 1975; Bruns and Bailey, 
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1975; Laplante, 1989), time-delay feedback control (Zimmer- 
man et al., 1984; Kramer and Ross, 1985; Schell and Ross, 
1986), and vibrational control (Meerkov, 1980, 1982; Bellman 
et al., 1983a,b, 1984a,b; Cinar et al., 1984). In all of these 
techniques, spatial inhomogeneities are considered unfavora- 
ble and are to be avoided. 

In contrast, the method described here recovers intermediate 
species from the chemical front region of an inhomogeneous 
system. In a reaction-diffusion system, two different states, 
say oxidized and reduced, can appear simultaneously in dif- 
ferent parts of the system. Thus, there exist narrow switching 
regions, chemical fronts, associated with very steep concen- 
tration gradients that separate parts of the system correspond- 
ing to  the different steady-state branches. Since most of the 
reaction takes place in the narrow front regions, concentrations 
of unstable intermediate species will be enhanced in these re- 
gions and recovery becomes possible. 

To  keep the chemical front from being destroyed by the 
recovery flow and to  have a reasonable recovery rate, the 
system requires a much faster diffusive transport process than 
simple molecular diffusion. This requirement can be fulfilled 
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Figure 1. Couette reactor. 
The length of the reactor is 120 mm, the diameter of outer cylinder 25.4 mm, and the gap between inner and outer cylinders is 1.59 mm; thus, the 
ratio of the cylinder radii is 0.875. The reaction occurs in the unshaded region. Diameter of the recovery hole is 1 mm. Inlet solutions contain 5 x lo-’  
M of H2SO4. 

by using a Couette flow reactor, which was developed to study 
reaction-diffusion instabilities and pattern formation by groups 
in Texas (Tam et al., 1988; Tam and Swinney, 1990; Vastano 
et al., 1990; Ouyang et al., 1991) and in Bordeaux (Ouyang 
et al., 1989, 1991; Boissonade, 1990; De Kepper et al., 1990a; 
Boissonade et al., 1991). The reactor effectively serves as a 
one-dimensional reaction-diffusion system with a controllable 
diffusion rate 3 to 5 orders of magnitude larger than that of 
molecular diffusion. The use of the Couette reactor to recover 
intermediate species is described by an experimental and nu- 
merical modeling study of recovery of hypochlorous acid from 
a chlorite-iodide reaction. 

Experimental System 
Couette reactor 

Figure 1 shows a Couette reactor, which consists of two 
coaxial cylinders of length L ,  with an inner radius a and an 
outer radius b. The gap is filled with a reactive fluid of kin- 
ematic viscosity v (0.009 cm2/s at the experiment temperature 
of 26°C). The reactor used in this work has (b - a) << b << L.  
The outer cylinder is fixed while the inner cylinder is rotated 
at a rate $2. The flow regime in the gap is determined by the 
value of the Reynolds number, Re = (b  - a)a Q/v. When 
Re> Re,, the flow self-organizes into pairs of toroidal vortices 
stacked periodically along the axis (Di Prima and Swinney, 
1985). For large rotation rates, Re>>Re,, the motion becomes 
turbulent so that the radial and azimuthal mixing are rapidly 
achieved inside a toroidal cell, and each cell can be considered 
approximately homogeneous. The axial mass transport from 
one cell to neighboring ones takes place on much longer time 
scales than within a cell, and the concentrations can change 
from one cell to the next. If there is no net axial flow, the 
total amount of fluid exchanged between two adjacent cells is 
constant in time and equal in the two opposite directions. Thus, 
the transport rate of a given species between cells is propor- 
tional to the difference of concentration between the two cells, 
and it can therefore be described by the discretized form of 

Fick’s law. At length scales much larger than the gap width, 
the system behaves as a quasi-continuum in the axial direction 
and follows a one-dimensional diffusion law for sufficiently 
large cylinder rotation rates. 

Although the local mass transport is achieved by convective 
turbulent processes of the solvent, the effective axial transport 
is simply diffusive on a scale L >> (b - a). This has been dem- 
onstrated by the experiments of Tam and Swinney (1987) and 
Ouyang et al. (1991). Furthermore, since turbulence dominates 
the transport processes, the effective diffusion coefficients Di 
for each species i are equal to a single value D, which increases 
with the rotation rate Q. In the present experiments, the ef- 
fective diffusivity D ranges from 0.03 cm2/s to 0.2 cm2/s. 

To keep fresh chemicals at the boundaries, the reactants are 
continuously fed and removed at the two ends of the cylindrical 
gap. The feed and removal flow rates at each end of the Couette 
reactor are carefully balanced to ensure that the axial mass 
transport is only diffusive. Recovery was accomplished by 
opening two small holes in the middle of the reactor: one for 
continuously recovering chemical solution from the reactor 
and the other for compensating for the recovery with water 
with the same pH and concentration of indicator of the re- 
covered solution. The recovery and compensation flow rates 
are kept equal so that no mass axial flow occurs in the reactor. 

Chemical system 
A homogeneous liquid reaction was chosen as the chemical 

system: the minimal chlorite-iodide reaction (Dateo et al., 1982; 
De Kepper et al., 1990b). The reaction exhibits autocatalytic 
and substrate inhibition kinetics. Under certain conditions in 
a batch reactor, it has an induction period with a very slow 
reaction rate followed by a rapid acceleration, as shown in 
Figure 2. 

In a CSTR with premixed feeds and pH > 1.5, this reaction 
is bistable between the reduced and oxidized states over a large 
range of flow rates and concentrations. When the system crosses 
the transition point, it switches rapidly from one state to the 

AIChE Journal April 1992 Vol. 38, No. 4 503 



time(min) 
Figure 2. Switching in the chlorite-iodide reaction in a 

batch reactor. 
The long induction period and the subsequent rapid acceleration 
are shown in this time series of iodide concentration. Initial con- 
centrations: [H2S04],= 5 x lo-' M; [CIO2-Ii= 2.5 X M; 
[I-Ii=4.Ox M. From Dateo et al. (1982). 

other. This bistability is observed for ratios of the chlorite- 
feed to the iodide-feed concentration [C1O2-],/[I-], in the range 
0.2-1.5 (Dateo et al., 1982; Boukalouch et al., 1987); here [ I,, 
refers to the concentration of the mixed reactant stream before 
any reaction takes place. Figure 3 shows a phase diagram of 
the bistability. 

The reduced and oxidized steady states are optically de- 
tectable in the presence of Thiodkne (a mixture of urea and 
starch, an Ij- indicator, from Prolabo). In this case, the re- 
duced state is blue and corresponds to low light intensity, while 
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Figure 3. Bistability in the chlorite-iodide reaction in a 

CSTR. 
Measurements show regions of 7 -reduced state; A -oxidized state: 
+ -oxidation-reduction bistability as a function of temperature 
and chlorite feed concentration with other feed concentrations 
held fixed. Fixed concentrations: [H2S04],=4.5 x lo-' M; 
[Na2S04],=3.5x lo-' M; k0=2.63 x lO-'sc'. From Boukalouch 
et al. (1987). 
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Figure 4. HOCl recovery system. 

the oxidized state is yellow and corresponds to high light in- 
tensity. The influence of Thiodkne on the kinetics of the re- 
action is negligible when its concentration is less than 0.4 
g/L. 

Measurement 
The state (oxidized or reduced) of the system along the axis 

of the Couette reactor is monitored with a solid-state video 
camera. White light is used for illumination. The video camera 
detects the average transmitted light intensity over a broad 
spectrum. Therefore, although the measurements indicate the 
state of the system, they do not yield the concentration of any 
particular chemical species. 

The concentration of one of the intermediate species, hy- 
pochlorous acid (HOCl), is measured using the DPD (N ,N-  
diethyl-p-phenylenediamine) colorimetric method (American 
Public Health Association, 1975). Although hypochlorous acid 
remains stable both in an acidic or basic water solution, it is 
extremely unstable in the chlorite-iodide reaction medium. 
Thus, it was considered as a unstable intermediate species in 
the experiments. The main interference in the system for this 
method is Iz. Since the concentration of I, in the system may 
be ten times greater than that of HOCI, one needs to separate 
I2 from HOCl before introducing the indicator. For this reason, 
carbon tetrachloride (CC14) was first added to the recovered 
solution. Because the solubility of Iz in CCI, is about 100 times 
larger than that in water, I, can be extracted from water so- 
lution by CCI, with high efficiency. Figure 4 shows the entire 
on-line measurement procedure. The solution was pumped 
from the Couette reactor through a recovery hole and im- 
mediately mixed with CCl, in a small CSTR. The flow rate of 
CC14 was high (500 mL/h) so that the residence time in the 
CSTR was only about 10 s. After I2 was extracted, the solution 
from the CSTR was mixed with the DPD indicator and a pH 
buffer in a small mixer, where the HOCl reacted with indicator, 
giving a pink-red color (A = 552 nm). The solution was then 
allowed to separate into a water phase and a carbon tetra- 
chloride phase in a tube. The carbon tetrachloride phase was 
discarded and the water phase was placed in a spectrophoto- 
meter to measure the optical absorption at h=552 nm 
( E =  11,OOO M-'.cm-'). This measurement is relative rather 
than absolute, since the concentration of HOCl was measured 
about 10 s after recovery, while reactions that consume or 
produce HOCl were still under way. 

The axial effective diffusion coefficient in this system as 
function of Q was measured using the same method as in the 

504 April 1992 Vol. 38, No. 4 AIChE Journal 



experiments of Tam and Swinney (1987), but for smaller Re/ 
Re, (3.0-25) than what they studied. 

Procedures 
The inner cylinder was always accelerated under computer 

control at the same rate (0.01 rev/s2) from rest to the final 
speed. Degassed reductant and oxidant solutions with the same 
amount of sulfuric acid, sodium sulfate and Thiodkne were 
pumped into separate ends of the reactor, giving an asymmetric 
feed. The mass flow rate at both ends was kept the same. As 
will be discussed later, the position of the chemical front in 
the reactor depends on the ratio of the feed concentration of 
C102- to I - .  Therefore, in the recovery process, [C1O2-],/[I-IO 
was chosen as a tuning parameter to keep the position of the 
chemical front on the position of the recovery hole or to adjust 
the relative distance between them. The feed concentration of 
I - ,  the rotation rate Q, reactant feed flow rate k,, and recovery 
flow rate k, were chosen as the control parameters, while the 
concentrations of other feed components were fixed: 
[H,SO4lo = 5 x M; [Na2SO4lo = 3 x M; and [Thio- 

E 

dkne],=2 g/L. The temperature was fixed at 26°C. 0 100 200 

Model and Calculation Method 
The chlorite-iodide reaction in the Couette reactor can be 

described remarkably well by a one-dimensional reaction-dif- 
fusion model (Ouyang et al., 1991): 

a d a t  = f (c) + DV 2~ 

with D given by the value of the axial diffusion coefficient in 
the reactor, and the reaction kinetics f ( c )  given by the model 
of Citri and Epstein (1988): 

H' + C102- + I -  -HOCl+ HOI (1) 

H' + HOI + I-  * I2 + H2O (2) 

Cl02- + HOI + H +  - HI02 + HOCl (3) 

HOCl + I -  - HOI + C1- (4) 

HI02 + I-  + H +  * 2HOI ( 5 )  

2HIO2-HOI + 1 0 3 -  + H' (6) 

HI02 + HOI- I -  + 1 0 3 -  + 2H' (7) 

HI02+HOCI-IO~- +C1- +2H+ (8) 

where the rate constant values used were those of Boukalouch 
et al. (1987): 

time (s) 
Figure 5. Simulation of I -  and HOCl evolution in a batch 

reactor. 
The calculation used the model of Eqs. 1-8 with initial concen- 
trations: [ C I 0 , - ] i = 2 . 0 ~  IO-'M; [ I - l i = 3 . 5 x  lo-' M .  

The concentration of H' was taken to be 5 . 0 ~  M (the 
system was buffered in pH) and hence, was absorbed into the 
rate constant values kiw 

In the model (Eqs. 1-8), reactions 3 and 4 compose the main 
loop of the reacting system. This loop is strengthened by re- 
action 5 ,  where one molecule of HI02, the product of Eq. 3 ,  
gives two HOI. Therefore, Eqs. 3-5 comprise an autocatalytic 
loop of the system; HOCl and HOI are autocatalytic species. 
This autocatalytic loop becomes significant only when the sys- 
tem switches from the reduced state to the oxidized state, where 
HOCl and HOI exist in a significant amount. In a simulation 
of the reaction in a batch reactor, one observes an evolution 
of iodide concentration (Figure 5a), just as in Figure 2, as well 
as a very sharp peak in the evolution of HOCl (Figure 5b). 
The lifetime of HOCl is short, about 4 s (see Figure 5b). In a 
simulation of the reaction in CSTR, a behavior of HOCl similar 
to that shown in Figure 5b is found when the system undergoes 
a transition from the reduced state to the oxidized state. Oth- 
erwise, the concentration of HOCl is always near zero both in 
the reduced and oxidized steady states in a CSTR or a batch 
reactor. 
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Figure 6. Measurements and simulations of spatial pro- 
files in a Couette reactor. 
Results from experiments (a and b) are compared with results 
from simulations (c and d). a.  Scattered light intensity profile of 
a chemical front structure, ko = 60 mL/h, k, = 0, and D = 0.08 
cmZ/s; inlet I ,  [C1O2~~,=5.0x M; inlet 11, [I .lO=3.5x lo-’ 
M.  b. Measured profile of [HOCI] as a function of the distance 
AX between the recovery point and the chemical front with ko = 100 
mL/h, k , = 5 0  mL/h, and D=0.08 cm’/s; inlet I ,  [CIO,-], as a 
tunable parameter; inlet 11, [I-j0=3.5x lo-’ M. c. Calculated 
distribution of I ~. d.  Calculated distribution of HOCI, with 
k0=0.047 s - ’ ,  k,=O, and D=8.OxlO-’ cm2/s; inlet I ,  
[C102 ],=5.0x lo-’ M; inlet 11, [I-l0=3.5x lo-’ M. 

In the Couette flow reactor simulation, the 120-mm-long 
reactor is modeled as 7 5  cells, which correspond to  the vortices 
in the real system. The coupling of the cells is assumed to be 
purely diffusive. Thus, the system obeys the following set of 
ordinary differential equations: 

dC;/dt =f( C;) + D( c;, I + c;_ I - 2C;) 

where i = 2 ,  . . . , 74 (cell number), except for cell j u=36)  
where the extraction takes place, 

dCj/di =f( C;) + D (Cj, 1 + C,- 1 - 2C;) - k,Cj, 

where k, is the recovery rate. CSTR boundary conditions were 
applied to  the two ends cells: 

dC,/dt =f( C1) + D (C, - c, ) + ko (C,O - CI ) 

dC7Jdf =f( c,, 1 + D ( c,, - C,,) + ko (C7,O - C7,) 9 

where ko is the flow rate of the CSTRs, and Cp represents feed 
concentrations of reagents at spatial point i. Because of the 
large difference in the rate constants for reactions 1 to  8, this 
system of differential equations is very stiff. Thus, a backward 
differentiation formula was used in the simulations (formula 
DEBDF in Shampine and Watts, 1979). The recovery in the 
Couette reactor was studied in the simulations by putting a 
recovery hole a t  the position of the maximum of the [HOCI] 
distribution. The location of the recovery hole was changed 
in each step of the calculation so that it followed the location 
of the maximum [HOCI]. For the chlorite-iodide reaction, the 
calculations showed that this recovery mode and the recovery 
mode applied in the experiments give similar results, as long 
as the chemical front is stable. 

Results 

Chemical species distributions in the Couette reactor 
With appropriate asymmetric feed conditions, the chlorite- 

iodide reaction in the Couette reactor yields a single stationary 
front structure. A typical light intensity profile of the structure 
observed in the experiments is shown in Figure 6a. One can 
distinguish between an oxidized state region (high light inten- 
sity), a reduced state region (low light intensity), and a narrow 
switching region that represents the chemical front. The position 
of the chemical front depends on the experimental conditions, 
and it is particularly sensitive to  the ratio [CIO,-]o/[I-]o. An 
increase in the ratio will move the front toward the reduced 
state region, while a decrease will move the front toward the 
oxidized state region. 

The concentration of hypochlorous acid was measured di- 

l’i 5 1 
rectly for fluid extracted through a small hole midway between 
the ends of the annulus, as described previously. The numerical 
simulation shows (Figure 7) that immediately after recovery, 
the concentration of HOCl first increases, reaches a maximum 
after about 6 s, and then decreases. This validates the method 
of determining hypochlorous acid described before, where the 
measurement is conducted about 10 s after recovery. Of course, 
the concentration measured in this manner corresponds only 
roughly to  that of the extraction hole (cf. Figure 7 ) .  

The spatial profile of hypochlorous acid concentration (Fig- 
ure 6b) was determined by moving the position of the front 

1 I I 1 relative to  the extraction point, which was accomplished by 
adjusting [CIO,-]o/[I-]o. The measurements of optical density 
show that the profile of the front does not change significantly 

01 
0 20 40 60 

Figure 7. 
time@) as [CIOz-]o/[I-]o is varied over the range necessary to  deter- 

mine the Profile Of the front. 
Figures 6c and 6d show examples of the computed iodide 

(Figure 6c) and hypochlorous acid (Figure 6d) concentration 
profiles. The iodide concentration changes by several orders 

Numerical simulation of the evolution of HOCI 
in the recovery solution after recovery. 
Conditions: ko=4,2x s - ~ ,  k,=o& s - l ,  and ~ = 0 , ~ 8  Cmz/ 
S; inlet I, [C~O, -~~=S .OX lo-’ M; inlet 11, [1-1,=3.5x 10-’ M. 
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Figure 8. Simulations of HOCI and HOI concentration 

profiles in a Couette reactor. 
Conditions: k0=0.047 s - ' ,  k,=O, and D=S.Ox 
I ,  [CIO,-],=S.Ox M; inlet 11, [I-l0=3.5x M. 

cm2/s; inlet 

of magnitude in the narrow steady chemical front. This drop 
in iodide concentration corresponds to  the change of color 
from blue to yellow, as observed in the experiment. Thus, the 
iodide concentration profile obtained from the simulation (Fig- 
ure 6c) can be compared directly to  the profile of optical 
intensity observed in the experiment (Figure 6a). In Figure 6d 
one observes, as in Figure 6b, a narrow spatial band of hy- 
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Figure 9. Measured intensity profiles for different r e  
covery flow rates. 
These measurements show the collapse of the chemical front with 
increasing flow rate. Recovery flow rates (in mL/h): ( 1 )  k,=O, 
(2 )  k,=20, (3) k,=40, (4) k,=80, ( 5 )  k,= 120, (6 )  k,=160, (7 )  
k, = 200, (8) k, = 240. Other control parameters were: ko = 20 
mL/h, and 0=0.03 cm2/s; inlet 11; [I-],= 1 . 0 ~  lO-'M; inlet I ,  
[C102-],, a tunable parameter. 

pochlorous acid concentration in the chemical front region. 
This agreement between the experimental and numerical result 
demonstrates that the one-dimensional reaction-diffusion 
model qualitatively captures the spatial concentration profile 
of the Couette reactor system, even though fast complex re- 
actions are involved. 

A comparison of the experimental results of Figure 2 with 
Figure 6a and the numerical simulations of Figure 5 with Fig- 
ures 6c and 6d indicates that the Couette reactor can stabilize 
states that would be transient in a batch reactor or a CSTR. 
In a certain sense, the Couette reactor converts the temporal 
evolution of reactive species in a batch reactor into spatial 
concentration distributions. The unstable species in a batch 
reactor or CSTR, such as hypochlorous acid, can thus be easily 
stabilized in the chemical front in a Couette reactor and can 
be recovered as a chemical product. Moreover, as shown in 
the numerical simulation of Figure 8, the maximum of each 
unstable species has a different spatial location in the Couette 
reactor. Therefore, one can change the recovery position or, 
more simply, change the front position to  get maximum pro- 
ductivity and better selectivity for a desired intermediate spe- 
cies. 

Stability of chemical front under recovery 
Clearly, the ideas presented above are applicable only if the 

chemical front persists under recovery. Therefore, the stability 
of the chemical front was studied as a function of the recovery 
rate. Figure 9 shows light intensity profiles for different re- 
covery flow rates in the experiments. The chemical front per- 
sists for large recovery flow rates, but the gradient of the front 
becomes smaller as the recovery flow rate increases. Eventu- 
ally, the recovery flow rate passes a critical point and the front 
structure collapses, giving rise to  a quasi-homogeneous state. 
Within the experimental uncertainty, no hysteresis was found 
in this experiment. 

The influence of recovery on the concentration of hypo- 
chlorous acid as a function of the distance (AX) between front 
and recovery positions is shown in Figure 10. In the front 
structure, an increase in the recovery flow rate causes a decrease 
in the maximum concentration of hypochlorous acid. After 
the chemical front collapsed, no hypochlorous acid was de- 
tected in the experiments. This finding is supported by nu- 
merical simulations (Figure l l ) .  Note that the maximum in the 
hypochlorous acid concentration suddenly drops several orders 
of magnitude when the chemical front collapses. Consequently, 
the idea of recovering unstable short-lived intermediate species 
near a chemical front in a Couette reactor is feasible, provided 
that the recovery flow rate is not so large that the chemical 
front collapses. 

The critical value of the recovery flow rate depends on other 
control parameters: it increases with increasing reactor feed 
rates or increasing feed concentrations. The effect of the dif- 
fusion rate is complex. According t o  the numerical simulations, 
an increase in the diffusion coefficient stabilizes the front struc- 
ture. Moreover, if the diffusion rate is large enough, a change 
of diffusion coefficient will not change the critical value of 
the recovery flow rate. The diffusion values in this experiment 
were sufficiently large (0=0.03 t o  0.2 cm2/s), so that the 
critical value of the recovery flow was fairly insensitive to  the 
value of D. 

The diffusion coefficient, however, is a n  important control 
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Figure 10. Measured effect of recovery rate on the spa- 

tial distribution of HOCl in the Couette re. 
actor. 
The curve shows [HOCl] in the recovery system as a function 
of the distance of the front from the hole. The position of the 
front is varied by tuning [CIO2-l0. Conditions: ( I )  k,= 127 
mL/h, (2) k,=252 mL/h, (3) kr=400 mL/h, with ko= 100 mL/ 
h, and 0=0.03 cm2/s; inlet 11, [I-lO= 1 . 3 2 ~  lo-’ M. 

parameter because the shape and maximum value of the hy- 
pochlorous acid concentration distribution depend on D.  Fig- 
ure 12a shows experimental data for the hypochlorous acid 
concentration as a function of distance (AX) between the front 
and recovery point for different values of the diffusion coef- 
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Figure 11. Calculated effect of recovery rate on the max- 
imum of HOCl concentration. 
Other control parameters were: ko= 4.2 x lo-’ s-’ ,  D= 8 X 
cm2/s;inletI, [C1O2~],=5.Ox 10 ’M;inletII, [I- l0=3.5x lo-’ 
M .  
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Figure 12. lnfluenceof diffusion coefficient on the HOCl 

distribution determined in (a) experiments 
and (b) simulations. 
a. ( I )  0 = 0 . 2  cm’/s, (2) 0=0.14 cmz/s, (3) D=O.OE cm2/s, (4) 
0 = 0 . 0 3  cm2/s, with ko= 100 mL/h, and k,=50 mL/h; inlet 11, 
[I-lO= 1.3 x lo-’ M; inlet I ,  [CIOZ-I~ a tunable parameter. 
b. (1) 0 = 0 . 2  cm2/s, (2)0=0.08 cm’/s, (3) 0=0.02 cm‘/s, (4) 
D=0.008 cm2/s, with k0=0.067 s - ’ ,  kr=0.25 s - ’ ;  inlet I ,  
[C10z~]o=2.5x lo-’ M; inlet 11, [I-]a= 1 . 4 ~  lo-’ M. 

ficient. Figure 12b gives the results for the corresponding nu- 
merical simulation. With the other control parameters kept 
constant, an increase in the diffusion coefficient both increased 
the maximum concentration and enlarged the width of the 
hypochlorous acid distribution band. Therefore, to increase 
productivity and to control the system better, it is better to 
operate a Couette reactor with a high diffusion coefficient 
(large rotation rates of the cylinder). 

Efficiency of recovery 
To evaluate the Couette reactor for industrially important 

situations, the product flow rate and productivity were calcu- 
lated in the system. Since one mole of chlorite can convert a 
maximum of one mole of hypochlorous acid, one can take 
k,[HOCI], as the value of the product flow rate and k,[HOCl],/ 
(ko[C102-]o) as the value of productivity, where ko and k, are 
the feed and recovery flow rates, respectively. The terms [ClO,-], 
and [HOCl], represent the feed concentration of chlorite and 
the recovery concentration of hypochlorous acid. 

The results of the numerical simulation for the product flow 
rate and productivity are presented in Figure 13 as a function 
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Figure 13. Simulations of product flow rate and pro- 
ductivity on recovery flow rate. 
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The product flow rate k,[HOCI], and productivity k,[HOCl],/ 
ka[C102-]o were computed for the following conditions: (1) 

M, with [CIO,-]d[I~]o= 1.43, k0=4.2x lo-' s - ' ,  0=0.008 
cmZ/s. 

of recovery flow rate for different chlorite feed concentrations. 
In the front structure the productivity is relatively high, and 
there exists an optimal value of the recovery flow rate corre- 
sponding to the maximum productivity. A decrease in the feed 
concentration of chlorite will increase the productivity. This 
increase in productivity, however, is accompanied by a decrease 
in the product flow rate. Similarly, a decrease in the feed flow 
rate at the ends of the Couette reactor will also increase the 
productivity and decrease the product flow rate. Calculations 
show that it is possible to obtain up to 20% productivity if 
one uses a very small input flow (ko[C102~lo). 

Discussion 
The Couette reactor provides a novel means of recovering 

short-lived, unstable intermediate species, which can be locally 
abundant in a chemical front in the reactor. Recovery of short- 
lived species is extremely difficult in a batch reactor as well as 
in a CSTR; in the latter one must use a sophisticated control 
process to maintain the system in an unstable state. In both 
cases, the desired species is uniformly mixed with all other 
species. In contrast, since species are separated in a Couette 
reactor, the chemical composition of the recovery solution in 
a Couette reactor can be very different from that of the solution 
in a batch reactor at the point when the unstable species become 
abundant. 

A major difference also exists between the Couette and plug 

flow reactors: in plug flow the reactants must be premixed, 
while in a Couette reactor the reactants can be separated (in 
the example considered here, chlorite is fed from one end while 
iodide is fed from the other end). This separation of reactants 
could be crucial for work with fast reactions. 

Three principal factors determine the stability of a chemical 
front under recovery in the Couette reactor: the mass transport 
rate, the reaction rate, and the recovery rate. The first two 
strengthen the chemical front, while the latter one tends to 
destroy it. In a reaction-diffusion system with only molecular 
diffusion, the recovery of intermediate species would be limited 
by the mass transport rate, and a small perturbation in the 
recovery rate would easily destroy the front. In a Couette 
reactor, however, the enhanced diffusion rate is much larger 
than the molecular diffusion rate, and it is possible to adjust 
the diffusion rate such that the transport process is not the 
rate-limiting step. Consequently, there are two competitors 
left: the reaction rate and the recovery rate. If the reaction 
rate is larger than the recovery rate, the front survives and 
recovery with enhanced yield can be achieved; this is not pos- 
sible if the recovery rate is larger than the reaction rate so that 
the front collapses. One thus comes to a very interesting con- 
clusion: in contrast to the situation in a batch reactor, a CSTR, 
or a plug flow reactor, where the higher the reaction speed, 
the more difficult it is to isolate an intermediate species, in the 
Couette reactor the faster the reaction rate, the stabler the 
chemical front and the more efficient the recovery of the un- 
stable short-lived intermediate species! The experiments and 
numerical simulations with the chlorite-iodide reaction system 
presented in this work support the above conclusion. 

Another important feature of the Couette reactor is that the 
effective diffusion coefficient can be controlled. For example, 
in cases where the reaction rate of the intermediate species is 
so fast that the spatial distribution of the species is too narrow 
to resolve, one can increase the diffusion coefficient of the 
reactor (by increasing the rotation rate of the inner cylinder) 
to spread out the distribution band. 

In this study, an autocatalytic reaction was used to dem- 
onstrate the new technique, which in principle can be applied 
to other reaction systems. Potential applications of this tech- 
nique range from detecting intermediate products and studying 
the mechanism of a fast reaction to making new chemical 
products. For example, polymerization reaction products with 
a desired molecular weight could be obtained in a Couette 
reactor by recovering them from the appropriate location along 
the length of the reactor. 

More theoretical as well as experimental work is needed to 
understand the chemical front structures, the spatial distri- 
butions of intermediate species, the stability of the fronts with 
imposed gradients in concentration, temperature, or light in- 
tensity, and the relative merits of the Couette and plug-flow 
reactors in diverse applications. 
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Notation 
a = inner radius of Couette reactor, cm 
b = outer radius of Couette reactor, cm 
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c, = 

c,o = 

D =  

D. = 

ko = 
k, = 
K.  = 

KiH = 

L =  
MW = 

Re = 
Re, = 

T =  
Ax= 

[ l o  = 

11, = 

vector of chemical concentrations in the spatial point i ,  
M(mol/L) 
vector of feed concentrations of reagents to spatial point i, 
M(mol/L) 
axial effective diffusion coeffcient in the Couette reactor, 
cmZ/s 
diffusion coefficient of chemical species i, cm2/s 
feed flow rate of reactant, s-l 

recovery flow rate, s-’  
rate constant of reaction i 
rate constant of reaction i including acid concentration (con- 
stant, 5 x IO-~M) 
length of Couette reactor, cm 
molecular weight, g 
Reynolds number, ( b  - a)aWu 
Reynolds number corresponding to the primary instability, 
118.2 
temperature, “C 
distance between positions of recovery point and chemical 
front, cm 
feed concentration of reagents before any reaction takes 
place, M(mol/L) 
concentration of product in the recovery point, M(mol/L) 

Greek letters 
E = absorption coefficient, M-’-cm-’ 
X = light wavelength, nm 
u = kinematic viscosity, cm2/s 
!l = rotation speed of inner cylinder of Couette reactor, s - ’  
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