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We study experimentally th&+2B— C reaction-diffusion process with initially separated reagents in a
capillary using an inorganic chemical reaction. We measure and compare with theory the dynamic quantities
that characterize the kinetic behavior of the system: the global reactioRgtethe location of the reaction
centerx¢(t), the front's widthw(t), and the local production raf(x;,t). We demonstrate the nonclassical
phenomena of reactant segregation and depletion-zone formation for this reaction-diffusion process. The ex-
perimental results are in good agreement with theory and simulation and quite different from the exponents for
the elementary binarA+B— C reaction. The time exponents are 0.27 for the widtl9.48 for the global
reaction rate, and-0.75 for the local reaction rate, compared to theoretical values of 8.2%, and—0.75,
respectively[S1063-651X97)01509-3

PACS numbeps): 82.40—g

We report here an experimental study of a ternary This binary reaction front system has been implemented
reaction-diffusion system with a propagating front. Previousexperimentally{7,8] by the reaction
such studies were limited to binary elementary reactions.
These fronts play an important role in many problems. The
presence of such a reaction interface is characteristic of CU* + (tetra > 1:1 complex. ©)
many processes in natufg->5].

The pioneering work along this line is due to Galfi and
Racz[6]. They considered the kinetics at long times of anExperimental results agreed well with theoretical and nu-
effectively one-dimensional reaction-diffusion system for merical predictiong[7—-9] w~t>*, x;~t%%% and R(x,t)
+B—products in whichA andB species are initially sepa- ~t *°. This work has been of much recent interest
rated. In this geometry, reactanftsof constant concentration [10-12. . .
a, andB of constant concentration, are initially separated ~ The generalized and more complicated+mB—C re-
[6] They meet at time 0' forming a reaction front. The fol- -aCt|OnS und-er an |n|t|a”y Separated condition were Q|SO stud-
lowing set of reaction-diffusion equations for the local con-ied theoretically. Cornell, Droz, and Chopard predicted ex-

centrationsa,b is assumed to describe the system: ponents for the generalizedA+ mB— C reactions based on
the mean-field approximation. They found the width to scale
Ja b as t"tmM-120+mtl) and the production rate ofC at
= D,V2a—kab, = D,V?b—kab, (1) ¢, R(X;,1), to scale ag~ ("*M/(0+m+1) 113 14 The global

rate R(t), which is defined by the integral of the local rate

) ) . , over space, is always proportional to*? independent of
wherek is the microscopic local reaction constant. The equay m. | ater Cornell, Koza, and Drdz5] used a multiscaling

tion must satisfy the initial separation condition along thegnaysis and numerical simulation to confirm the finding for

separation axis, dimensionsd>d,=2/(m+n—1). Here we present an ex-
perimental realization for a terna®y+2B— C reaction and
a=agH(x), b=Dbg[1-H(x)], (2)  find good agreement between theory and experiment in a

convectionless capillary solution. Our Monte Carlo simula-
whereH(x) is the Heaviside step function. Galfi and Racztion results also agree with the theory.
showed that for the elementa#+B—C reaction in the In order to monitor the dynamical quantities of the reac-
long-time limit the center of the reaction front{) and the tion front at the asymptotic time limit we needed a reaction
width (w) of the front scale with time ag;~t*? andw that meets the following requirements) fast enough to en-
~116 respectively, while the production rate & at sure the diffusion-limited conditior(ji) a one-to-two termo-
X¢, R(x¢,t), is proportional tat =23, lecular reaction, andii) the existence of a suitable detection
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FIG. 1. Inw vs Int. The exponent in the asymptotic regime is
0.27. The unit for the width is 0.1 mm. FIG. 3. Incenter of the reaction fropws Int. The exponent in
the asymptotic regime is 0.52. The unit for the center of the front is
method for the reactaf® and product. Therefore, in contrast mm.
to the copper-ion reactidr8], we chose to use the nickel-ion
reaction
s _ The absorption maxima of the reactant, tetra, and the
Ni®"+2(tetrd —1:2 complex, (4 product are well separated and the absorbance of nickel ions
where “tetra” is disodium ethyl biG-tetrazolylazgacetate Is negligible. Both the reactant tetra and the b oduct obey the
Beer-Lambert law under experimental conditions. The opti-

trihnydrate[16]. This is a fast 1:2 complex formation reaction, ;
so we expect the system to follow an asymptotic behavior a?al absorbance of the total accumulated product is measured

a relatively early time. We can also easily monitor the prop_along the reaction front domain at fixed time intervals. From

erties of the front by monitoring the absorbance of the prod the difference in absorbance of the total product measured at
uct. consecutive times we find the product formation per unit

As reactants 3.3810 5Mof tetra and 1.08 10 3Mof time at each moment and determine the time exponents for
Ni2* were used, with a 0.35% water solution of gelatin. Thethe dynamical properties. The center of the reaction front is
addition of gelatin increases the viscosity, preventing condefined as the position with the highest product formation
vection and ensuring the formation of a sharp boundary aftate for any given time¢. Experimentally, it is defined as the
time zero[7,8]. The apparatus and methods were similar toposition with the highest product absorbance. The reaction
those reported beforg?,8]. The absorbance profiles of the front width is determined from the half-width of each sub-
product formation along the length of the reaction vessel aréraction profile. We define the global rate as the integral of
obtained by scanning along a defined length of the reactor, ithe local rateR(x; ,t) over the whole space. The rate is de-
parallel with the detector, using the system described in determined by the change of the product formation per unit
tail [7,8]. The absorption wavelength for the inorganic nickeltime. To determine the critical exponents for the dynamic
product excitation is 500 nm and for the reactant tetra exciexponents we fit the log-log plotigs. 1-3. The experi-

tation it is 400 nm. We used a halogen lamp and two bandmental results and the theoretical expectations are shown in
pass filters: 50810 nm for the product and 488 nm for  Taple |. The local reaction rate is somewhat difficult to
the reactant, tetra. monitor experimentally. We calculated its exponent from the
relationship of the exponent for the width and the global
T reaction rate. From scaling arguments the exponent of the
local rate equals the exponent of the global rate minus the
exponent of the width7]. We see excellent agreement be-
] tween the long-time experimental results and asymptotic the-
] oretical predictions, as well as with the simulation results
] (see below.

I e e e B
y = -1.905 + -0.4799x R= 0.9693

7

In (global rate)

TABLE |. Comparison of time exponents.

Local
Method Width  Center of front Global rateeaction rate

Experiment 0.2%0.05 0.52-0.05 —0.48+0.05 —0.75+0.1
Theory 0.25 0.50 -0.50 -0.75
FIG. 2. In(global rate vs Int.The unit for the global rate is Simulation -0.50
absorbance/min. The exponent in the asymptotic regime0ig}8. Classical 05 0 +0.5 0
Compare with the simulatiofFig. 4).

Int




3696 BRIEF REPORTS 56

I e S S o T
s ——y =315 + -0.501x R= 0.899

A at opposite sides of the origin at time 0. The diffusion coef-
ficients are the same fék andB. WhenA andB meet an
intermediate AB) is formed. Then, if the intermediate meets

3 with a B particle they will react and leave the system. The
result is averaged over 1000 runs. The global reaction rate
E exponent is—0.50, which agrees with theory and experi-
ment.

: In conclusion, we have studied experimentally a termo-
- lecular A+2B—C reaction-diffusion process with initially
separated components. We find that the 2'Ni
+2(tetra)~1:2 complex formation reaction indeed shows
the segregation of the reactants and gap formation. The glo-
bal rate exponent goes &5, the same as for the simple
A+B— C reaction under initial segregation. The critical ex-

FIG. 4. Simulation result for kglobal rate vs Int. The expo- ~PONents are in good agreement with the theory for the gen-
nent is—0.50. Compare with the experimeffig. 2). eralizednA+mB— C system and with the simulations.
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