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Experimental study of a crossover from nonclassical to classical chemical kinetics: An
elementary and reversibleA + B« C reaction-diffusion process in a capillary
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(Received 16 April 1996

We study an elementary and reversille-B— C reaction-diffusion process with initially separated re-
agents, in a convectionless capillary, using an inorganic chemical reaction. We show that the dynamics of the
system can be described in terms of a crossover between an “irreversible regime” and a “reversible regime.”
We measured the critical exponents in both regimes. In the irreversible regime we demonstrate the nonclassical
phenomena of reactant segregation and depletion-zone formation. In the reversible regime we observed the
effect of a local equilibrium where the classical prediction is confirmed. The experimental results are in good
agreement with values predicted by theory and simulafi8t063-651X96)04109-9

PACS numbd(s): 05.70.Ln, 82.40-¢g

I. INTRODUCTION wherek is the microscopic local reaction constant. The equa-
tion must satisfy the initial separation condition along the
There has been a resurgence of interest in diffusionseparation axis:
controlled reaction kinetic§1—21]. Theoretically, a better
understanding has been achieved regarding the way spatial a=aoH(x), b=bo[1—-H(x)], )

dimensionality affects diffusion, fluctuations, and stochastic hereH is the Heavisid ; ion. Galfi and R
processes in general. Computer and supercomputer simulghereH(x) is the Heaviside step function. Galfi and Racz
owed that in the long-time limit the center of the reaction

tions have demonstrated, verified, and expanded many d the width of the f le with 1
these theories. Experimentally there has also been work dont (x;) an tt(f,ew' th of the frontw) scale with time as

the reactions of the formsA+A—products [6—8] and X;~t"% andw-~ ,'respectiv'ely, Wh"_ez,ghe production rate
A+ C— C+products[9,10]. However, there has been little of C atx, R(x¢,1), is pro_por'uonal ta . This system has
progress regarding the most important class of reactiond€€n implemented experimental3]. The experimental re-
A+ B—products. This is not only the most common and im-SUItSO Sgree well W'ﬂ}, YEc)heqretlcql predictions, ~t™,
portant class of reactions, but also the one where the mo¥f~t ~» andR(x;,t)~t"". Simulation[14,19 results also

. . . . 052
drastic deviations from classical behavior have been preS"OW good agreement with theoretical predictimps-t™,

dicted theoreticall i imulaV " andR(x; 1) <t
y and demonstrated in computer simula . 4 . .
tions [1-5,10-21 _ In rgallty, most, |f_not all, chemical reactions are revers-
dble, given enough time. It was shown by Chopard, Droz,

Karapiperis, and Racf21] that the reversibleA+B«C
reaction-diffusion process with initially separated compo-
nents can be described in terms of a crossover between an
“irreversible” regime at short times and a “reversible” re-
gime at long times. In the “irreversible” regime the expo-

ents agree with those predicted by Galfi and Rdda. In
the “reversible” regime, because of the existence of a local
equilibrium at the reaction front, the dynamics is governed
only by the diffusion process and the critical exponents are
correctly given by the mean-field approximation~t*2,
R(x¢,t) ~const., independent of the dimension. The cross-
over time 7 is inversely proportional to the backward reac-
tion constan{21].

Galfi and Racz considered the kinetics at long times of a
effectively one dimensional reaction-diffusion system for
A+ B—products in whichA andB species are initially sepa-
rated[11]. In this geometry, reactanss of constant concen-
tration a; and B of constant concentratioh, are initially
separated. They meet at time 0, forming a reaction front. Th
presence of a reaction front is a characteristic feature of
variety of physical, chemical, and biological processks-
20]. Galfi and Racz assumed the following set of reaction
diffusion equations for the local concentratioagh to de-
scribe the system:

Jda . o

— =D,V2a—kab, Here we present an experimental realization of a revers-

at ible elementary reaction and find good agreement between
(1) theory and experiment in a convectionless capillary solution.

db Il. EXPERIMENT

— =D,V?b—Kkab, '

at

A. Reaction

In order to monitor the dynamical quantities of the reac-

*Present address: Inorganic Division, Department of Chemistrytion front we need a reaction that meets the following re-
National Institute of Technology and Quality, 2 Chungang-dong,quirements(i) it must be fast enough to ensure the diffusion-
Kwachon, Kyounggido, Korea. limited condition;(ii) it must have a one-to-one elementary
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FIG. 1. Structure Of “tetra.” FIG. 2. G|ass reactor.
bimolecular reaction; andii) there must be the existence of D. Apparatus
a suitable detection method for the reactgnand product. Optical absorbance measurements are used to monitor the
Unfortunately, only a few reactions meet the ideal criteria.dynamic quantities of the reaction. The absorbance profiles
We chose to use the reaction of the product formation along the length of the reaction
2 ] | vessel are obtained by scanning along a defined length of the
Cu +tetra—1:1 complex, (3 reactor, in parallel with the detectdFig. 3. The system

consists of a halogen lamp, a solenoid with two optical fil-
ters, a slit unit, and a stepping motor. We use a photomulti-
plier tube (PMT) in a PMT housing as the detector. The

trihydrate. As reactants, 5.630°M of tetra and S .
1.04x10 M of CU?* were used, with a 0.65% water solu- d|g_|t|zed output of the PMT through th&/D board contains
noise. For noise reduction, we add an electronic low-pass

tion of gelatin. The addition of gelatin increases the viscos-. ; ; IO
. ) : . . filter and average the signal at each data point. The slit unit is
lty, preventing convection and assuring the formation of acomposed of two slits, which are well aligned. Each slit is of
sharp boundary at time zero. size 4x1.8 mm with two movable matching stainless steel
blades that cover the hole. We use a slit width of 0.05 mm on
B. Materials the light source side and 0.09 mm on the detector side to
) o ensure a 0.1 mm mechanical resolution. The absorption
We synthesized d|§od|urn ethxl_ﬁstt_atrazolylazg) ac-  wavelength for the inorganic product excitation is 570 nm
etate trihydratgabbreviated “tetra” in this paper(Fig. ) and for the reactant “tetra” excitation it is 400 n¢fig. 4).
[22] as follows: 28.4 ml of 20% of sodium nitrite is added to \ye yse a halogen lamp and two band-pass filters:+370
a cooled solutlt_)n of 5-am|notetrazole m_ono_hydrate in 40 Mhm for the product and 4068 nm for the reactant, tetra. The
of 20% of sodium hydroxide. 60 g of ice is added to thegn_off of the lamp and solenoid are controlled through the
solution and the slurry was poured v_wth vigorous stirring 'ntoparallel port of the computer and the movement of the step-
28.4 ml of concentrated hydrochloric acid, 120 ml of water, 5ing motor is controlled via a stepping motor controller. The
and 200 g of crushed ice. After 20 min, 50 g of sodium|ight source, solenoid with two filters, slit unit, and detector
acetate trihydrate in 100 ml of water is added, followed byyye fixed on the stepping motor and the glass reactor is fixed

13 ml of ethyl acetoacetate. The solution immediately develyyer the slit unit, separated from all other units. The PMT is
ops an intense red color. The mixture is stirred2dc in an

ice water bath. 100 g of sodium chloride is added near the
end of the stirring period. The resulting solution is placed in
a refrigerator at 5 °C for a week. During this time the product
slowly crystallizes. The orange-red solid product is separated
by suction filtration and is air dried.

Elementary analysis of the sample shows results well Solencid
matched with the calculated resu(&able ). The absorption
maxima for “tetra” also matches well with the literature
values of 270 and 410 nf22].

Light of
source > Detector
C. Reactor

(PMT)
St
o . Unit

where “tetra” is disodium ethyl bib-tetrazolylazp acetate

Reactor

To get rid of the effect of gravity, we use a horizontal
reactor(Fig. 2), different from the vertical reactors used to
measure diffusion coefficients in the 1930s and 1943.
The glass reactor is a rectangular tuUd&2 mm inside di- Stepping motor
ametey). A central hole, drilled by a special drill so as not to
change the inside surface of the reactor, is used as an air
outlet.

Computer

TABLE |. Elemental analysis of “tetra.” Stepping motor controller

Calculated C, 19.05% H, 3.20% N, 44.44% Na, 12.16%
Found C,19.23% H,2.90% N, 42.72% Na, 11.95% FIG. 3. Schematic diagram for the experimental setup for the
optical absorbance measurement along the reaction front domain.
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FIG. 6. Inw vs Int. The exponent crosses over from 0.24 in the
“irreversible regime” to 0.49 in the “reversible regime.”

The scanning process consists of the following stéipghe
stepping motor moves, corresponding to the experimental

[B] resolution of 0.1 mm(ii) 31 data are taken at each point and
e oo > _— sent to theA/D board and averagediji) repeat(i) and (ii)
ssoo | 4100 4700 =300 | =sooc | ss00 until the motor reaches the end of the reaction domain. After
each scan the data are stored and the stepping motor is re-
WAVELENGTH (A) turned to its original position and stays there until the next

scan. Each scan take3 s tocomplete. A typical run lasts
FIG. 4. The absorption spectra of “tetra’A}, Ci** (B), and  abou 8 h and consists of around 50 scans along the reaction
the product C). The initial concentration of the copper ion is front.
2x1072 M, those for the “tetra” and the product werexd0™> M.

Absorbance is in arbitrary units. IIl. RESULTS AND DISCUSSION

The absorption maxima of the product and the reactant
tetra” are well separated and the absorbance of copper is
negligible(Fig. 4). Both the product and the reactant “tetra”
obey the Beer-Lambert law under experimental conditions.
The optical absorbance of the total accumulated product is
measured along the reaction front domain at fixed time inter-

The two reactants are injected into the two end arms o¥als. From the difference of absorbance of the total product
the reactor using a syringe. They meet at the center of theneasured at consecutive times, we find the product forma-
reactor at time 0, forming a vertical boundary. The first scartion per unit time, at each moment, and determine the time
along the reaction front starts when the reactants meet. Thexponents for the dynamical properties. The center of the
time interval between scans increases from the order of feaction front is defined as the position with the highest
min to the order of 100 min. The lamp is turned “on” 4 min product formation rate for any given time Experimentally,
before each scan. A solenoid switches back and forth bét is defined as the position with the highest subtracted prod-
tween product and reactant filters. When the solenoid is orijct absorbance. The reaction front width is determined from
the top filter is used, and when off, the bottom filter is usedthe half width of each subtraction profile. We define the glo-

bal rateR(t) as the integral of the local reaction rd&éx; ,t)
over thex coordinate. The global rate is determined experi-

connected to thé/D board of the computer to convert the .
analog data into digital data, which is then stored by a com
puter.

E. Procedure
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FIG. 7. In (global rat¢ vs Int. The unit for global rate is in
FIG. 5. Inx; vs Int. The critical exponent in the “irreversible (absorbance/min The exponent crosses over fror0.41 in the
regime” is 0.56 and in the “reversible regime” it is 0. “irreversible regime” to +0.55 in the “reversible regime.”
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TABLE Il. Comparison of time exponents.

Width Center of the front Global rate
Early Late Early Late Early Late
Experiment 0.240.05 0.49:0.04 0.56-0.05 (+0.03 —0.41+0.06 0.55-0.05
Theory 0.17 0.50 0.50 0 —0.50 0.50

mentally as the change of the total product formation per unitirreversible regimgand then, due to the reversibility of the

time. reaction, the system moves into a “reversible” regime where
From the log-log plotgFigs. 5—7 we see a clear cross- the system is described correctly by mean field theory, the

over for each of the three critical exponents. To determineslassical approach.

the critical exponents in both the “reversible” and the “ir- In conclusion, we have studied experimentally an elemen-

reversible” regimes, we fit the log-log plots before the cross-tary, reversibleA+B« C reaction-diffusion process with

over, as well as after the crossover. The experimental resuligitially separated components. We find that the

and the theoretical expectations are shown in Table Il. For alCl?* +“tetra” «<~1:1 complex formation reaction indeed

our runs the crossover occurred at a time around 250 mirshows a crossover in the reaction dynamics, from the early

Thus the reverse reaction rate constant is roughtyl@ 3 irreversible time regime to the late reversible time regime.

min"*M L, The critical exponents, as expected theoretically, also show
In the “irreversible regime” the experimental exponents this crossover, and this crossover also gives the reverse rate

are in good agreement with the nonclassical theoretical valeonstant.

ues predicted by Galfi and Racz. At long times, there is a

formation of a Ioc_:al equmb_rlum at the reaction f_ront, be- ACKNOWLEDGMENTS
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