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The time dependence of the volume of one reactant solution injected into the other was derived. The 
injection is feedback-controlled to hold the reaction mixture potential constant. The thcorctical relations 
were tested in a feedback reactor on two secondsrder rcaotions. 

This paper deals with a n  additional application of thc fccdback rcactor to the moni- 
toring of chcniical reactions. Previous work' was conccrncd with the fccdback rcactor 
with spcctrophotometric indication, whcrc the absorbrncc of the rcaction rtiixture is 
linearly dependent on the concentrations of tlic rcactants. In the present trcatnient the 
indication quantity is the nonequilibriuni po1cnti;il of the reaction mixture, which, how- 
ever, is no linear function of the reactant conccntrations. Thc fccdback rcactor with 
potentioiiietric indication is based on thc principle of thc rcaction mixture electric 
potential being hcld constant through the entire reaction by a suitable injection of one 
reactant solution to the othcr; the control systciii is assuiiicd to suffer from no lag. 

In the feedback reactor with spcctrophotonictric indication, the irrcversible noni- 
sochoric second-order rcaction 

proceeds. The dcpendcncc of the volutiic Vof the rcactiliit OX, injcctcd into the solution 
of the reactant Redl on tiiiie t has bccn dcrivcd' i n  thc fornu 

= v.po% - vs k R e d ,  VmRrd, - - I II 
V' + v.Po.2 

In 
v ~ %  - VmRed, v.pO% - Av vaO% - v=Rcd, '=Red, - - Z' CO% k' (V' + Av)/(VoDOx* - Av) I I ,  
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where V, is the starting voluiiie of the reaction mixture containing the reaction compo- 
nent Red2 in a concentration bR,d,,  AV is the starting volunie of the solution of the 
reactant Ox2 at an injection concentration a, and 

(V, + AW CO? K 
t AV '@% 21 (U KO% - YO) - U KO% 

'1 + '2 KRed, - '1 K R e 4  - 22 KOx, 9 

co5, cRd, are concentrations of the reactants Ox2and Red, a t  the beginning of action of 
the feedback. Symbol Yo denotes a constant value of a quantity Y (e.g. absorbance) 
which obeys the general equation 

Y =  z C i K i ,  

i 
where ci is the actual concentration of the i-th reactant. 

Mass balance at  the start of reaction (A) gives 

(3) 

where h e d l  is the starting concentration of tbe reactant Redl in the reactor. If the 
volunie V, of the reactant Ox, in the equivalence point of reaction (A) obeys the equa- 
tion 

ve = [('I bRedl)l(z2 '11 vs 9 (9 
then, by eliiiiinating the quantities cRed,, K and K~~ froill Eqs (2) and (J), the concentra- 
tion c0% a t  the beginning of action of the feedbilck can be calculatcd as 

(6) 
(VmRed,  - ve) (vc@% - Av 
(vs '012 Av (vmQ% - VmRed,) ' 

Inserting this relation in Q. (I) we obtain 

' 2  a kl (vmRed, - ve) (7) 

Based on this iniplicit dependence of the injected volunie on time, the rate constant and 
other unknowns can be deterniined by a n  optiiiiization nuiiierical method. 
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Assume that for the oxidation-reduction reaction (A) the electromotive voltage of the 
cell is held constant through a feedback by injection of the reactant Ox2 The cell is 
fonned by a n  indicator oxidation-reduction electrode (e.g. a platinuiii electrode) and a 
reference electrode (e.g. a saturated calouicl electrode). Provided that reaction (A) does 
not occur through the electrodes (no current passes through the measuring circuit) and 
perfect stirring of the reaction iiiixture is provided ((be reactant concentrations at the 
electrode surface and in the solution bulk are identical), potential E of tlre indicator 
electrode obeys tbe equation' 

where Q is €be rate c o w t a t  d tbe elect& process ol t k  i 4  aysrcn, k ulr &%We- 
de surface area for tk i-th systeni, Pa= expE*i (z,FWT)(E - &)b = - f(1 - 
a,)(z,F/R7')(E - &)I, ai is the charge tkinsfer coefficient d the i-tb oxid&ea-cedrcth 
system, E ,  is the standard oxidation-reduction potential of tk f-th system, F is the 
Faraday constant, R is the gas consta~t, a d  T is ttmpenlun. 

A S S U R I ~ I I ~  ideal behviour of tbe imticater e ~ e c t r o t ~ e ~ ,  i.e. iuQpeaBcacc of 6 rod q 
on tbe actual reactapt concertratioas, tbe lolowhe; coe~lkkerS a n  be -4 fbr f b  
constant potential E: 

K O ~ ,  21 pa, K R ~ ,  = - 21 Gqi Pi - a, 
KO% * 22 6% pa2 K- - I G &PI-% (9) 

By inserting these coefficients ia Eq. (8) we obtain 
2 z h3a,  KOx, + C J q  Kuedl) * * 

i -  1 
This equation is forinaUy identica1 wilb tbe general &€lahim of qrrutky Y urcssr)ing 
to Eq. (3) for Y = 0. Thus, a l l  the tbeoreticai r e l a t h  derived prev41~siy' caa k 
applied to the feedback reactor with pdentiotilctric iRdiCdiOll sa llrd tk vdue of 
quantity Y will be zero by definition. The expcriruental data process@, bwevet,  will 
be different. While in the case of spectrophotomtrk hdicatbn 9!bc coefficients yi a= 
rather readily available, in tBe case of potentioiiietric i&ptha @key ase placthHy 
unavailable. Therefore, rhe leteniiination of ail the paraaleten in cbe depenrleacc of the 
injected volume on time (Eqs (Z), (7)) must be made by using a numerical opthimtion 
method. The chosen C O A S ~ ~  valve of the potential Ek can only Ik within the regim of 
the equilibrium potentimetric titration curve of the axidation-mductioa syskni (A), BS 

shown scheuiaticatly in Fig. 1. 
The E,  value not only affects that overall reaction rate but also, in particular, the 

quality of the results, as will be deliionstrated later. In Eq. (7), one of tbe V, para- 
meters has physical nieaning; this is usually VmKed, , the injected voluiiie of the reactant 
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Ox, a t  time t + 00 . For the chosen potential E,  = E, (the equivalence potential) the V, 
value will be V,, and applying the I'Hospital rule to Eq. (7) we obtain 

EXPERIMENTAL 

Chemicals 

Cerium(1V) sulfate and iron(ll1) sulfate were chemicals of reagent grade purity (Lachema, Brno). Vanadyl 
sulfate was prepared from ammonium me~avanadatc~ (Lachema, Brno), vanadium(lI1) sulfate was prepared 
by reacting vanadyl sulfate with vanadiuni(l1) sulfates obtained by reducing ammonium metavanadate with 
zinc. All concentrations were checked potentiomctrically6 . 

Apparatus 

The basic setup of the feedback reactor for obtaining the experimental dependence of the injected volume 
on time has been described in  ref.' and is shown schematically i n  Scheme 1. The input  indication part of 
the equipment with a current follower was supplemented with a voltage follower. For a more objective and 
rapid obtaining of the results, the equipment was interfaced to a coniputcr; through an analoddigital 
converter (ND), a Sinclair computer with a printer was connccled for sampling the analog voltage. Thus 
the time dependence of the volume was digitized, facilitiiting the data processing by an optimization 
method. The printer can serve to archive the results. Ihe  A/D converter followed the data at a thousand 
levels and the total voltage of 1 V corresponded to the volume of I cm3, the reading resolution was 1 
mm3. This is the limiting factor because the injection accuracy was better than 0.1%. 

The measuring procedure was as i n  ref.'. 

El- m Block diagram of the appatatus. 1 reactor, 
2 indicator and reference electrodes, 3 
compensator with current and voltage follo- 
wers, 4 linear dispenser with injected volu- 
me-voltage conversion, 5 X-t recorder, 6 
A/D converter, 7 Sinclair computer, 8 coil 
stirrer, 9 B reactant tank. 10 reaction 
medium tank, 11 thermoskt 

SCHEME 1 
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RESULTS AND DISCUSSION 

For testing the function of the apparatus and vcrilication of thc thcorcticill rclations, 
two oxidation-reduction rcactioils i n  sulfuric acid solutions wcrc chosen (conccntra- 
tions 1 in01 dnr3): 

Ce(Iv) + V(IV)-+ Cc(II1) t V(V) 

Fc(II1) + V(II1) - Fc(1I) t V(Iv) 

The experimental dcpcndcnces of the iiijcctcd voluiiie on tiiiie wcrc cvaluatcd based on 
Eqs (I) and/or (7) on a PC/AT; softwarc set up by us for this coliiiti1icd three sclcctable 
optimization incthods for nonlinear niodcls: the RoscnbrockStorcy, the Siniplex and 
the Levenbcrg-Ma rquii rd t iiiodcls7 . 

Even preliminary nieasurcnicnt gave evidencc that the paraiiictcr values obtained by 
the Siniplcx method do not corrcsyond to the true valucs or hck physical nieaning. 
With the object function for n expcriiiicntal points 

n 

Ft 1 (li,cxp - ti)* (124 
i -  1 

or 
N 

the likelihood of the results was dcpciidcnt on the choscn lcvcl of potcntials within the 
titration curve. Thcrcfore, the dcpciidcnccs of voluaics oii tiiiic ticcording to Eqs (I) or 
(7) were first simulatcd with chosen pannictcrs and ui by nicans of Eq. (9). The 
volunie values wcre rounded froni 0.01 to 1 iiiiii3. From thcsc rcsults, lhc rate constants 

FIG. 1 
Titration curve of the oxidation-reduction reaction. E,, 
Eel, E02 standard potentials of the redox systems 1 I I 1 

and 2, respectively; & arbitrarily chosen constant 
potential value 2 ' equivalent 0-5 
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k, and volunies V,  were back-dctcriiiiiicd by the optiiiiization nicthod and compared 
with the true values. Simulation was pcrforiiicd for various coiiibinations of coilinion 
parameters, sonie of which wcre as  follows for the rcdox systciils 1 and 2, rcspcctively: 

d:1r3): 0.0008, -; V, (~111~): 25, -; A V  (ciilf): -, 0.2; k, (dm" ~ i i o l - ~  s-'): 1 000. The 
relative errors of the rate constant kl and of the voluiiie V,, i n  dependence on the 
rounding are given in  Tiiblc I for thc two object functions F, and Fv. 

Considering satisfactory those paraiiieters whose relative error is lower than 5%, 
Table I deiiionstratcs tha t  for the sub-cquivalcnt dcpcndenccs (EL < E,) the expe- 
ritnental volunies must be read with a high prccision. The rcason for this demand is in 
the diffcrence (VmRed, - V,) on the right-hi111d sidc of Eq. (7). Siniulations gave evidence 
that for the sub-equivalent dcpcndcnces, VmRrd, - V ,  , so that in  thcse cases the VooR4 
parameter must be deteriiiincd with a very high precision. For the above-cquivalence 
dependences (Ek > Ee), this rcquircmcnt is not so stringcnt. The kind of the object 
function applied has ncarly no cffcct on the calculation results but the use of the 
function F, is niore time consuiiiing because the volunic iiiust bc first calculated expli- 
citly by soiiie other ~ i ~ ~ i i e r i c i ~ l  method (Newton's itcriltivc liicthod'). 

For the Cc(IV)/V(IV) rcdox system, tlic nicitsurcnieiits wcre pcrforiiicd with the 
injection of Cc(1V) solutioii a t  ii concciitriitioii ( I  = 0.155 11101 d ~ i i - ~  into a solution of 
V(IV) at a concentration within the rcgion of 0.001 to 0.006 11101 a t  20 "C. The 
indicator electrode was a pliitinum wire 1 111111 i n  dianictcr. Of the three electrodes 
manufactured, only one rcspondcd imnicdiatcly to chiingcs i n  the reaction mixture. In 
none case could the dcpcndcnce of the injectcd voluiiie V on tin= f be obtained in the 
above-equivalcnce rcgion. The results of optiiiiization of the sub-equivalcnce depend- 
ences confirined the assumptions and co~tclusions Born the aiiiiulation. The determined 
nlte constants often lackcd physical iiieaiung or wcre enfirely diffcrcnt fmni published 

E ,  (V): 0, 0.4; u,: 0.99, 0.01; &i: 0.01, 1; ~ i :  1, 1; u (11101 d1ir3): -, 0.02; bR4 (11101 

TABLE I 
Relative errors (46) of the rate constant k, and of the final volume V, in  the sub-equivalence region (EI, = 
0.025 V) (a) and in the above-equivalence region ( E ,  = 0.275 V) (b) for various precisions of volume 
reading 

F V  Fl Volume 
reading 

mm3 
precision 8v, 6kl 611- 8kl 

a b a b a b a b 

0.01 0.00 0.00 5.05 0.02 0.00 0.00 1.35 0.04 
0.10 0.00 0.00 8.47 0.51 0.01 0.00 4.87 0.32 
1.00 0.02 0.03 70.94 3.89 0.09 0.02 473.43 4.18 
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For the Fe(III)/V(III) redox system, the iiicasurcnients wcre perfornicd with the 
injection of a Fe(II1) solution at a concentriition Q = 0.3057 iiiol d n r 3  into a solution of 
VQV) a t  a concentration 6, within thc region of 0.001 to 0.011 11101 d n r 3  a t  20 OC. All 
the experinlentally obtiiilicd dependences were froti1 the above-cquivalcnce region. 
Curves from the sub-equivalence region could not be obteincd because the technical 
parameters of the feedback reactor failcd to satisfy. The rate constants obtained by 
optiniization were subjectcd to the Dean-Dixon test9 to cliniiniste outlicrs; none of the 
50 values in the set was so eliminated. An exiiiiiple of experiiiic~itiil dcpcndence of the 
injected volume on time is shown in  Fig. 2. Thc expcrinicntal rate constant, 1.52 t 0.11 
din3 ~i io l - 's -~ ,  is in  a good agreenient with the litcraturc5. 

CONCLUSIONS 

Measurenient on a fccdbilck reactor with polctilioiiictric indication is affectcd appre- 
ciably by the prccisioti of input diita rCilditlg. This fact WilS confiriiicd i n  simulations as 
well as in the experiments. Whcther the iiicasurcnicnt affords dcpcndcnces of V on I in  
the sub-equivalence rcgion or in  the above-equivalence rcgion is governed by the 
technical parameters of the equipnient, by the clcctrochciiiical pariinictcrs of the oxida- 
tion-reduction system, and by the propcrtics of the solid electrode'. Atteiiipts to obtain 
the true rate constant values in  the cases of sub-cquivalence ratcs ilivariiibly failed. The 
single parameter applicable to analytical purposcs was V, . This docs not iiican that the 
method should be turncd down; only one should strive to iiicct the high dciiiands placed 

I I 

FIG. 2 
Experimental record from the measure- 
ment of the Fe(lll)/V(III) redox system. 
Temperature 20 'C, chosrn constant cell 
voltage hEk = 0.015 V, concentration of 
V(rII), bWl= 0.0037 mol dm-', V, = 15 an3, 
a 0.3087 mol dm-', A V  = 0.099 cm3, 

V m W l -  - 0.4979 an', V m h z =  -0.0056 dm', 
k, = 1.46 dm' mol-' s-', Fl = 20.86 sz. 
Curves: 7 volume, 2 potential 

coIz= aoois mol dm?, cM am mol d, 

oa--- 
500 t, s 0 200 
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on the precision of nicasurenieiit. Nuiiicrical processing of the above-equivalence de- 
pendences met with no problenls. Thcrcforc, i t  is corivcnicnt to sccure conditions of 
measurement such that the constant potciitirl chosen can lic above the equivalence 
value. 

With respect to the use of the voltage follower, lhe propcrtics of the solid-phase 
electrodes are aniong the limiting factors; they should tlot vary during the mcasure- 
ment. Instantaneous response of the indicator electrode is a malter of course. Hence, the 
electrode must exhibit idcal bchavioug . 

The feedback principle with a voltage followcr can also be eniploycd during the 
control of chcniical reactions, e.g. during thc keeping a cons1;int pH, a constant ligand 
concentration, ctc. Thc indicator elcrlrodcs cilIi bc various kinds (the rcdox electrode 
mentioned, a n  ion sclcrtivc clcctrode) according to tlic rcquircmcnts of tlic industrial 
practice. 
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