
Replication 

Results of replicate oxidation runs on high volatile A 
bituminous coal (PSOC 4) show in Figure 2 that reaction 
rate is reproducible for the same type of coal and particle 
size, usually to within the experimental precision, but 
never exceeding a deviation of 5 %  for any given point. 
In all the figures, runs marked with a letter A were ob- 
tained with the newer apparatus; those labeled with a W 
are from the earlier set. Comparisons of the newer data with 
the similar runs from the previous operator and other gas 
chromatograph show somewhat greater differences, but 
this is probably to be attributed to the new analysis pro- 
cedure. The new chromatograph is significantly more 
sensitive, especially in detecting the relatively smaller 
peaks of the carbonic gases. I t  is notable in Figure 2 that 
the replicate runs 2A and 4A from the same equipment 
gave results that were indistinguishable from one an- 
other. Further confirmation of reproducibility may be 
found in Figure 11 for runs 7A and 13A on a coal of the 
large pore volume group (HVC bituminous, PSOC 190). 

Effect of Coal Rank 

3y using the carbon content of a coal sample as a con- 
venient index of its rank, it is possible to detect trends 
in oxidative reactivity. One such correlation is presented 
in Figure 18, where the initial oxidation rates are shown 
for all the coals tested under the same conditions of gas 
flow, particle size, and temperature. Also included on the 
same figure is a result obtained by Kam, Hixson, and 
Perlmutter (1976b). It is evident that a band of values is 
called for, rather than a single line, but there is a dis- 
cernable trend toward slower oxidation of higher rank 
coals. I t  may be noted that two replicate pairs are among 
the points on this figure and that their agreement is close 
in comparison with the scatter observed among the differ- 
ent coal types. 

Chemical Analysis and Heating Values 

Each of the coal samples was analyzed by an inde- 
pendent commercial laboratory to determine heating value, 
ultimate analysis, and proximate analysis, both before 
and after oxidation. Representative ultimate analysis re- 
sults are summarized in Table 5. 

It  is clear that in general the smaller particle size 
samples pick up relatively larger quantities of oxygen, in 
agreement with the observation made by Kam, Hixson, 

and Perlmutter ( 1 9 7 6 ~ )  that a coal is more readily 
rendered noncaking when it is oxidized in a smaller par- 
ticle form, in particular when the process produces rela- 
tively more water and less of the carbonic gases. In the 
case of lignite (PSOC 87), however, oxygen was lost 
by the coal during the reaction, and the effect was great- 
est for the more reactive smaller size particles. 

As to heating values of the several coals, the data show 
a strong correlation with the carbon content of a sample. 
Regardless of particle size, the heating value of a material 
changed upon oxidation primarily as the carbon changed. 
The results are presented in Figure 19, where a correlation 
coefficient of 0.86 exists for data taken with a wide range of 
coals of different types. There is also a suggestion in the 
data that generalizations regarding the fixation of oxygen 
that occurred for all the various bituminous coals do not 
apply to the lignite (PSOC 87) and the anthracite 
(PSOC 80) coals. The results of Table 5 show that for 
these coals, the most and least reactive among those 
tested, the result of the oxidative treatment was to increase 
the percent of carbon in the overall composition. 
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Criteria for Selective Path Promotion in 
Electrochemical Reaction Sequences 

An analysis of consecutive electrochemical reactions is presented with 
some emphasis on organic electrocatalytic sequences. The effect of potential 
and electrode kinetic parameters on reaction selectivity and on current and 
rate distribution is examined in two model electrochemical reactors with 
channel flow or with complete mixing. Results and some examples demon- 
strate that the electrolyte potential is the most significant parameter for se- 
lectivity control of complex series reactions in electrochemical processing or 
energy generation. Criteria developed for selectivity and current or rate 
variation provide the basis for the design of electrochemical reactors and for 
optimal operation considerations with multiple electrode reactions. Such 
criteria and analyses apply to a number of working electrode configurations 
operating with ionic as well as molecular reactants. 
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SCOPE 
The feasibility of electrochemical processes for chemical 

production and energy generation depends on the rational 
choice of operating conditions and of reactor designs to 
promote desirable reaction paths. Reluctance to adopt elec- 
trochemical systems often stems from inadequate under- 
standing of the combined effects of an electric field and 
of kinetic and mixing processes in flow reactors on the 
specificity of multiple electrochemical reactions. Here we 
present an analysis of these effects for consecutive electro- 
chemical reactions involving one or more complex or ele- 
mentary electron-transfer steps. Such reaction sequences 
of arbitrary kinetics for each step are commonly encoun- 
tered in organic electrocatalytic and in ionic electrochemi- 
cal processes. 

Previous analyses of series reactions in an electric field 
examined a simple, mechanistic sequence involving only a 
slow homogeneous (nonelectrochemical) step and slow 
mass transfer (Sioda, 1974; Alkire and Gould, 1977), or 
ionic reactions lumped into one overall rate expression 
(Ateya and Austin, 1977). Because of their specific nature, 
these studies did not address any general criteria for selec- 
tivity control or for rate and current distribution with 
arbitrary reactions, Analyses of competing multiple reac- 

tions in flow reactors (Sakellaropoulos and Francis, 
1979a, b) and at rotating disk electrodes (White and New- 
man, 1977; White et al., 1977) amplify the need for such 
criteria, for the selection of appropriate electrochemical 
reactor designs and of operating conditions, depending on 
electrode kinetics. 

In the present analysis of consecutive electrodic reac- 
tions, two model electrochemical reactors are considered 
with channel plug flow (CER) or with complete mixing 
(MER) of the reacting fluid stream. By neglecting disper- 
sive mixing and ohmic losses, the sensitivity of product 
yield, of rate distribution, and of energy needs to electrode 
kinetic and system parameters can be identified. These 
results lay the groundwork for further optimization con- 
siderations of electrochemical reactor cells. Of course, the 
design and optimization of electrochemical reactors is 
based on the assumption of known electrode kinetics. How- 
ever, few complex electrocatalytic reactions are well char- 
acterized in the kinetic regime. The derived equations 
should assist in obtaining the needed transfer coefficients 
and other kinetic parameters of multiple electrochemical 
reaction schemes. 

CONCLUSIONS AND SIGNIFICANCE 

The selectivity of consecutive electrochemical reactions 
depends mainly upon the effect of electrode potential on 
the rate of each step and upon the retention time of re- 
actants and products in the electric field of the reactor. 
The electrode potential does not play the simple role of a 
modifier of the rate constant ratio for two steps but be- 
comes an important optimization parameter. Thus, the 
selectivity and yield of a reaction intermediate can im- 
prove in short space times and low potentials, depending 
on transfer coefficients, contrary to conventional kinetics, 

With kinetic parameters favoring the second reaction 
step, high intermediate yields are expected at low anodic 
or positive cathodic potentials. Such potentials are often 
neglected in conventional electrochemical studies, but 
they are easily attained in electrogenerative catalytic re- 
actors. In this case, a flow reactor can be designed with 
an optima1 potential sequence to maximize yield. 

Concentration and mixing effects on electrodic selec- 
tivity are similar to conventional reactors. High reactant 
conversion and promotion of mixing lower the selectivity 
of the reaction intermediate. However, these as well as 
temperature effects can be offset or even reversed by 
potential control. 

The reaction rate and current distribution in a CER de- 
termine the electric energy requirements for electrolytic 
reactors or the energy capabilities of electrogenerative 
and fuel cells. The total average current density can be 
larger or smaller than the initial (maximum) current den- 
sity of the first step depending on the potential and the 
kinetic parameters of each step. The criteria established 

here permit prediction of kinetic current densities attain- 
able at given potentials and space times. In energy gen- 
eration, complete reaction of the intermediate at high re- 
actant conversions per pass may lead to an apparent limit- 
ing or declining average current density due to concentra- 
tion and thence rate decrease. Such experimental limiting 
behavior was previously attributed to slow mass trans- 
port or electrode passivation. 

Large concentration variations along a channel flow 
electrochemical reactor result in nonuniform local cur- 
rent distribution that may promote electrode or catalyst 
deterioration. Uniform currents can be achieved in a mixed 
electrochemical reactor at the expense of size. This uni- 
form rate and selectivity and simple solution of the perti- 
nent transport equations make the mixed reactor ideal for 
the needed kinetic analyses of multiple reactions. 

The discussed models and the presented criteria permit 
a rational approach to the design and optimization of size, 
yield, and energy use or generation of electrochemical 
reactors for multiple reaction sequences. This analysis is 
applicable to dissolved or gas phase organic reactants as 
well as to ionic species, for various electrode configura- 
tions, including thin flow by porous or thin gap or slurry 
electrodes, Since solution of the convective transport equa- 
tions for simple-order reactions (zero, one) gives similar 
results, discussion focuses primarily on two successive first- 
order steps. The qualitative predictions, however, apply 
equally well to other kinetic expressions and to consecu- 
tive reactions with more than two steps. 

Electrochemical oxidations and reductions of neutral process. Presently, several selective electrochemical reac- 
organic or ionic reactants often proceed via several SUC- tions are being examined for industrial use or pollution 
cessive steps. In the presence of an electric field, some abatement (Fitzjohn, 1975; Ibl and Selvig, 1970; N ~ ~ -  
of these steps involve electron transfer and possibly man and Tiedemann, 1975; Sakellaropoulos and Langer, chemical and catalytic reactions. Successful promotion 
or inhibition of certain steps, then, can provide an in- 1 9 7 6 ~ ;  Weinberg, 1978). However, despite recognition 
centive for the development and application of a new of the effect of potential and electrode material on selec- 
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Fig. 1. Typical channel flow electrochemical rcactors (CER). (a) CER 
for gaseous reactants; (b) CER with a thin, conductive packed bed; 
(c) a divided CER for dissolved reactants. D: diaphragm; E: electro- 

lyte; ce: counterelectrode; we: working electrode. 

tivity control, little information exists on a priori selec- 
tion of optimal operating conditions and on criteria for 
the design of electrochemical reactors for multiple reac- 
tions. In particular, the advent of electrocatalytic and 
electrogenerative concepts ( Langer and Landi, 1963; 
Sakellaropoulos and Langer, 1 9 7 6 ~ )  has made electro- 
organic reactions possible in previously unexplored poten- 
tial regions. The conditions for which such unconventional 
potentials are advantageous for selectivity improvement 
are not currently established. 

Consecutive electrochemical reactions were examined 
by Alkire and Gould (1976) for the modeling of packed- 
bed, noncatalytic electrodes in the presence of slow mass 
transport and axial mixing. Only an elementary, first- 
order reaction sequence was discussed with a slow 
homogeneous, nonelectrochemical step (ECE mechanism). 
Thus, the effect of potential on selectivity and rate dis- 
tribution was not explored for this or other electrochemical 
reactions in series. Sioda ( 1974) considered conventional 
elementary electrochemical sequences involving combina- 
tions of chemical and electron transfer steps of first 
order, However, analysis was restricted to a flow reactor 
operation at a limiting current, for which electrode 
kinetics and potential play no role. First-order electro- 
chemical reactions in series were examined by Ateya and 
Austin (1977) in the kinetic regime for the modeling 
of flow through, noncatalytic electrodes. By lumping 
all reaction rates in one current density (rate) term, the 
effect of potential on the selectivity of each step was 
neglected, and only average current density potential 
results were presented. 

A similar approach has also been taken in other studies 
of multiple reactions in closed cells (Bard and Mayell, 
1962; Geske and Bard, 1959) or cells of uniform con- 
centration (Gileadi and Srinivasan, 1964; McIntyre, 1969; 
Parsons, 1968), Analyses were limited to the prediction 
of experimentally observed apparent Tafel slopes, transfer 
coefficients, and fractional coulombic numbers with mul- 
tiple, first-order reactions. The effects of potential, con- 
version, convective transport, or mixing on selectivity 
were not considered. 

In this investigation, we evaluate these effects using 
two simple model electrochemical reactors. The same 
models proved useful in the analysis of multiple parallel 
reactions (Sakellaropoulos and Francis, 1979a, b)  , Thus, 

for complex electroorganic reactions, usually involving 
series as well as parallel steps, criteria from both studies 
can be coupled for the design and optimization of new 
electrochemical processes. 

Idealized model reactors similar to those considered 
here have also been discussed by Pickett (1977), pri- 
marily for single, mass transport controlled reactions. Oper- 
ation at transport limited currents would, of course, 
provide minimum reactor volume for single as well as 
multiple reactions. However, the potentials reached under 
these conditions can be detrimental to product selectivity 
in multipath reaction schemes. For instance, stepwise 
electrocatalytic reduction of substituted alkenes yields 
high selectivity for the desirable intermediate olefins at 
positive, electrogenerative potentials ( +0.2 V ) ,  well 
away from the cell limiting currents (Sakellaropoulos and 
Langer, 1976b). The latter are reached only with some 
reactants and at potentials below OV vs. a hydrogen 
electrode in the same electrolyte, conditions favoring 
unwanted alkane formation. For such reactions, operation 
in the electrode-kinetic regime is essential to avoid un- 
desirable products and subsequent expensive separations. 

Because of the central role of potential and concentra- 
tion in the specificity of multipath electroorganic reactions 
( Sakellaropoulos and Langer, 1976b; Sakellaropoulos and 
Francis, 197627) we address here electrochemical reaction 
sequences only under kinetic control. Although diff usive 
and migrative transport processes (laterally, axially, or 
in the pores of the electrocatalysts) would alter somewhat 
the intrinsic selectivity, such effects will be considered 
separately for our model reactors, after the basic criteria 
for optimal design and operation are established in this 
work. 

THEORETICAL DEVELOPMENT 

A channel flow electrochemical reactor (CER) con- 
sists of a two-electrode cell with fluid flow normal to 
current or charge flow. Figure 1 shows various CER’s 
with the working electrode being a smooth metal or 
a thin porous matrix (a) ,  or a thin packed-bed electrode 
containing microporous conductive particles (b)  . The 
electrode reaction takes place at the solid electrolyte 
interface between ionic and organic molecular species. 

For a multiple electrochemical reaction scheme, the 
overall stoichiometric equations are given by Equation 
(1):  

S 

j=1 

If we assume a general kinetic scheme with possible 
adsorption and reversible reaction, the local surface reac- 
tion rate < ( x )  and current density G ( z )  of each path 
is given by (Sakellaropoulos, 1977; Sakellaropoulos and 
Francis, 1976b) 
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Here E is the working electrode potential vs. a reference 
electrode, the normal hydrogen electrode (NHE) , and K ,  
are adsorption equilibrium constants. The latter are ex- 
ponential functions of the electrode potential vs. the 
same reference for electrosorption (Bockris and Srinivasan, 
1969) but do not depend on potential for molecules 
adsorbing without simultaneous electron transfer. The 
exponents m and p express the number of catalytic sites 
participating in each reaction. The intrinsic reaction orders 
akj, bkj generally do not coincide with the stoichiometric 
coefficients vkj. The choice of a potential instead of an 
overpotential (which is often preferred in the electro- 
chemical literature) is due to the lack of knowledge of 
reversible potentials for many complex organic reactions 
(Sakellaropoulos and Langer, 197617). 

The working electrode potential is constant for smooth 
electrodes, but it may vary with distance from the surface 
in porous electrodes owing to current flow. Such variation 
is given by Ohm's law and is relatively small, of the 
order of 5 to 10 mV, with strong aqueous electrolytes 
and thin, conductive porous electrodes (Austin, 1967; 
Pshenichnikov et al., 1972; Sakellaropoulos and Langer, 
1978). With thick porous structures, however, such as 
packed beds, ohmic losses within the electrode could be 
appreciable. Here we examine the operation of smooth 
and thin porous electrodes with high conductivity elec- 
trolytes and negligible potential variations in the pores. 
This approach permits not only simple reactor analysis 
but also explicit identification of the role of potential 
on selectivity control. In addition, it allows a qualitative 
a priori evaluation of the effect of potential change in 
porous electrodes on specificity, as discussed later. 

The general Equation ( 2 )  can often be simplified or 
approximated by simple-order reversible or i r revw~i ld~  
kinetics. Reversible reactions are usually encountered with 
some metal ion or other ionic reactions. Organic electro- 
catalytic reactions are usually simple-order irreversible, 
despite possible adsorption and existence of some revers- 
ible elementary steps (Langer and Sakellaropoulos, 1975; 
Sakellaropoulos and Langer, 1978). In the case of a 
chemical path in an electroorganic reaction seqnence, 
the kinetic term in the brackets in Equation ( 2 )  still 
holds, with the transfer coefficients and both equal 
to zero. Of course, in this case no current is associated 
with the reaction rate (nk = 0 ) .  For all electrochemical 
steps, the net total current density at any point along the 
electrode is 

R R 

(3) 
- 
i t ( z )  = 2 Tk = 2 nkFyk 

k = l  k = l  

The concentration, rate, and selectivity distributions 
in the reactor, under steady state isothermal, potentio- 
static ( E  = constant) operation, are obtained from the 
convective transport equations for independent species 
(Sakellaropoulos and Francis, 197917) : 

R - --u*vc]a + v'D,vcJz f P b S g (  1 - E )  Ykjrka = 0 
k=l 

(4) 
In the following analysis, unidirectional channel flow 

is considered with uniform bulk composition normal 
to flow (plug flow). Axial dispersion effects are neglected 
in order to place an upper bound to reactor performance. 
Thus, results are applicable to ideal plug flow in long 
reactors, for which L / D ,  > 50 (Kramers and Westerterp, 
1963). Axial dispersion was considered by Trainham .and 
Newman (1977), Ateya and Austin ( 1977), and Alkire 
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and Gould (1976) (with simplified boundary conditions) 
for first-order ionic reactions in short, flow through elec- 
trodes at low flow rates. 

In contrast to a CER, concentration and rate (current 
density) are uniform in a thoroughly mixed electro- 
chemical reactor (MER) (Sakellaropoulos and Francis, 
1 9 7 9 ~ ) .  The convective transport equation for species j 
becomes, then 

R - 
c j o  - cj, + P b S g (  1 - C ) T  2 Vkjrkm = 0 ( i  = 1, 2, * a m s) 

k = l  

( 5 )  
The control volume of a MER includes the total catalyst 
surface and the space of the flow vessel. Here, the 
performance of a MER is examined to place a lower 
bound to selectivity and yield due to mixing. Other 
mixing effects, such as recycling in a CER, axial disper- 
sion, etc., will give results intermediate between a MER 
and a CER. 

Equations (4) and ( 5 )  apply directly to electrode 
reactions with reactants and products dissolved in the 
electrolyte. The same equations apply to the gas phase 
convective transport and reaction of gaseous reactants 
that are in local equilibrium with the electrolyte. Such 
gas-catalyst-electrolyte reactions are often encountered 
in fuel cells (Bockris et al., 1965; Vielstich, 1970) and 
in elertrogenerative processing (Goodridge and King, 
1970; Langer and Landi, 1963; Sakellaropoulos and 
Langer, 1 9 7 6 ~ ) .  In this case, Cjo and Cj, are the gas 
phase concentrations, while Tcm is evaluated at the liquid 
concentration Cjcl) of each species (Sakellaropoulos and 
Francis, 1979u, b)  . With sparingly soluble organic reac- 
tants, the latter can be estimated from Henry's law, 

The yield of a desirable product in the reaction se- 
quence and the generated or consumed current by each 
reactor are obtained below by solving Equations (1) 
to (4) or (1) to (3) ,  (5) with appropriate boundary 
conditions. Although results are illustrated for simple- 
order irreversible reactions, the general qualitative be- 
havior applies also to other kinetic schemes. However, 
with some complex nonlinear kinetics, only numerical 
solutions can be obtained. 

Cj(1) = KIIRTCj(,). 

RESULTS AND DISCUSSION 

Channel Flow Electrochemical Reactors 
Selectioitij Analysis. Consider two simple-order, irre- 

versible electrochemical reductions in series, with dis- 
solved reactants 

A + B + C  

For such reactions, the last term of Equation (2)  is zero. 
In addition, the adsorption equilibrium terms in Equa- 
tion (2)  are either negligible compared to unity to give 
a k j  > 0 or one term is much larger than all others to 
give negative orders ( a k j  < 0) .  Either behavior is not 
uncommon with complex organic, catalytic reactions as 
explained earlier. If each reaction step depends for sim- 
plicity on the concentration of one reactant, the convec- 
tive transport Equation ( 4 )  yields in dimensionless form 

1 2  

(6) 
i e  i e  

*all + XCA, ecQi8 = 0 
d C i g  
dz* (7)  
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TABLE 1. INVESTIGATED RANGE OF PARAMETERS FOR BOTH 
CER AND MER (12) = exp[ -~z*e -~ ie~  

1 [ e q (  -k*e--aie) 
C L  = @-(-a2--al)e - 1 

( 13) 
For some other orders or for pe-(-a2--a1)e = 1, Table 2 
gives expressions for the intermediate concentration. We 
wish to note here that Equations (7) to (9) and (12) 
and (13) and the results obtained below for a CER are 
also applicable to a batch electrochemical cell, with 
Xz' replaced by a dimensionless residence time in the cell. 

For given kinetic parameters A, p, al, az, the local 

concentration CLm (and the extent of reaction of A) 
changes appreciably with potential, Figure 2. Thus, the 
potential can be used as a selectivity control variable 
in the kinetic regime, as with parallel reactions (Sakel- 
laropoulos and Francis, 1979a, b )  . 

Figures 2 and 3 show that a maximum intermediate 

concentration is observed (aC;,/az* = 0) at an optimal 
reactor length %*, in analogy to conventional, nonelec- 
trochemical kinetics of series reactions 

- exp ( - p A ~ * e - ~ 2 ~ )  ] 

Parameter Range 

Reaction orders 
Transfer coefficients 

h or Ad' 

Potential, E (  V )  
Rate constant, klo (cm-1 s-1) 
Reactant concentration, 

B 

e 

C A ~ (  mole/cm3) 

0, 1 
0-2 
10-4 - 104 
10-8 - 105 

10-8 - 105 
10-6 - 10-3 

(-20) - (+30) 
(-0.51) - (+0.77) 

(9) 

with initial conditions 

Here A is a dimensionless space time at  zero potential 
vs. our reference NHE, p is a selectivity parameter for C 
at zero potential, and '8 a dimensionless potential 

Of course, Cct can be also obtained from stoichiometry 

CZ0 = 1 - Cim - Ci.. The rate constants kol, koz may 
be functions of concentrations of reactants in excess, 
for example, H +  ions for reductions. Their magnitude 
(and thus that of and p )  depends on the choice of 
the reference electrode potential, Here, the universal zero 
potential reference of the normal hydrogen electrode has 
been adopted. Table 1 gives the range of changes in 
kinetic parameters investigated in this work. 

Solution of Equations (7) ,  (8), and (10) yields the 
concentrations of all species in the reactor, which are 
now dependent upon the electrode potential. With first- 
order reactions 

A maximum concentration of B, C;,,,, corresponds to 
this optimal length 

Y 

Table 2 presents expressions for A%* and C,',,,, for 
other kinetics. Equations (14) and (15) and those of 
Table 2 hold also for two consecutive reactions, of which 
one is a chemical step (for example, EC or CE mecha- 
nisms) with a2 or a1 being zero. Obviously, for two 
chemical steps or for 0 = 0, Equations (14) and (15) 
reduce to the expressions obtained for nonelectrochemical 
kinetics. 

A maximum concentration C,,,,, exists always for 

finite 0 and C;, = 0. If the feed contains intermediate 

TABLE 2. MAXIMUM SPACE TIME AND CONCENTRATION FOR VAmous KINETICS OF SERIES REACTIONS 

Orders C*B, A&* C*B,max 

A. Channel flow reactor 

- -ale 

+ W  
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Xz. 
Fig. 2. Variation of the concentration of a reaction intermediate 
product with distance and potential in a CER. Results for a reduction 

with a2 - a1 < 0 :  a1 = 1, a2 = 0.5, p = 0.1. 

1.01 I 

t Locus of Maxima [f2/<l 

X Z "  
Fig. 3. Effect of potential and distance on interm-diate can-ptration 
in  a CER. Results for a reduction with 012 - a1 > 0: a1 = 0.5, u2 = 

1.0, p = 0.1. 

B(c;, + o), a maximum will exist only if ( a c L / a z * ) , * = o  
> 0 at the reactor entrance. Although Soda (1974) 
realized that a maximum yield of an intermediate is 
possible in electrochemical reactions, his analysis ad- 
dressed only electrolysis at the limiting current. Under 
those conditions, reaction is mass transport limited, and 
no potential effects exist. 

Comparison of Figures 2 and 3 with conventional 
plug flow reactors (Levenspiel, 1972) reveals distinct 
differences. The term [ . ~ e - % - a i ) ~ ]  in Equations (13) 
and (14) does not play merely the role of a rate constant 
ratio as with nonelectrochemical reactions. Depending 
on the difference in transfer coefficients, the maximum 

C&,,, can be shifted to longer space times (a2 - 01 > 0, 
Figure 3) or shorter ones (az - al < 0, Figure 2) .  
In the latter case, small values of [ p e - - ( ~ z - ~ ~ ) ~ ]  favor 
low space times or reactor volumes and high intermediate 
yields, in contrast to conventional kinetics, Furthermore, 

CH, does not change monotomically at a given Az* with 
changing potential. 

Figures 2 and 3 indicate a change in the selectivity 
of species B along the reactor. The local selectivity +B 

is defined as the ratio of the local rates, and Equations 
(7)  and (8) yield 

(16) +B = - = 1 - p ~ l ; a l l  CBm 'b22 e -w2-a1)e  

The final selectivity at any length depends then on the 
conversion of reactant A and can be obtained from Equa- 
tions (12 ) ,  (13),  and (16) by integrating the selectivity 
function (16) 

d C i ,  
- dCa. 

Figure 4 shows the change of selectivity with reactant 
concentration at various potentials. For p < 1 and (a2 
- a]) e > 0, high reactant conversion can be obtained 
with small selectivity loss. The high selectivity drop with 
conversion for p > 1 can be partly offset by changing 
the potential, so that (a2 - a l )  0 > 0. This figure pro- 
vides a guideline to select operating potentials and extents 
of reaction for selectivity control. 

* 
f, l-cAa 

9 e  

I .o 0 0.2 0.4 0.6 0.8 

1 - C L  

(17) 
where = ( Y ~  - al. For the above first-order reactions 

c:a 
Fig. 4. Effect of reactant concentration and conversion on the se- 
lectivity of intermediate in a CER (solid and dashed curves) and in a 
MER (dotted curve). Solid lines: p = 0.1; dashed and dotted lines: 

/.L = 10. 
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Fig. 5. Change of the intermediate maximum concentration with 
potential or transfer coefficient difference. 

The effect of potential on selectivity and yield could 
be considered analogous to that of temperature. How- 
ever, with Arrhenius kinetics for both reactions, an 
apparent activation energy difference AEA" is observed, 
depending on potential 

.&?A* = (EAz* - EAI") + (az - a1)B (19) 

where E A k *  = E A k / R T  are dimensionless activation en- 
ergies at zero potential. An isoselective potential ers can 
exist, then, if a1 # az, for which a temperature change 
does not alter selectivity 

a1 - a2 

Equation (19) suggests that the potential can enhance, 
suppress, or even reverse the activation energy effect 
on yield. Similar behavior is also observed with parallel 
electrochemical reactions within a common reduction or 
oxidation potential range (Sakellaropoulos and Francis, 
197917). Figure 5 demonstrates the change in the maximum 
concentration of an intermediate with potential in a 
consecutive reaction scheme. The family of curves repre- 
sents either different reactions or changes in p due to 

10 

8 
* E  
N 
x 

W u 
2 

- 6  

2 
9 4  n 

2 

CURVE p a,-a,  
A 0.1 -1.0 I !I 

i i l l  D 10 -1.0 
E 10 0.5 

& 

POTENTIAL, 8 
Fig. 6. Decrease of the length of a CER with potential, for maximum 

formation of intermediate 8. 

temperature. Obviously, Ci,max can be smaller or larger 
than that in the absence of a potential field (e = 0), 
depending on [(az - a1 ) 8 ] .  For a reaction sequence 
with E A ~  - E A ~  = 10 kcal/mole, a temperature increase 
of about 40°C would decrease p by ten. Nonetheless, the 

attendant drop in C;,,,, can be offset by a very modest 
increase of (a2 - orl)$ by about two units. 

The effect of potential on product selectivity and its 
temperature dependence exists, of course, only if the 
two reaction steps have different transfer coefficients (al 
# az). If a1 = az, Equations (12) to ( 19) and Table 2 

still hold, but +B and Ci,max are no longer functions of 
potential. However, the local concentrations of reactants 
and products and the local reaction rates still depend 
on the electrode potential. 

Figure 5 can also be used to predict qualitatively the 
effect of ohmic losses in porous electrodes on product 
yield. For a cathodic reaction, the potential in the pores 
would be increasingly more positive than that at the 
electrode surface facing the counterelectrode. Thus, if 
a1 < a2, the concentration of species B would tend to 
improve in the porous electrode compared to that of a 

smooth one. Conversely, if a1 > az, Ci,max would de- 
crease in the pores owing to the potential variation. The 
opposite effects are anticipated for anodic reactions. Of 
course, the reaction rate would not be uniform in the 
pores. 

Optimal Yield Consideration. The current analysis in- 
dicates that optimal production of intermediate B de- 
pends on both the electrode potential and the space time 
(or reactor volume). From Figures 2 and 3, and for 
fixed reactor length and space time, a potential exists 
in principle that would maximize locally the yield of 

B. However, no finite global optimum exists for C l m  

with respect to Az' and 8. The derivatives aC;,/aAz' and 

aC,',/a(e become both zero only at the limits of kz* 0 
(for a2 - a1 < 0) or AZ"+ co (for "2 - a1 > O ) ,  where 

Regardless of the values of p and of the transfer co- 
efficients, the reactor length for maxium B formation, 
when this exists, decreases sharply with decreasing po- 
tential, Figure 6. Although this would reduce the capital 
cost for the reactor, it may affect adversely the product 
yield. When a1 > az, the highest intermediate yield is 
attained at the shortest feasible reactor length or space 
time and at the lowest potential, Figure 2. The system 
is then not amenable to operational optimization but only 
to economic optimization between energy costs (low 
potential) and reactor and chemical costs. 

When a1 < az, however, the yield of B decreases at 
low potentials, Figure 3. In this case, low conversion 
of reactant A per pass would be desirable to improve 
the yield of B (see Figure 4) .  Separation and recycling 
costs for the reactant would then figure prominently in 
the total process cost. 

Alternatively, the selectivity and yield of B can be 
maximized by a variational optimization sequence, as is 
evident from Figure 3. This can be achieved by inten- 
tional change of the potential along the reactor, due to 
the change in shape and location of the curves. One can 
notice that decreasing potentials result in intersection of the 

Csm - z* curves and in an increase of initial slopes [aC& 
~ Z * ) ~ * = O ] .  Thus, a low potential at the reactor entrance 
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Fig. 7. Current density or rate distribution along a CER for each step 
( i l * ,  i 2 * )  and for the overall reaction ( i t * ) .  

followed by a gradual increase along the locus of maxima 
curve would improve the yield of B at the exit, compared 
to simple potentiostatic operation. Such an optimal po- 
tential sequence could be attained by using sectioned 
working electrodes and discrete potential adjustment, 
or flow through electrodes with concurrent flow of reac- 
tants and of charge. In the latter, ohmic potential drop 
within the electrode will increase the potential at the 
reactor end, However, the potential sequence may not 
be exactly the required optimal one. 

Current Distribution. Concenlraiion variations along 
the working electrode of a CER lead to nonuniform local 
current distribution. From Equations ( 2 ) ,  ( 3 ) ,  ( 12),  and 
(13),  the local current density (rate) associated with 
each reaction path is estimated. For simple, first-order 
irreversible reductions, the local dimensionless current 
densities%c* ( z )  are 

- exp ( -pA~*e-"2~)  } (22) 

where% is the local current density at the reactor inlet 
2 - 

i, = 2 ?, (Z  = 0) * (23) 
k=l - -  

For C i 0  = CEO = 0, i, = il ( Z  = 0). 

A typical current distribution is shown in Figure 7 
for space times that would result in maximum B forma- 
tion within the reactor. While TI* decreases monotonically, 
&* reaches a maximum, corresponding to zm*, for which 

the maximum concentration CBBmax is observed. At this 
point, the rates of formation and consumption of B are 

equal [see Equation (8) 1. Depletion of C;= at distances 
larger than ku results in decreasing current from the 
second reaction. Similar behavior would be observed 
with oxidation reactions in series, such as hydrocarbon 
or alcohol oxidations. 

is given by Equa- 
tion (3 ) .  In the example of Figure 7, 7; goes through 
a maximum @: > 1) in the neighborhood of maximum 
2, declining rapidly thereafter. However, a maximum in 

i; is not expected always, even if C i 0  = 0 or even if 

CB,,a, exists. A criterion for the existence of such a 
maximum current can be derived from the change of 
sign of the slope around this point. Thus, if the first 
derivative of 2; at Xz* = O is zero or negative, no maxi- 
mum should occur; that is 

The total, locaI current density 

- 

Equation (24) yields a simple quadratic equation for 
first-order reactions 

For the often encountered case of nl = n2, then,T: 
becomes larger than unity only if 

(az  -a1) 6 < In IJ (26) 

For the example of Figure 7 ,  the total local current 

density is less than unity if 6 > 4.6. However, C B , ~ ~ ~  

still exists at Xzm* > 9.97, if CBo = 0. 
If pal + n2, more than one maximum can exist. With 

complex reactions, this implies that a step considered as 
single probably consists of more than one reaction in 
series. Therefore, the overall reaction assumed as a two- 
step sequence includes, in fact, more than two steps. 
Such behavior is discussed later for methanol oxidation. 
With multiple reactions of S distinct steps, S - 1 maxima 
are predicted, one for every two reaction sequences. 

The position of maximum <* in the reactor shifts with 
potential as the relative rates of the first and second step 
change. With increasing rate of the second reaction, the 
local?,* tends to 2 (for n ,  = nz) ,  and little intermediate 
is formed. In this case, the two reactions behave electro- 
chen~ically as one overall reaction with a slow first step. 
The space time or reactor volume and potential for which 
this happens are important for the deyign of fuel cells 
and other electrochemical energy generation systems for 
maximum energy output. For an economic optimization, 
however, one should notice that -&* remains larger than 
unity in the reactor for lengths larger than z,,*, Figure 7. 
From the sum (<* + %*), a criterion can be easily ob- 
tained for the length hz* for which '&* 2 1, in terms of 
the kinetic parameter p, a], a2 and the potential 8. 

Because of the nonuniform local current distribution 
in a CER, the average current density depends on Az*. 
The average current density, defined as 

* 

* 
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Fig. 8. Distribution of average current density and of concentration 
and selectivity of intermediate 6 in a CER for the results of Figure 7. 

is associated with the overall energy requirements of 
the reactor or the electric energy generation capabilities 
for electrogenerative systems. From the discussion above, 
it becomes obvious that the energy capabilities of an 
electrogenerative reaction are minimal for high yields 
of the intermediate per pass. 

In Figure 8, the average current density is shown in 
relation to the concentration of intermediate B and the 
overall selectivity & for the parameters used in Figure 
7. The change of <yt*> with XZ* is more uniform than 
the local Tt* variation, Figure 7. Of course, the average 
current and energy for various space times would cllange 
with potential. Figure 9 exemplifies this behavior for 
an irreversible oxidation reaction with a relatively slow 
second step. This system is quite typical of the electro- 
catalytic oxidation of hydrocarbons and alcohols in fuel 
cells (Vielstich, 1970) or of selective oxidations to alde- 
hydes (Goodridge and King, 1970). 

In this scheme, a maximum %* is observed for e > 9.2 
[Equation (26) 1. The second reaction rate increases 
here with increasing potential, while the selectivity for 
intermediate formation decreises. The average current 
density becomes flatter and is shifted to lower sixwe 
times with increasing rate (see also Figure 3 for a reduc- 
tion). The results of Figure 9 hold for a1 < 012. If 011 > 012, 

the equivalent curves would shift to higher space times 
with increasing potential. Although results are presented 
for a small p, similar behavior would be observed for 
p > 1, with the curves shifted to even lower space times. 

Figure 9 has important implications for the desigir 
of flow cells for electrochemical energy generation. At 
fixed potential, the maximum energy or current capability 
is not achieved for nearly complete conversion of reac- 
tant and intermediate per pass, The declining concentra- 
tions of A and B drastically reduce the average current 
in this case [Equation (S ) ] ;  thus, increasing the reactor 
length or the space time would be detrimental to energy 
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Fig. 9. Variation of the average current density of a CER with poten- 
tial and distance for an oxidation series reaction. 
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Fig. 10. Potential average current density behavior of a CER at 
various lengths or space times for the oxidation reaction of Figure 9 :  

CA,, = 10-3 mole/cm3. 

output. From the shape and shifting of the curves of 
Figure 9, it 1)ecoines obvious, then, that a change in 
space time is necessary to accompany any potential 
change for both selectivity and .,energy output control. 
Similar considerations can be extended to energy con- 
sumption with conventional electrochemical reactors. In 
the latter case, however, a maximum current is asso- 
ciated with maximum energy consumption. 

Energy output or consumption evaluations are usually 
based upon the actual potential current density behavior 
of the reactor. In Figure 10, the anticipated average 
current densities with potential were calculated at various 
XZ* for the parameter values of Figure 9 [Equation (21) 
to (23)].  At low space times or short reactors (XZ* = 

a virtually Tafel (semilogarithmic) behavior is 
predicted, despite the presence of two simultaneous reac- 
tions. At long retention times, however, an unusual de- 
crease of the current density occurs with increasing 
potential beyond a certain value. Such behavior arises 
from the fast depletion of reactants A and B in the 
reactor at high potentials (see Figure 9 ) .  

Potential current density curves similar to those of 
Figure 1.0 have been observed experimentally in the 
electrooxidation of unsaturated hydrocarbons on platinum 
electrodes (Bockris et al., 1965; Johnson et al., 1970), 
and in the emulsion oxidation of benzhydrol (Franklin 
and Sidarous, 1977). However, such maxima currents 
have usually been attributed to electrode passivation 
(Bockris et a]., 1965). The results of Figure 10 indicate 
that incidental choice of space times (or residence 
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Fig. 11. Potential current density behavior of a MER for two consecu- 
tive reductions; C A ~  = mole/cm3. 

times in batch cells) can also yield apparent limiting 
currents with consecutive reactions. I t  should be noticed 
that at low potentials a nearly Tafel behavior is observed 
for all space times. From the slope [2.3RT/or{F], an ap- 
parent transfer coefficient N 0.44 can be calculated 
which is close to the transfer coefficient of the first reac- 
tion (a{ = 0.5). This apparent Tafel slope and possible 
cursory product analysis could be misinterpreted as the 
result of one main reaction, that of the first oxidation step. 

M i x e d  Electrochemical Reactors 

Presently, few multiple electroorganic reactions have 
been well characterized in their kinetic regime. With 
arbitrary, unknown kinetics, analysis of such reactions 
in a batch cell or a CER becomes cumbersome, requiring 
solution and testing of the often nonlinear differential 
Equations ( 7 ) ,  (8), and (10). A MER in this case 
would simplify kinetic and selectivity investigation. There- 
fore, we will discuss briefly the selectivity response of 
this reactor. 

With consecutive reactions (6) ,  the convective trans- 
port equation for a MEK, Equation ( 5 ) ,  gives 

cfm + ~c.2' e-aie = 1 (28) 

Equations (28) and (29) can be solved easily for some 
simple reaction orders (0, I ) ,  Table 2. With orders of 
0.5 or 2, the resulting quadratic equations do not take 
a simple form. However, even with more complex kinet- 
ics, computational analysis is simpler than solution of 
Equations (7)  and (8).  

For the simplest case of two first-order reactions in 
series, the concentrations depend on space time h and 
potential 8: 

(301 

9 

A maximum C,',,,,,, is then expected at h, 

(33) 
Therefore, CB; will vary with k and 8 in a fashion similar 
to Figures 2 and 3, but the yield of intermediate will 
always be lower in a MER. This is demonstrated in Fig- 
ure 4 by comparing the selectivity of B at any conversion 
for a MER and a CEH (curves for '8 = 1, p = 10). Here 
the selectivity is uniform throughout the reactor 

= 1 - ( % ) ( K )  (34) 
n2 il* 

where A is a function of the reactant concentration Cl-, 
Equation (30). Similar expressions can, of course, be 
derived for other rate expressions. 

The contribution of each reaction step to the reactor 
current density can be calculated from Equations ( 2 ) ,  
( 3 ) ,  (30) and (31): 

- il 1 
il* = - - - 

- 
(34a) 

6" = (35) 

(36) 

- 
io 1 + ke-"ie 

- kpe - aze 

(1 + he-aie) ( 1 + kpe-aze) 

- 1 + 2 A ~ e - ~ z ~  
Z t  = . *  

(1 + he-eie) (1 + hpe-aze) 

where70 = &, evaluated at the inlet concentrations. In 

all cases, 
The total current density of a MER is uniform, but it 

depends on space time and extent of reaction, Equations 
(34) to (36). However, any: > 1 is expected if p 1, for 
which (8%/aA) ~ = o  1 0. The variation of the total current 
density with space time k is similar to that of Figure 9 for 
a CER, discussed earlier. Thus, depletion of both A and B 
at high values of dimensionless space time results in po- 
tential current density curves that approach an apparent 
limiting current, Figure 11, as with a CER (Figure 10). 
Again, an apparent transfer coefficient can be calculated 
from Figure 11 at low current densities, with a value close 
to that of m i .  The trends discussed here for first-order re- 
actions also apply to other rate equations. 

For the same kinetic parameters, potential and space 
time, the total current density of a MER is generally lower 
than that of a CER, despite the higher selectivity of the 
MER for final product C. This results from the lower ex- 
tent of reaction in this reactor compared to a CER of 
similar space time, Therefore, the capital expenditures for 
a MER or its energy output will be inferior to a channel 
flow cell. However, uniform current density, concentra- 
tion, and selectivity make a MER suitable for specificity 
analyses of multiple reactions. 

Some Examples of Selectivity Analysis 

Equations (28) and (29) are the basis for kinetic and 
selectivity investigations of multiple reaction sequences. 
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In particular, determination of the transfer coefficient of 
each step is essential to understand the effect of the 

electrode potential. Experimental results of CAa,  CB. at 
various potentials in a MER yield (("2 - a') and p, using 
Equation (37) : 

*b22 

1 - mB = mc = p (-) exp [- ("2 - yT1)01 

C Z 1  

* *  

C B m  

(37) 
In Figure 12 we made use of previously published re- 

sults on the electrogenerative reduction of gaseous vinyl 
fluoride on platinum-black in a MER (Sakellaropoulos 
and Langer, 1976b) to show that a semilogarithmic rela- 
tion holds for @c and 8. In this reaction, cleavage of the 
fluorine atom is followed by electroreduction of interme- 
diate ethylene to ethane. @c is the gas-phase selectivity 
of ethane, and all reactants and products are assumed in 
equilibrium with the electrolyte, 

From Figure 12 we obtain a2 - C Y ~  = 0.52 and ko2/kol 
= 6.9. These results and known parameters (a2 = 1.7, 
ko2 = 3.2 x 10-3 mole/cm2*s) for the second reaction 
step, the ethylene reduction (Langer and Sakellaropoulos, 
1975), permit evaluation of a1, k o l .  We wish to note, 
however, that vinyl fluoride reduction may have been 
influenced by slow reactant transport in the electrode 

pores. If k02, a2 are not known, kinetic information (C,', 
vs. A )  at low reactant conversions would yield kol, a1 in- 
dependently, using Equation (28). 

The above results were obtained with thin porous elec- 
trocatalysts ( -  0.01 cm) at total current densities L 0.025 
A/cm2. With an electrolyte conductivity of 0.74 Ohm-' 
cm-1 and assuming a typical electrode porosity and tortu- 
osity of 0.4 and 5, respectively, ohmic losses in the pores 
are estimated to be - 0.006 V. Thus, the assumption of 
negligible potential variation in the pores is justified, com- 
pared with the actual potential of 0.1 to 0.2 V, Figure 12, 
at the electrode surface. 

Rate constants and transfer coefficients of simple-order 
reactions can be also obtained from concentration-resi- 
dence time data at constant potential in a CER or a batch 
cell. For example, Vielstich (1970) reports such data for 
a closed cell electrooxidation of methanol on planar plati- 
num in alkaline electrolytes: 

- 4e - 2e 

The concentration of HCOO- reaches a maximum at 
about 2.75 time units. At this maximum, dCB*/dt* = 0, 
and for Az' = t* in a closed cell, Equation (8) yields, as- 
suming fist-order reactions 

CH30H + HCOO- + C032- (38) 

kz0 c A *  - exp [ - ( a2 - L Y ~ ) ' ~ ]  = = 0.47 (39) 
k1° CB 

From CA - t data (Vielstich, 1970), we can also calcu- 
late k,o  exp ( - a p 8 ) ,  using Equation (7) .  The initial 
slope (dCA/dt ) t=o at C A  = Cao = 0.75 mole/l gives 
k,o exp ( -  a18)  N 0.33 h-1. This and Equation (39) 
yield k20 exp ( -  aZ8) 'v 0.15 h-1. These results are in 
agreement with the suggested relationship k2 < kl (Viel- 
stich, 1970). Although this is true at one potential, selec- 
tivity potential information is necessary to determine 
whether p < 1. Obviously, the values of (a2 - a l )  and 
k 2 0 / k l o  are needed to predict the maximum yield at other 
potentials, Equation ( 15).  

The results obtained here can be used to design a CER 
for methanol oxidation only at the potential at which 
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Fig. 12. Effect of electrode potential on the final product selectivity 
of a series reaction. Electrogenerative reduction of vinyl fluoride on 
plotinurn a t  25°C (Sakellaropoulos and Langer, 1976b). Cathode 
potential i s  referenced here with respect to the dynamic hydrogen 

electrode (DHE) in 2N HCIO4. (E"HZ.DHE N 0.018 V vs. NHE). 

POTENTIAL vs D H E ( V )  

they were reported. If formate ions were the desired prod- 
uct, their maximum concentration would be that of the 
C B , ~ ~ ~  in the closed cell. This would be attained at a 
space time equivalent to the maximum residence time in 
the batch reaction [Equations (14) and (15)]. 

Methanol oxidation is, however, considered for fuel 
cell electrochemical energy generation. Prediction of the 
current density distribution and output would require a 
detailed knowledge of the electrode kinetics of each reac- 
tion. This is usually obtained by studying the individual 
reactions (Vielstich, 1970) and is beyond the scope of 
the present discussion. However, it is important to note 
that Equation (25) suggests the existence of two maxima 
for the total current density distribution, corresponding 
to pexp [ - (aZ - al)ce] > 2 and > 1. The latter maxi- 
mum arises from the stepwise oxidation of methanol to 
formate via a formaldehyde intermediate. Thus, reaction 
(38) is, in fact, a three-step sequence. Stationary (closed 
cell) potential current density data have yielded two 
current maxima in some occasions, and formaldehyde has 
been identified as a product (Vielstich, 1970). In the 
results of Equation (39), product analysis was obtained 
at a potential away from either of the two current maxima. 

From these examples, it becomes obvious that a selec- 
tivity analysis over a wide potential range could help 
explain experimental results and would assist in reactor 
design and optimization. Unfortunately, such information 
is scanty at present in the electrochemical literature. 
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NOTATION 

Ai 
a k j  

= reactant or product species i 
= reaction order of Aj in the forward reaction 
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b k j  
Cj 
DHE = dynamic hydrogen electrode 
D, = characteristic diameter 
D5 = dsusivity of i (cm2/s) 
E = electrode potential vs. a standard reference (V) 
EA = activation energy of a reaction step (J/mole) 
F = Faraday’s constant (A*s/equiv) 
fj = conversion of species i 
i = local current density for reaction k ( A/cm2) 
it* = total current density ( A/cm2) 
< r> = average current density (A/cm2) 
i = all S reactants and products, ionic or molecular 
k = R independent reaction paths 
KH = Henry’s constant ( mole/cm3 atm) 
Kj  = adsorption constants for species j 
kko = rate constant of the kth reaction a t  zero potential 

L = reactor or electrode length (cm) 
m, p = exponents in rate Equation ( 2 )  
NHE = normal hydrogen electrode 
nk 
R 
R 
Tk 
S 
S ,  

T = temperature ( O K )  

u 
z 

Greek Letters 
(Yk, a’k = transfer coefficients in the kth reaction 
e 
6a 
B 
A = dimensionless space time 

p 

V k j  

P b  
7 

@j 

Subscripts 
A = reactant A 

= reaction order of Aj in the reverse reaction 
= concentration of species Aj ( mole/cm3) 

- 
- 

(mOlel-akj ~ m ~ ~ k j - ~ . ~ - ~  ) 

= number of electrons exchanged in the kth reaction 
= number of independent reactions 
= universaI gas constant (J/mole O K )  

= net local, surface rate of reaction k (mole/cm2*s) 
= total number of reactive species 
= catalyst or electrode specific area per unit mass 

- 

( cm2/g 1 
- = velocity of reacting fluid in the reactor (cm/s) 

= length along the electrode (cm) 

= voidage of the control volume 
= difference in transfer coefficients (=  a2 - orl) 
= dimensionless potential (= E F / R T )  

[ = pbSg  ( 1 7 e )  k107 CAoa-’j 
= dimensionless selectivity parameter a t  zero po- 

tential ( = k20C~ob22-ail/k10) 
= stoichiometric coefficient of species Aj 
= catalyst bulk density ( g/cm3) 
= space time ( = L/U,) ,  (s)  
= selectivity of species i, Equation (17) 

backward reaction 
forward reaction 
reactive species 
reaction number 
position of maximum intermediate concentration 
initial value, at inlet conditions 
reaction numbers to which quantities refer 
local bulk properties and rates 

Superscripts 
o = value at zero electrode potential vs. NHE 
0 = dimensionless quantity 
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Absorption of Carbon Dioxide into 
Aqueous Monoethanola mine Solutions 

The rates of absorption of pure carbon dioxide into aqueous monoetha- 
nolamine solutions with a surface active agent were measured at 15O, 25O, 
3 5 O ,  and 45OC in a liquid jet column and a wetted wall column. Experi- 
mental results were analyzed with the chemical absorption theory based on 
the penetration model. Physical solubility of carbon dioxide in aqueous mono- 
ethanolamine solutions was determined from the absorption rates measured 
in a near pseudo first-order reaction regime and was shown to be consider- 
ably larger than the physical solubility in water. The measured absorption 
rates were in good agreement with the theoretical predictions for gas ab- 
sorption with an irreversible second-order reaction, when the variation of 
the physical solubility of ,carbon dioxide due to the change in the composi- 
tion of the solution during the absorption process was taken into account. 

SCOPE 

The absorption of carbon dioxide from gas mixtures by 
aqueous monoethanolamine solutions is an important in- 
dustrial process. Despite a considerable number of stud- 
ies, severe disagreements exist between the previous ex- 
perimental data on the absorption rate of carbon dioxide 
into aqueous monoethanolamine solutions and the theoreti- 
cal predictions. These disagreements are attributed partly 
to interfacial turbulence due to Marangoni instability as 
suggested by Brian et al. (1967). They showed that the 
use of the physical mass transfer coefficient measured 
under conditions where the interfacial turbulence was 
present resulted in a considerable improvement in the 
agreement between the experimental data on the absorp- 
tion rate of carbon dioxide into aqueous monoethanol- 
amine solutions in a short wetted wall column and the 
chemical absorption theory based on the penetration 
model. However, it appears that this agreement is not 
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satisfactory. Recently, Sada et al. (1976, 1977b) have 
measured the absorption rate of carbon dioxide into aque- 
ous monoethanolamine solutions in laminar liquid jet and 
wetted wall column absorbers under conditions where 
the interfacial turbulence was suppressed by adding 
trace amounts of surface active agent to the solutions and 
concluded that the measured absorption rates were in 
good agreement with the theoretical predictions based 
on the penetration model. However, the value of the 
rate constant of the reaction between carbon dioxide and 
monoethanolamine, employed for the analysis of the ex- 
perimental results, was obtained from the absorption rate 
data taken under pseudo first-order reaction conditions 
and is considerably higher than that obtained by the 
conventional kinetic method. 

The purposes of the study described here are to obtain 
reliable data on the absorption rate of carbon dioxide into 
aqueous uncarbonated and partly carbonated monoeth- 
anolamine solutions under the conditions of no interfacial 
turbulence and to clarify the kinetics of chemical ab- 
sorption for the present system. 
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