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This paper describes mass transfer in a porous  percolated pulsated electrochemical reactor (E3P reac- 
tor), fitted with nickel foam electrodes in an axial configuration.The work  is aimed at optimization of  
the mass transfer conditions in electroorganic reactions such as the oxidative cleavage of  diols or the 
conversion of  DAS (diacetone-L-sorbose) into D A G  (diacetone-2-keto-L-gulonic acid). The use of  
nickel foam as an electrode material is of  interest for these electrocatalytic reactions due to its high 
specific surface area (4000 to 11 000 m -1) and its high porosi ty (over 0.97). The electroreduction of  
ferricyanide has been chosen as a test reaction in order to correlate the mass transfer coefficient 
with the overall flow velocity and the amplitude and frequency of  the electrolyte pulsation. Four  
foam grades have been tested. 

List of symbols Qv 

a pulsation amplitude (m) Re 
Ave dynamic specific area of the foam: surface Repore 

area per volume of material (m 1) 
C ferricyanide concentration in the cell S 

(molm 3) Sc 
D diffusion coefficient of ferricyanide (m: s -1) Sh 
dm mean path of a particle in the three- Shpore 

dimensional electrode (m) 
diameter of the reactor column (m) 
mean foam pore diameter of the foam (m) 
thickness of the electrode bed (m) 
pulsation frequency (Hz) 
Faraday number (C mo1-1) 
limiting diffusion current (A) 
mass transfer coefficient with pulsation 
(ms -1) 
mass transfer coefficient without pulsation 
(ms -1) 
number of electrons in the electrochemical 
reaction 

de 
e 
f 
F 
I 
kd 

k0 

Sr 
tr 
Uo 

volummetric flow rate through the reactor 
(m3s 1) 

Reynolds number Re = UodR u-1 
Reynolds number based on mean pore 
diameter dp, Repore = pUoTdpe-l# -1 
active surface area of the electrode (m 2) 
Schmidt number, Sc = uD-1 
Sherwood number, Sh = kddRD 1 
Sherwood number based on mean pore 
diameter dp, Shpore = kddpD 1 
Strouhal number, Sr = awUo I 
mean residence time (s) 
permanent superficial velocity, 
Uo = Qv/(Trd~/4) (ms 1) 

Greek letters 
e porosity of the foam 
# dynamic viscosity (kgm -l s -1) 
u kinematic viscosity (m 2 S -1) 
p liquid density (kg m -3) 
aJ pulsation, w = 21rf (rads -1) 
~- tortuosity of porous medium 
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1. Introduction 

The E3P (porous percolated pulsed electrode) reactor 
is characterized by pulsation of  the liquid phase 
through a porous electrode [1, 2]. This reactor rep- 
resents a good compromise between a fixed elec- 
trode, which can be easily blocked, and a fluidized 
electrode which exhibits low conductivity. It was 
first applied to the treatment of  waste effluents and 
recovery or dissolution of  metals [3-5]. Later, it was 
applied to different electrochemical processes such as 
the electrosynthesis of  polypyrrole [6, 7] or the electro- 
deposition of  a poly(dibenzo-18-crown-6) film [8, 9]. 
Recently, it has been shown to be of interest in organic 
electrosynthesis [10]. Both amplitude and frequency of  
the pulsation appear to be key parameters. In two 
phase systems, pulsation enhances emulsion stability. 
Moreover, the mass transfer conditions and selectivity 
are enhanced. 

To continue these studies, an investigation of the 
electrooxidation of  diols with the E3P on nickel 
foam electrodes was carried out. Electrodes of high 
specific surface areas are of  great interest for these 
electrocatalytic oxidation processes [11-13]. They 
are generally used in alkaline media with very low cur- 
rent densities. However, high currents processes have 
also been described [14]. 

Interesting properties of nickel foam have been out- 
lined in previous papers, concerning its structure [15, 
16, 17] and its application as a three-dimensional elec- 
trode in various electrochemical reactors [18, 19]. 
More precisely, hydrodynamics [19], experimental 
electrode potential distributions [20, 21], axial disper- 
sion in a liquid flow [22] and mass transfer [23, 24] 
were studied. 

In this paper we report  the mass transfer perform- 
ance of  the reaction at a nickel foam electrode. An 
axial configuration in an undivided cell was chosen. 
Mass transfer determinations were carried out with 
the ferro-ferricyanide electrochemical system. 

2. Experimental details 

Experiments were carried out in an E3P reactor as 
shown in Fig. 1 (the internal volume was 10 .3 m 3) 
[25]. A peristaltic pump (2) was used to control the 
permanent superficial velocity, U0. Pulsation was 
achieved by means of a Teflon piston (with 0 < a < 
0.014m and 0 < f <  1.24Hz). The instantaneous 
velocity of  the liquid is given by 

U = Uo + aws ina ; t  (1) 

and the hydrodynamic conditions can be character- 
ized by the Strouhal number Sr  = aaJ/Uo [2]. In the 
present study, as Sr  >> 1, the electrochemical cell 
can be considered as a perfect stirred tank, to a first 
approximation [1]. 

Circular sheets of  four grades of nickel foam from 
Sorapec, Paris [26] were used as electrodes. Their 
characteristics are listed in Table 1. The porosity of  
these foams is in the 0.97-0.98 range [17] and the 
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Fig. 1. Schematic view of the E3P reactor: (a) 1 reactor, 2 pump, 3 
piston, 4 electrodes: (b) electrodes stand, 1 Teflon frame, 2 auxiliary 
electrode, 3 nickel foam working electrode, 4 ECS reference 
electrode. 

electrode surface area lies in the range 0.04-0.1 m 2. 
Only one nickel electrode was connected; the other 
electrodes were used as turbulence promoters. The 
auxiliary electrode was made of nickel plated 
expanded copper (area 0.14 m2). 

Experiments were carried out as follows: (i) the elec- 
trodes were cleaned in situ with a 0.05 M sulfuric acid 
solution; (ii) the working electrode was cathodically 
activated in a 0.5M' K O H  solution (2A for 0.511); 
and (iii) the electrolyte (a mixture of 0.01M 
K3Fe(CN)6 and 0.1M KeFe(CN)6 in 0.5M KOH),  
was pumped from storage tank A (at 25 °C), to the 
lower part of  the reactor and collected in tank B 
(Fig. 1 (a)). It was not recycled in order that the ferri- 
cyanide concentration at the working electrode might 
remain constant. The physical properties of the mix- 
ture are given in Table 2. 

Table 1. Physical properties of nickel foams 

Grade Number Mean pore Thickness Ave 
/pores per diameter, dp/mm /ram /In-1 
linear inch 

MN020 20 1.8 5 1800 
MN045 45 0.45 2 4000 
MN060 60 0.3 2 5500 
MN100 100 0.2 1.7 9000 
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Table 2. Physical properties of  the solution at 25 °C 

Property Value 

K i n e m a t i c  viscosi ty,  u 1 × 10 -6 m 2 s -1 

Densi ty ,  p 1020 k g m  -3 
Diffusion coefficient o f  ferr icyanide,  D 104 x 10 10 m 2 s - I  

Schmid t  n u m b e r  Se 990 

Under potentiostatic conditions with a three elec- 
trode configuration, the working electrode potential 
was set to - 0 . 3 V  vs SCE, where the reduction of  
K3Fe(CN)6 was under diffusion control, while the 
oxidation of KzFe(CN)6 occurred at the counter 
electrode. The overall cell potential (electrochemical 
potential plus ohmic drop) was lower than 2 V and 
no dioxygen evolution was observed. 

The mass transfer study was carried out with 190 
experimental points for each foam grade in order to 
obtain the correlations (Tables 4 to 6). The para- 
meters of the correlations, listed in Table 4, were 
calculated by using six values of a and five values 
o f ~ .  

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Reactor characterization 

Pulsation of the solvent in the E3P reactor was carried 
out at high Strouhal number which means that the 
flow was periodically reversed. Due to this push-  
pull displacement, the electroactive species cross the 
electrode bed several times. Moreover, the mass trans- 
fer is modified by the instantaneous electrolyte 
velocity which controls the diffusion layer thickness. 

Figure 2 represents the vertical displacement of a 
particle in the reactor. In the three-dimensional 
electrode, it is observed that the mean path dm of 
the particle is higher under pulsation than without 
pulsation (dm = e). Since the residence time is equal 
to e/Uo, a higher value of  d~ implies higher mass 
transfer coefficient. Thus, the measurement of dm is 
important  to the study of  mass transfer. The deter- 
mination of  dm is obtained by the calculation of  the 

' 'ooA //'l Jr Zh,i = iUo/f A 
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Fig. 2. Schemat ic  d i a g r a m  of  the ver t ical  pos i t ion  for a par t ic le  in the 
3 vo lumic  e lect rode of  the E3P  reactor :  a = 6 x 10 m; f = 0.1 Hz; 

U 0 = 2.5 x 10 4 m s - 1 .  

particle displacement in the three-dimensional elec- 
trode (vertical arrows in Fig. 2). At t = 0, the particle 
is at the edge of the three-dimensional electrode of 
thickness e. Subsequently, its vertical position z(t)  is 
related to the linear velocity, U0, and the pulsation 
parameter: 

z(t)  = Uot + acos(wt) - a 

The particle enters the three-dimensional electrode 
several times from cycle 0 to cycle n s - 1. The mean 
path of  the particle is the sum of the vertical z(t)  
variation (Fig. 2) and is expressed by [27] 

n e -  1 n s - 1 

d m =  2z ,i- 2zb, i + e + 2(ns -- nele 
i= 1 i=n o 

where zh, i is the vertical position for t = 27ri, corres- 
ponding to the maxima of the curve, is given by 

Zh, i = z(27ri) = Uoi 
f 

and zb, i is the vertical position for t = 27ri + 7r, corres- 
ponding to the minima of  the curve, is given by 

zb, i = z(27ri + 7r) -- U0(2n + 1) 
2 f  2a 

no is the number of periods when zb, no is in the three- 
dimensional electrode and is defined by an integer: 

U0(Zn0 + 1) 2 a f  
2 f  2a > 0 that is n o > -U-o- - 0.5 

ne is the number of periods when Zh, ne is above the 
three-dimensional electrode and is defined by an 
integer: 

Uone > e, that is, ne > e f  
f u0 

n~ is the number of periods when zb, n~ is above the 
three-dimensional electrode (the particle leaves 
definitively the electrode bed) and is defined by an 
integer: 

U 0(2n~+l)  2 a > e  
2f 

that is 

e f  2 a f  
- 0 . 5  

Taking into account the values of zh, i and zb, i, dm is 
expressed as 

2U0nO -1 
d m -  f ~ i + 4 a ( n s - n 0 )  

i 1 " =  

U ,  n s - I  

~ ( 2 i +  1) + e(Zns - 2ne + 1) 
J i=no 

and the final result is 

dm = e(2ns - 2ne + 1) +4 a (n  s - no) 

÷ e o /  2 n 2 n s n e + l )  ~-- [ne + _ 2 _ 

It must be pointed out that the residence time is 
unchanged whatever the pulsation and depends only 
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Fig. 3. Variation of the mean course dm with Sr for a nickel foam 
electrode of thickness 2 mm as a function of Strouhal number Sr. 

on the linear velocity tr = e/U0. Fig. 3 represents the 
mean  course, din, o f  a particle in a three-dimensional  
electrode o f  thickness 2 m m  as a funct ion o f  Strouhal  
number  Sr. The condit ions are those o f  a nickel foam 
electrode M N 1 0 0  which was used in the mass transfer 
study. A linear correlat ion appears between the mean  
course, dm, and Strouhal  number ,  Sr, used in the 
present study. Fo r  Sr = 0 (no pulsation) dm is evi- 
dently equal to e. The linearity between dm and St" is 
explained by the equat ion  o f  dm in which appear  n s 
and no, ns and no being related to the ratio 2a f ~  Uo, 
i.e. to  Sr/Tr. As in our  experiments e f / U o  is lower 
than 2a f ~  Uo, the mean  course a]n is effectively con- 
trolled by the Strouhal  number  Sr. As shown in 
Fig. 3, the mean  course din can be increased f rom 
2 m m  with no pulsat ion up to nearly 200 m m  for  a 
St rouhal  number  o f  140. I f  dm is increased while the 
residence time t r is constant ,  the mean  electrolyte 
velocity dm/tr in the three-dimensional  electrode is 
increased in the same manner .  This average electrolyte 
velocity controls  the average diffusion layer thickness 
and, consequently,  the mass transfer coefficient at the 
electrode. Tha t  means that  the mass transfer mus t  be 
higher under  pulsat ion and will depend on the Sr 

number .  

3.2. Mass  transfer study 

The mass transfer coefficient between the liquid and 
the electrode was obtained by means o f  the cathodic  
reduct ion o f  ferricyanide ions. The limiting current,  
I ,  was measured  as a funct ion o f  the superficial 
velocity, U0, the amplitude,  a, and the frequency, f ,  
o f  the pulsation. This s tudy was made  with and with- 
out  pulsation. In  the first case, the average pulsating 
intensity was taken into account.  

The permanent  electrolyte superficial velocity, U0, 
was varied between 4 and 30 x 10 -4 m s -1. The Strou- 
hal number  Sr was varied f rom 4 to 300. The Rey- 
nolds number  based on reactor  diameter,  dR, was in 

Table 3. Experimental variations of k o against Uo without pulsation 

Grade of foam Correlated k o against U o 

MN020 k 0 = 3.33 x 10 -5 x U0 °28 
MN045 k0 = 2.62 x 10 -5 x U0 °'25 
MN060 k 0 = 5.38 x 10 -5 x U0 °'36 
MN100 k 0 = 15.80 x 10 -5 x U0 °'42 

a 30 to 250 range. In  the reactive zone, a Reynolds  
number  was calculated f rom the liquid density p, the 
dynamic  viscosity #, the mean  pore diameter  alp and 
the mean  velocity v (=U07-c - i )  in the pores [22]: 
Repore = vpdpt z-1 • This part icular  Reynolds  number ,  
characteristic o f  the hydrodynamic  condit ions inside 
the three-dimensional  electrode for  each foam, is use- 
ful in the calculation o f  general correlations between 
Shpore and Repore. 

3.2.1. Mass  transfer coefficient at the nickel f o a m  
electrode. The electrode is three-dimensional.  The 
dynamic  specific areas, Ave, o f  the four  grades o f  
foam are given by the supplier [26]. They are o f  the 
same magni tude  as those measured by permeametry  
by Monti l let  [17]. These values will be used in the 
following calculations as the effective mass transfer 
surface areas o f  the foams.  

As the potential  is on  the plateau o f  the reduct ion 
wave of  K3Fe(CN)6,  the mass transfer coefficient, 
kd, is calculated f rom Equa t ion  2: 

I 1 .04I  
k d  - -  nFcS - S (2) 

assuming a constant  value o f  the bulk concentra-  
t ion C. The conversion o f  ferricyanide for  each 
complete passage o f  the electrolyte was found  to be 
negligible. 

Wi thou t  pulsation, the mass transfer coefficient is 
k 0 and is related to the velocity U0 according to the 
foam grade (Table 3). Under  pulsation,  the mass 
transfer coefficient is related to the velocity U 0 and 
the pulsat ion parameters  (Table 4). 

Taking  into account  the correlated values o f  kd, 
Correlations 3 and 4 were obtained f rom mass transfer 
data  with four nickel foam electrodes o f  different grade: 

Sh = c~ Scl/3Re B (without  pulsation) (3) 

Sh = c~ Scl/3Re~Sr ~ (with pulsation) (4) 

The values o f  ~ , /3  and 7 are given in Table 5. 

3.2.2. Mass  transfer at a nickel f o a m  sheet without 

pulsation. The experimental values o f  k0 for different 

Table 4. Experimental variations of k a against Uo, aJ and a under 
pulsation 

Grade of foam Correlation K a against U o, a, w 

MN020 k a = 4 x 10 -5 x U0 °'° x a 0"39 × oJ 0"39 

MN045 k d = 4 x 10 -5 x U00"01 )< a 0"27 × el30"27 

MN060 k a = 16.7 x 10 -5 x U0 °z2 x a °'32 x w °'32 
MN100 k a = 8.5 x 10 -5 x U0 °°l x a TM x co °4~ 
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Table 5. Correlation coefficients expressed as Sh against Re and St" 
without and under pulsation." 30 < Re < 250 and 4 < Sr < 300 

Grade offoam Sh = aSc-l/3Re~ Sh = c~Sc-l /3RJSr ~ 
(without pulsation) (under pulsation) 

MN020 c~ = 10.8 a = 3.7 
/3 = 0.28 /3 = 0.39 

3' = 0.39 

MN045 c~ = 12.0 a = 6.6 
/3 = 0.25 /3 = 0.34 

7 = 0.27 

MN060 a -- 7.1 c~ = 2.8 
3 = 0.36 /3 = 0.54 

"7 = 0.32 

MN100 c~ = 10.5 c~ = 5.5 
/3 = 0.42 /3 = 0.42 

7 = 0.41 

U0, wi thou t  pu lsa t ion ,  are  given in Table  3 and  
p lo t t ed  in Fig.  4. As  shown in Fig.  4, a l inear  
co r re la t ion  appea r s  be tween log(k0) and  log(U0).  

Except  for  the g rade  MN020 ,  the coefficient o f  R e  

increases f rom 0.25 to 0.42 toge ther  wi th  the  specific 
surface a rea  o f  the foam.  F o a m s  with  the smal les t  
po re  d iamete rs  are  more  sensit ive to the p e r m a n e n t  
superficial  velocity.  The  bes t  mass  t ransfer  coefficients 
are  o b t a i n e d  with  the M N 1 0 0  foam.  They  are twice as 
large as those  o b t a i n e d  with  foams  MN020 ,  MN045 ,  
MN060 ,  under  the same h y d r o d y n a m i c  condi t ions .  
The  la t te r  give coefficients o f  the same magn i tude .  A 
genera l  co r re la t ion  for  each grade  o f  f o a m  was thus  
de te rmined:  

Shpore = ReporeSc !/3 - 16.90 d p / d  r R e 3 S c  1/3 (5) 

in which /3  depends  on  the f o a m  grade.  

3.2.3.  M a s s  t rans fer  a t  a n i c k e l  f o a m  shee t  under  

pu l sa t ion .  The results  ob t a ined  wi th  pu l sa t ion  are 

I I I I I r J _ _  

/o 
E ~ (a) 

% 
5 

z S  Icl 
3 . . . . .  i 

3 x 1 0  -4 10-3 3 x 1 0  -3 

U o / m s  -1 

Fig. 4. Experimental data and correlations expressed by K0 against 
U0, without pulsation: (a) MN020 foam, (b) MN045 foam, (c) 
MN060 foam, (d) MN100 foam. 
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1 8  . . . .  I . . . .  I . . . .  [ . . . .  I . . . .  I . . . .  I ' ~ ~ 
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Fig. 5. Variation of the mass transfer coefficient k d with frequency co 
4 1 foraMN100foamelectrode:U 0=23.4× 10 ms- ;a=0.014m. 

given in Tab le  4. The  influence o f  bo th  ampl i tude  
and  f requency o f  pu l sa t ion  on  the mass  t ransfer  is 
a lmos t  the same: the exponents  o f  a and  c~ in the 
express ions  given in Tab le  4 are  the same. The  
var ia t ions  o f  k d wi th  cJ are  shown in Fig.  5. k~ 
increases with cu bu t  seems to reach a l imit  tha t  
could  no t  be observed  owing to the l imits o f  the 
reac to r  pe r fo rmance .  F r equency  and  ampl i tude  o f  
pu l sa t ion  d rama t i ca l l y  increase  mass  t ransfer .  

T a k i n g  into  account  the cor re la t ions  o f  Table  4, 
Fig.  6 shows the l inear i ty  be tween  ln(kd) and  
ln(Sr) .  A m o n g  the different  f oam grades,  M N 1 0 0  
appea r s  to be the m o r e  efficient in terms o f  mass  
t ransfer :  k d can reach  2 x 10 5m s -1. Unexpec ted ly ,  
M N 0 2 0  behaves  in a different  m a n n e r  f rom the o ther  
grades.  This  behav iou r  c a n n o t  be expla ined  at  
present .  

Fig.  7 shows the var ia t ions  o f  the mass  t ransfer  
coeffÉcient as a func t ion  o f  the mean  pa th ,  din, in the 
nickel  f o a m  elec t rode  M N 1 0 0  for  different  values  o f  

_ _  r I I 1 I I I I P I I I I r I F _ _  

<>. o 

A ~& (b) 

0 o A 

4 1  , i i L i E i i I i i i i i I 

3 10 100 

St" 

Fig. 6. Variations of  the mass transfer coefficient k d with Strouhal 
number Sr for a fixed velocity, U 0 = 7.8 x 10 4ms-l: (a) MN020 
foam, (b) MN045 foam, (c) MN060 foam, (d) MN100 foam. 
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Fig. 7. Variations of the mass transfer coefficient k d with the mean 
course dm for a nickel foam electrode MN100. Permanent  velocity, 
U0: (a) 3.9 x 10 -4, (b) 7.8 x 10 .4 and (c) 15.7 x 10-4ms  -1. 

U0. The same shape as in Fig. 5 can be observed, 
which is normal since dm is a linear function of St.  

Effectively, correlation factors of  k d as a function of  
din have the same order of  magnitude as those 
obtained for kd as a function of aJ (Table 4). 

At low U0, the variation of k a with dm seems to be 
logarithmic: k d is limited at high dm when under high 
pulsation. 

It is observed that, except for the MN020 foam, 
the exponent of  (aaJ) is of  the same order of  magnitude 
as the exponent of  U0 in the correlation without 
pulsation. According to Equation 1, transfer mainly 
depends on pulsation, since aw becomes the major 
factor. This is confirmed by the trend of k d / k  0 [10], 
which is greater for low superficial velocities: pulsa- 
tion is more efficient with low flow rates, as shown 
in Fig. 8. 

Earlier studies were carried out with the same type 
of  reactor [10]. The study of electrochemical reduction 

5 i i i i i ] i 

(d) ................ 

,~  (b) - ~ - ~ ~ " ~  .- 

__~L; ;~L; .~;2.  Li. 2 

(a) 

1 . . . . .  I 
3 x  10 -4 10 -3 3 x  10 -3 

U o / m S  -1 

Fig. 8. Correlations expressed by ka/ko against U0 for different pul- 
sation parameters, a ( m ) , f  (Hz), at  a nickel foam electrode MN60: 
(a) (0.0024, 0.18), (b) (0.014, 0.18), (c) (0.0024, 1.24), (d) (0.0140, 
1.24). 

200 

100 -  

I I i i i i I ]  i * I i i / i I I  

(c) 
/ 

l 
/ 

t 
/ 

(f) 

• r (b) ~ . /  / tel 
/ / / (g) / '  , 

20 (a) # ~  

108 

6 . . . . . . .  t . . . . . . . .  I 
1 O0 1000 

Re 

Fig. 9. Correlations expressed by Sh SC 1/3 against the Reynolds 
number  Re for different electrode configuration: (a, b, c) present 
work a nickel foam electrode MN060; (a) without pulsation, (b, c) 
under pulsation parameters a (m), f (Hz) with (b) = (0.002, 0.2) 
and (c) = (0.01, 1) (d-g)  mass transfer in a filter-press reactor 
with (d) nickel sheet of foam G60 p.p.i. [23], (e) nickel plate of 
foam G60 p.p.i. [24], (f) plane plate with a turbulence promoter  
[24], (g) plate alone [28]. 

of  acetophenone at a cadmium electrode gave the 
following correlation: k d / k  o = 12.19 a°38co 0"37. The 
coefficients of  a and co are identical and the coefficients 
are of  the same order of  magnitude. The amplitude 
and frequency of the pulsation have the same effect 
on mass transfer at a plane electrode in an axial 
configuration. The performance of the E3P reactor 
is similar whatever the electrochemical process. 

E3P reactor performances can be compared to 
those of filter-press reactors [24]. Correlations are 
expressed as 

Sh = o~ Sc 1/3Ret3Sr7 

Results are gathered in Table 6. The correlations for 
the MN060 foam are plotted in Fig. 9 for comparison 
with results for the same foam in a filter-press cell. 
Fig. 9 also includes correlations for a plane surface 
nickel electrode with [24] or without [28] turbulence 
promoters. Coefficients c~,/3, 7 are given in Table 6; 
7 = 0 for a filter-press reactor and for the E3P reactor 
without pulsation. 

F rom Table 6, mass transfer is higher for the 
E3P reactor (even without pulsation) than for a 
filter-press reactor. This may be explained by the 
flow-through configuration used in our experiments. 
Moreover, the real active surface area of  the foam is 
not exactly known. 

Under low pulsation conditions (low amplitude and 
frequency), mass transfer is enhanced at low Reynolds 
number relative to the hydrodynamic state without 
pulsation. Furthermore, when Reynolds number is 
higher than 200, pulsation seems to be inefficient. In 
contrast, under high pulsation (high amplitude and 
frequency), mass transfer is significantly increased 
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Table 6. Values of the coefficients of the correlations expressed as Sh against Re and data of the experimental conditions 

Reference Electrode Sc 101°D Re Sh = c~ Sc-1/3 Re~ Sr "~ 
/m 2 s-a range 

[23] sheet of foam 1570 6.4 24 280 c~ = 1.81 
60 p.p.i. /3 = 0.39 

[24] 

[241 

[28] 

plane plate 
+ turbulence 
promoter 

plane plate 
+ sheet of foam 
60 p.p.i. 

plane plate 

Present sheet of foam 
work 60 p.p.i, t 

Present sheet of foam 
work 60 p.p.i. * 

Present sheet of foam 
work 60 p.p.Q 

7 = 0.00 

1320 6.7 ~ = 0.77 
/3 = 0.57 
7 = 0.00 

1320 6.7 ~ = 0.32 
/3 = 0.61 

= 0.00 

1562 6.2 a = 0.22 
/3 = 0.71 

= 0.00 

989 10.4 30-250 ~--7.08 
/3 = 0.36 

= 0.00 

989 10.4 30-250 a = 2.77 
/3 = 0.54 

= 0.32 

989 10.4 30-250 ~ - 2.77 
/3 = 0.54 
7 = 0.32 

300-2200 

300-2300 

200 1000 

* p.p.i.: pores per inch. 
-t Mass transfer without pulsation. 
; Mass transfer with pulsation: a = 0.2 x 10-2m a n d f  = 0.2Hz. 
§ Mass transfer with pulsation: a = 1.0 x 10 2m a n d f  = 1.0Hz. 

a n d  the  S h e r w o o d  n u m b e r  is nea r ly  t r ipled.  T h e  effec- 

t iveness  o f  p u l s a t i o n  is c o n s t a n t  o v e r  the  w h o l e  

s tud ied  r a n g e  o f  R e y n o l d s  n u m b e r .  

4. Conclusion 

T h e  s tudy  o f  m a s s  t r ans fe r  a t  n icke l  f o a m  e lec t rodes  

u n d e r  pu l sed  f low c o n d i t i o n s  shows  t h a t  p u l s a t i o n  

increases  m a s s  t r ans f e r  coeff ic ients ,  espec ia l ly  in the  

case  o f  the  l o w  f low ra tes  o f t en  r e q u i r e d  to ach ieve  

r e a s o n a b l e  r e s idence  t imes.  N i c k e l  f r o m  M N 1 0 0  gives 

the  best  m a s s  t r ans f e r  coeff icients .  

F o r  m a t e r i a l s  such  as n icke l  f o a m  a n d  e x p a n d e d  

meta l s ,  a m p l i t u d e  a n d  f r e q u e n c y  o f  p u l s a t i o n  h a v e  

the  s a m e  in f luence  o n  mass  t rans fe r ,  in c o n t r a s t  to  

w h a t  is o b s e r v e d  w h e n  us ing  f ixed beds  o f  spheres  o r  

pa r t i c les  [2]. 

T h e  S h e r w o o d  n u m b e r  o b t a i n e d  fo r  the  m a s s  t rans -  

fer  at  a n icke l  f o a m  e l ec t rode  in a pu l sed  r e a c t o r  is 

d r a m a t i c a l l y  e n h a n c e d  by  the  p u l s a t i o n  a n d  is eff icient  

o v e r  a l a rge  R e  range ,  espec ia l ly  as the  v a l u e  o f  the  

i n s t a n t a n e o u s  ve loc i t y  ac~ is h igh  c o m p a r e d  w i t h  /_7o. 

H o w e v e r ,  the  resul ts  s h o w  t h a t  the  mass  t r ans f e r  can  

be l imi ted  u n d e r  a h igh  p u l s a t i o n  p a r a m e t e r .  T h e n  a 

c o m p r o m i s e  has  to  be  f o u n d  in o r d e r  to  set the  best  

mass  t r ans f e r  cond i t i ons .  

C o n t r o l l i n g  mass  t r ans f e r  c o n d i t i o n s  at  n icke l  f o a m  

e lec t rodes  is c r i t ica l  to  the  c o n t r o l  o f  the  c h e m i c a l  

se lec t iv i ty  o f  e l e c t r o o r g a n i c  r eac t i ons  c u r r e n t l y  be ing  

inves t iga t ed .  
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