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SYNOPSIS

Electrodeposition of styrene-co-maleic anhydride (SMA) polymer, as thin films on carbon
particle substrates, was carried out in a fluidized electrode bed reactor (FEBR). Feeder
current, time of deposition, flow rate of anolyte (i.e., bed expansion or bed porosity), con-
centration of SMA in the anolyte, and pH of the anolyte were the key parameters inves-
tigated. The film characteristics were evaluated through SEM and FTIR analyses, the
amounts determined by weighing. The effect of these parameters on the electrodeposition
process is discussed and optimum conditions for deposition are proposed. Also, a possible
mechanism for electrodeposition, particularly for the SMA-carbon system, is discussed.
Furthermore, where relevant, the parameters and mechanism are compared with those for
our paralle]l work on the ethylene-co-acrylic acid (EAA)-carbon system.

INTRODUCTION

Electrode reactions are traditionally carried out in
stationary cells, for metals recovery. In our on-going
research program, electropolymerization is investi-
gated in a fluidized electrode bed reactor (FEBR).
FEBR gives the following important advantages over
a stationary cell:

1. High mass transfer rates due to the contin-
uous disturbance of the diffusion boundary
layer caused by particle collisions and tur-
bulence.

2. Low current densities favorable for elec-
troorganic reactions.

3. Large electrode surface area per unit elec-
trode volume.

4. Uniform coating of film on the surface.

Our previous work on the FEBR is described in
Refs. 1-6 and our recent parallel work on EAA poly-
mer is described in Refs. 7 and 8.
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EXPERIMENTAL

Materials Preparation

The experiments used a bed of graphite particles as
the working electrode, the anode, and a graphite rod
as the current feeder, both prepared as described in
Refs. 7 and 8. SMA powder used in the preparation
of SMA solution was SMA 1000A resin supplied by
the Sartomer Co. and had a specific gravity of 1.34
and a molecular weight of 1600. The copolymer con-
sisted of a 1 : 1 mixture of styrene and maleic an-
hydride.

Experimental

The FEBR, the power supply unit, the low diagram
and the run operating procedure are described in
Refs. 7 and 8. Both the anolyte and catholyte were
2000 mL of the same EAA solution maintained at
the same concentration of 5 wt % and same pH of
3.0 for all the experiments, except wherein the con-
centration or pH was varied as a parameter. The
SMA solution was prepared by dissolving 100 g of
SMA 1000A powder in 2000 mL of water. The SMA
as such is insoluble in water and hence, in order to
dissolve it, about 6 mL of ammonium hydroxide were
added, while heating and stirring the solution. pH
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was maintained at an approximate minimum value
of 3.0 by ammonium hydroxide addition.

The first parameter investigated was the feeder
current, the experiments being performed at a con-
stant feeder current. In the case of SMA, the feeder
current was varied as a parameter from 0.05 to 0.5
A, at a bed expansion of 22.2% and a corresponding
bed porosity of 0.648 (at an anolyte flow rate of 25
mL/s). Next, the effect of deposition time on poly-
mer deposition was investigated. The time was var-
ied from 1 min to a maximum of 8 min. This also
was done at a bed expansion of 22.2%. The feeder
current was maintained constant at 0.2 A for each
experiment. The third parameter investigated was
the anolyte flow rate (i.e., effect of bed expansion
or bed porosity ) on polymer deposition. Experiments
were carried out for no-flow condition (i.e., station-
ary bed) as also for flow rate variations from 8.33
to 41.33 mL/s. Incipient fluidization was observed
at 16.7 mL/s. These experiments were carried out
at a 0.2 A feeder current and for a deposition period
of 3 min. Concentration of SMA solution was next
studied as a parameter, in the range 2.5-10 wt %.
This was done at a feeder current of 0.2 A, a time
of deposition of 3 min, a bed expansion of 22.2%,
and an anolyte pH of 3.0. The concentration was
varied by adding appropriate amounts of SMA
1000A powder in water and dissolving it by adding

minimal amounts of ammonium hydroxide in water
to maintain a pH of approximately 3.0. Finally, the
effect of pH on deposition of polymer was examined.
The experiments were carried out at a feeder current
of 0.2 A, time of deposition of 3 min, bed expansion
of 22.2%, and 5 wt % concentration of anolyte SMA
solution. The pH was varied from 3.0 to 8.8 by adding
appropriate amounts of ammonium hydroxide to the
SMA solution.

Evaluation of Polymer Depaosits

The amount of polymer deposited on the particles
and on the current feeder was measured by weighing.
A scanning electron microscope, Hitachi S-570, was
used to study changes in both thickness and surface
morphology, by examining a representative particle
from each experimental run. Fourier transform in-
frared (FTIR) spectroscopy studies were carried out
on the deposited films, on a Nicolet 5DX unit. Full
details are available in Refs. 7 and 8.

RESULTS AND DISCUSSION

Effect of Feeder Current

The experiments were carried out at constant feeder
currents, ranging from 0.05 to 0.5 A. A constant bed
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Figure 1 Variation of voltage with time.
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Figure 2(a) Effect of feeder current on SMA polymer deposition.

expansion of around 22.2% was used for these runs.
Over this range of feeder currents, a deposition run
time of 8 min was found feasible. The run time de-
clined at higher feeder currents. This was due to the
nonconductive nature of the polymer deposit. Elec-
trodeposition of the polymer on the current feeder
and graphite particles decreased the substrate con-
ductivities, thus increasing the resistance to the flow
of electrons. Thus, the voltage required to maintain
the current constant had to be increased with time.
For lower currents, it was possible to carry out the
process up to an average approximate time of 8 min
during which time the resistance of the cell was con-
stantly building up. Beyond 8 min, the resistance of
the cell had built up to such an extent that even a
maximum applied voltage of 340 V could not support
the current. At this point, the current began to de-
cline rapidly and the run was terminated. A repre-
sentative variation of voltage with time at a feeder
current of 0.2 A is shown in Figure 1.

Figure 2(a) shows a plot of polymer deposit ver-
sus feeder current. It can be seen that at 0.05 A
hardly any polymer deposit is obtained. This is be-
cause the current is insufficient to sustain electro-
deposition. Beyond this, the polymer deposit varies
linearly with feeder current up to 0.2 A. Polymer
deposition does occur for a feeder current of 0.3 A
(not shown); however, at higher feeder currents of

0.4 and 0.5 A, the run time is too small to give any
significant deposition.

Figure 2(b) shows the SEM pictures of polymer
films at feeder currents of 0.05, 0.1, 0.15, and 0.2 A.
At 0.05 A, there is hardly any film growth on the
particles and the bare graphite surface is seen. At
0.1 A a very thin film is formed on the surface of
the particles. At 0.15 A and higher, a gradual increase
in film growth is seen on the particles. At 0.2 A,
however, the film thickness is highest. This indicates
that at a feeder current of 0.2 A, the polymer deposit
is maximum. Hence, 0.2 A is chosen as the optimum
feeder current for all subsequent experiments
with SMA.

Effect of Deposition Time

The kinetics of film growth were next evaluated at
the constant optimum feeder current of 0.2 A de-
scribed in the previous graph. The bed expansion
was again maintained at 22.2%. Run time was varied
from 1 to 8 min. Figure 3(a) shows the increase in
polymer deposit with time. An initial induction pe-
riod of 1 min was observed during which very little
polymer deposit is obtained. After this, a rapid in-
crease is seen till about 3 min, beyond which the
deposition rate rises only slowly. Next, the SMA
polymer deposit versus time in Figure 3(a) is re-
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Figure 2(b) SEM pictures showing effect of feeder current on SMA polymer deposition.
Feeder current (A), magnification: (A) 0.05, 100X; (B) 0.10, 30X; (C) 0.15, 25X; (D) 0.20,

30X,

plotted versus the square root of time,? as shown in
Figure 3(b). In Figure 3(a), the rapid polymer de-
posit till about 3 min is considered the nucleation
phase. Olson’ has suggested that this is the un-
impeded growth of the film in the initial stages. Next,
beyond 3 min, the polymer deposition is in the slow
growth phase, due to diffusional resistance encoun-
tered; such a process, as to be expected, exhibiting

linearity with square root of time, as in Figure 3(b).
The reason for the occurrence of both rapid nucle-
ation growth and slow diffusional growth phases for
SMA films is explained in a later section, with the
help of a mechanism postulated for electrodeposi-
tion. Such a two-step growth is not seen in the case
of EAA [see Fig. 3(a), Ref. 8]. Figure 3(c) shows
SEM pictures of SMA polymer deposits at deposi-
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86mm

Figure 3(c) SEM pictures on kinetics of SMA polymer deposition. Time (min), mag-
nification: (A) 1.0, 60X; (B) 1.5, 70X; (C) 3.0, 35%; (D) 6.0, 30X.

tion times of 1, 1.5, 3, and 6 min. At 1 min, hardly
any polymer deposit is seen, corresponding to the
induction period. At 3 min, a thin layer is seen while,
at 6 min, growth over the entire particle surface is
seen.

Effect of Anolyte Flow Rate

The variation of SMA polymer deposition with flow
rate is shown in Figure 4. Two peaks were observed,

one at incipient fluidization and the other at around
22.2% bed expansion (bed porosity of 0.648). The
observations in Fig. 4 are explained as follows. When
the bed is stationary, the entire surface area of the
particles is not available for deposition. This leads
to lower polymer deposition values. As the flow rate
is increased, more and more surface becomes avail-
able for polymer deposition through increase in bed
porosity, thus leading to increased polymer depo-
sition. This trend is seen till incipient fluidization.
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Figure 4 Effect of anolyte flow rate on SMA polymer deposition.
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At incipient fluidization, there is still no bed expan-
sion but it is a point at which fluidization does begin.
At this point, practically the entire surface of the

particles becomes available for deposition. Hence,
the polymer deposition is maximum at this point.
The polymer deposition starts declining after this
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Figure 5(a) Effect of SMA concentration on SMA polymer deposition.
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Figure 5(b) SEM pictures showing effect of SMA concentration on polymer deposition.
Concentration (wt %), magnification: (A) 2.50, 30X; (B) 7.50, 35%; (C) 10.00, 30X.

point. This is because, as the flow rate increases
past the incipient fluidization state, the contact be-
tween the particles is broken. As the flow rate is
increased further, both the mass transfer rates as
well as the separation between particles increase.
These two competing mechanisms have opposing
effects on polymer deposition, the former favoring
an increase in polymer deposition and the latter fa-

voring a decrease. In this region, at lower flow rates,
however, the separation between the particles is not
very high; thus, mass transfer effects predominate,
leading to an increase in polymer deposition and
giving rise to the second peak. This second peak is
seen at a flow rate of 25 mL /s, i.e., at a bed expansion
of around 22.5%. At higher flow rates, however, the
separation between particles predominates, this
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Figure 6(a) Effect of solution pH on SMA polymer deposition.

again leading to a decrease in polymer deposition.
A similar behavior is observed in the case of EAA
also.®

Effect of Anolyte SMA Concentration

Concentration of SMA was next varied from 2.5 to
10 wt % and its effect on polymer deposition is shown
in Figure 5(a). The SEM pictures of polymer films
for some selected concentrations are shown in Figure
5(b); the film is seen to be quite thick at higher
concentrations.

Effect of Solution pH

Referring to Figure 6(a), maximum deposition is
obtained at the acidic pH of 3.0. As the pH is in-
creased, the polymer deposition, however, decreases.
This is due to the SMA coating redissolving in am-
monium hydroxide, added to increase the pH. The
SMA pictures are shown in Figure 6(b). It can be
seen the film gets thinner as the pH increases.

Mechanism for Electrodeposition of SMA

The mechanism for electrodeposition of SMA is il-
lustrated in Figure 7. In aqueous ammonium solu-

tions, SMA exist as ions. During electrolysis, passage
of current through an electrode-solution interface
causes chemical changes or migration of ions. When
electrolysis begins, the hydrogen ion concentration
in the immediate vicinity of the anode will be high.
Due to this, the polymer forms an insoluble acid and
precipitates out of the solution onto the surface of
the anode. In SMA, however, there are two carbox-
ylic acid groups and hence there is elimination of
water to form the anhydride in the direct deposition
of SMA as acid on the anode surface. As soon as
the first layer of deposit is formed on the current
feeder and the graphite particles, the movement of
hydrogen ions is restricted and can now occur only
through the pores of the film. The SMA polymer,
however, appears to have poorer film integrity, com-
pared to EAAS8; this is due to the molecular weight
of the SMA polymer being low, only around 1600.
Furthermore, the elimination of water in the de-
position mechanism results in cracks and pores in
the film. Additional factors to consider are mechan-
ical compaction of the film after deposition and
electroosmosis. The pores and cracks allow the flow
of hydrogen ions for a period even beyond that for
the formation of first layer of film, hence increased
deposits unlike that for EAA.®
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Figure 6(b) SEM pictures showing effect of solution pH on SMA polymer deposition.
pH, magnification; (A) 4.0, 30%; (B) 7.5, 30X; (C) 8.8, 30x.

The cracks and pores on the surface of the SMA
layer explain the kinetics of SMA deposition. As
seen in Figure 3, SMA shows rapid increase in poly-
mer deposition till about 3 min when the first layer
formation is complete; beyond this, the increase in
polymer deposition with time is small due to the
diffusional deposition occurring only through the

cracks and pores. In the case of EAA, only the first
phase is seen where the polymer starts to form a
monolayer on the particles and the complete cov-
erage of the particles shows as an increase in polymer
deposition with increase in time. Growth beyond this
phase is, however, absent for EAA due to the non-
porous nature of the film.
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Figure 7 Mechanism of SMA polymer deposition.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopic analyses were carried out on the
deposited SMA films as well as on the original pow-
der. Figure 8(a) shows a plot of % transmittance
versus wave number for the original powder SMA
while Figure 8(b) is for the deposited SMA. The
band assignment!*-!? is given in Table I. The de-
posited and original SMA spectra differ in the region
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Table I FTIR Band Assignments for SMA
Band Wave Number Possible Bond
No. {(cm™) Assignment
1 2925 —CH,
2 2890 —CH
3 2850 —CH
4 1790 —0=C—0—C=0
5 1700 —C=0
6 1590 —¢
7 1500 —¢
8 1460 —CH,
9 1390 —CH
10 1220 —¢
11 1085 —¢
12 975 —¢
13 930 —C=0
14 750 —¢—CH,—CH;,3
15 680 —¢

of 1100-950 cm ™! wavenumber. The two peaks seen
here for the original SMA powder correspond to
monosubstituted benzene ring, and are suppressed

for the deposited SMA case.
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Figure 8(a) FTIR spectrum of original SMA polymer.
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Figure 8(b) FTIR spectrum of deposited SMA polymer.
CONCLUSIONS 2. F. S. Teng, Ph.D. thesis, Chemical Engineering,
Washington State University, Pullman, 1979.
The SMA films obtained were porous, showed cracks 3. F. 8. Teng and R. Mahalingam, Polym. Commun., 27,
on the surface, and were thick with multiple layers 342 (1986).
deposited. Thus, the SMA films showed both nucle- 4. F. 8. Teng and R. Mahalingam, J. Appl. Polym. Sci.,
ation and growth phases. In the FEBR, the polymer 34, 2837 (1987). . . L
film deposits were maximum at a feeder current of 5. 8. Segelke, M.S. ﬂfeS‘S’_ Chemical Engineering,
A iy . Washington State University, Pullman, 1988.
0.2 A and showed a dual-peak behavior with in- . .
. 6. S. Segelke, R. Mahalingam, and R. V. Subramanian,
creasing anolyte flow rate. The peaks occurred at J. Appl. Polym. Sci., 40, 207 (1990)
incipient ﬂ'uidiz.ation and at approximately 22_-2% 7. V. M. Desai, M.S. thesis, Chemical Engineering,
bed expansion (i.e., at a bed porosity of 0.648). Since Washington State University, Pullman, 1988.
the SMA polymer film deposits were nonconductive, 8. V.M. Desai, R. Mahalingam, and R. V. Subramanian,

they allowed a maximum deposition time of only 8
min at 0.2 A feeder current. The SMA polymer de-
posit was found to increase with increase in con-
centration of anolyte SMA and decrease with in-
crease in pH of anolyte SMA.
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