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Kinetic study of the aqueous electropolymerization of
acrylamide, acrylonitrile and N,/V'-methylene-
bisacrylamide on an aluminium alloy cathode

Chi S. LEE, J.P. BELL
Polymer Science Program, Institute of Materials Science, University of Connecticut, Storrs,
CT 06269 USA

This study concerns the potassium persulphate electroinitiated polymerization of
acrylamide, acrylonitrile and N, N'-methylene-bisacrylamide on a 5182
aluminium-magnesium alloy. Kinetic studies of the polymerization gave the polymerization
as — d[MYdt =K (CD)**®° [Persulphate]l" [M]**}, where CD is current density (mAcm™3),
[M]is monomer concentration (molcm ~3), Kis a constant and tis time (s). It is proposed that
the thick swollen polymer coating restricted the diffusion of monomers and initiators to the
electrode. The problem of mass transfer by diffusion in the present system was confirmed by
measurements of the diffusion coefficient and by electron transfer fraction experiments

carried out through the use of a cyclic voltammetry technique.

1. Introduction
Chromic acid anodization has been a conventional
electrolytic process for coating aluminium alloys with
an oxide which has decorative, protective or other
properties. The aerospace industry has used this tech-
nique to protect aluminium alloys from corrosion and
to provide a good surface for adhesive bonding. How-
ever, this process is not environmentally favourable
because spent chromic acid, which contains very toxic
hexavalent chromium (chromate Cr®*) is left for dis-
posal. This presents a large problem in many indus-
tries, especially the metal finishing industry.
Electropolymerization, an alternative process, pro-
vides polymeric coatings on aluminium alloys without
involving toxic chemicals such as the chromate in
chromic acid anodization. Several research groups
have demonstrated formation of polymer coatings on
metals through an efficient and economical electro-
polymerization process [1-9]. This coating technique
can be directly used to prepare materials for potential
applications in highly-demanding fields such as elec-
tronics, the aerospace industry and the automobile
industry. One of the advantages of electropolymeriz-
ation is that the chemical and physical properties of
the polymer coating can be tailored by proper choice
of monomer(s) and reaction conditions. In other
words, the clectropolymerization can be controlled if
the kinetics of a specific monomer(s) system are known,
Therefore, understanding of the kinetics is very impor-
tant in designing an electropolymerization process.
In this work the electropolymerization of acrylam-
ide (AM), acrylonitrile (AN) and N, N’-methylene-bis-
acrylamide (MBA) was done on an aluminium alloy,
using an aqueous medium. The reasons for selecting
AM and AN are that the former provides strong
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adhesion to the aluminium alloy substrate, while the
latter also provides hardness to the coating and helps
depress the swelling of the coating. The use of the
cross-linking agent (MBA) is to prohibit the formed
polymer coating from dissolving back into the aque-
ous solution, since polyacrylamide is very soluble in
water. One important criterion for the monomers is
that they must have reasonable water solubility since
the process is carried out in aqueous medium. AN has
good water solubility as compared with many other
common vinyl monomers. Its water solubility is
7 g/100 ml water, which is sufficient for the elec-
tropolymerization process since only a small amount
of monomer is consumed. AM and MBA, however,
have high solubility in water.

The effects of the major reaction parameters (time,
current density, monomer concentration, initiator
concentration) on the polymer amount are reported
herein. In addition, diffusion studies were used to
interpret the experimental polymerization rates result-
ing from the kinetic experiments. The diffusion of the
various species and the diffusion resistance of the
polymer film were studied from intermittent cyclic
voltammetry experiments in-situ during an elec-
tropolymerization run, with the use of potassium
hexacyanoferrate (I1I) (K3 Fe(CN)g).

The diffusion coefficient of the Fe(CN); ™ ions to the
electrode was calculated from the following equation [10]

heg = 2.69 x 10°n324 CDY2y1/2 (1)

where i..q 18 the reducing current in amperes, # is the
number of electrons transferred, 4 is the surface area
of the electrode in cm? C is the concentration of
Fe(CN)2™ ion in molcm™3, D is the diffusion coeffi-

cient in cm?s~ ! and V is the scan rate in volts™ %,
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The diffusion coefficient was determined from a plot
of i,.q versus V*/2 where the i,.q is the peak height of
the reduction scan.

The electron transfer fraction associated with the
Fe(CN);~ ions was determined from the cyclic volt-
ammetry experiments. This transfer fraction repres-
ents the ease of the electron transfer across the elec-
trode-polymer interface in the electrochemical cell.
A fall in the eléctron transfer fraction implies that the
reduction becomes more difficult to achieve. At high
scan rate, the value of E, .4 becomes dependent on the
scan rate as the electrochemical reaction becomes
more irreversible. The electron transfer fraction can be
obtained from a plot of E, .4 versus log V according to
the following equation [11]

Eia = Ecoue — 2303 RT(og V)/fNF (2)

where E,.q is the reduction potential in volts, R is the
gas constant, T is the temperature in K, V is the scan
ratein volts s~ %, f is the electron transfer fraction, F is
the Faraday constant and N is the number of electrons
transferred.

2. Experimental Procedure

2.1. Materials

Reagent grade acrylamide and reagent grade acryl-
onitrile were used for the research and the inhibitor
was removed by passing it dropwise through an in-
hibitor-removal column (DHR-4). Reagent grade
N, N'-methylene-bisacrylamide was used as pur-
chased.

2.2. Electrochemical cell

A schematic description of the electrochemical cell is
shown in Fig. 1a. The electrochemical cell used for the
research was composed of a 21.5 x 14.5 x 6 cm? glass
chromatographic tank into which a Delrin tank
(10 x 9 x 4.5 cm® was placed. The Delrin tank’s sides
were drilled with holes and covered by polypropylene
membranes (0.4 um pore size, SEPA membrane) one
on each tank side. The most important advantage of
such a three-compartment cell is that the polymer
coating can be applied evenly on both sides of the
metal substrate. The metal substrate was placed inside
the central cathode compartment, while the counter
electrodes (anodes), stainless steel plates, were placed
in the outside compartments. Constant direct current
or voltage was supplied by a Princeton Applied Re-
search potentiostat model no. 363.

2.3. Treatment of aluminium alloy before
coating

The aluminium alloy 5182, provided by the ALCOA

research center, had the following elemental composi-
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Figure I (a) Schematic description of the three-compartment elec-
trochemical cell.

This aluminium alloy 5182 was pretreated according
to a standard alkaline etching treatment [12].
The aluminium alloy was first treated in a 1.5 M so-
dium hydroxide solution at 65°C for 5 min. This
treated aluminium was then -rinsed in tap water at
room temperature thoroughly and de-smutted by
dipping for 5min in 10 vol % nitric acid at room
temperature. After de-smutting, the sample was rinsed
thoroughly in distilled water at room temperature and
air-dried in the hood. The sample was used within 5 h
after it was judged dry.

2.4. Electropolymerization procedure

The electropolymerization of AM/AN/MBA on to
5182 aluminium alloy was carried out in the three-
compartment cell (Fig. 1a) described above. Appropri-
ate amounts of the monomers, initiator and any pos-
sible inert electrolyte were dissolved in distilled water
and the resulting solution, with a total volume of
200 ml, was deoxygenated with nitrogen gas for
30 min. The mixture was poured into the Delrin tank
which comprised the central compartment of the
three-compartment cell. The outside, anode compart-
ment contained 160 mil of 0.025 M sulphuric acid. Ni-
trogen gas was then purged over the surface of the
cathode solution for 15 min to form an inert blanket
before the current was switched on. After elec-
tropolymerization, the aluminium electrode was care-
fully rinsed with copious distilled water to remove any
trapped monomers and initiator present in the swol-
len, cross-linked copolymer. The coated aluminium
was then air-dried at room temperature overnight. It

Si Fe Cu Mn Mg
0.20 0.35 0.15 0.20-0.50 4.0-5.0

Cr Zn Ti Other Al

0.10 0.25 0.10 0.15 Remainder
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was further vacuum-dried at 150°C to constant
weight. The weight of the coating was measured from
the weight difference of the Al electrode before and
after the electropolymerization.

2.5. Diffusion studies

Potassium hexacyanoferrate (III) (K3Fe(CN)g) was
used to study diffusion phenomena associated with the
initiator and monomers in the AM/AN/MBA elec-
tropolymerization system. The theoretical basis for
these measurements was discussed in the introduction
section. The procedure has been used extensively in
studies of diffusion in electrode coatings [10]. The
experiments were carried out using a cyclic voltam-
metry (CV) technique with a BAS-100 electrochemical
analyser. The counter electrode was a pure platinum
coil, while the working electrode was an alkaline pre-
treated aluminium sheet. Argon gas was bubbled into
the solution throughout the experiment. A series of
Voltammogramé were taken at scan rates of 4, 8, 10
and 12mVs~! to determine their corresponding
ireq Values. The electron transfer fraction experiments
were carried out at high scan rates, 100, 150, 200 and
250 mVs~ !,

3. Results and discussion

3.1. Effect of current density

Experiments were done for a variety of current densi-
ties and times of 10, 16, 23 and 30 min. Fig. 2 presents
the coating amount as a function of time at different
current densities. After an initial induction period, the
coating amount increases linearly with time at con-
stant current density. An increase in current density
promotes a greater concentration of primary radicals,
thus enhancing the rate of polymerization initiation.
At the same time, high current density also increases
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Figure 2 Amount of polymer coating in the early stages of elec-
tropolymerization at different current densities. [AM] =
[AN]=0.5Mm, [MBA] = 0.05 ™, [Persulphate] = 0.05 M.
O01mAcm™ % @ 02mAcm ™2 < 03mAcem ™2 x0.4mAcm 2

the probability of radical termination. However, since
this is a cross-linked system, this problem is not a ma-
jor concern to network molecular weight.

A short induction period, about 5 min, was ob-
served in the experiments. This is probably due in part
to residual oxygen left in the solution during the
transferring process. In addition, water reduction is
a competitive reaction in the system; water reduction
will lower the persulphate reduction efficiency, leading
to a delay in the electropolymerization. More gas was
liberated at the beginning of the process, but it became
less vigorous as the thick coating was formed. This is
because the polymer coating formed on the Al elec-
trode has an inhibitory effect on water reduction. As
reported by Otereo and Garcia [13], the presence of
a thin polyacrylamide film could prohibit water reduc-
tion from interfering with the polymerization.

The rate of the electropolymerization calculated
from the slope of the linear zone of the plot is present-
ed in Fig. 3. The dependence of the rate on current
density was determined from the slope of the graph
shown in Fig. 4. It was found that the rate of polymer-
ization at constant monomer and initiator concentra-
tions was directly proportional to the current density
raised to a 0.99 power.

3.2. Effect of persulphate concentration

The amount of the polymer coating formed on the Al
electrode was studied at four different persulphate
concentrations: 0.02 m, 0.035 M, 0.050 M and 0.065 m.
The results are plotted as a function of reaction time,
as shown in Fig. 5. At constant persulphate concentra-
tion, the amount of the coating increases linearly with
time. Increasing persulphate concentration also in-
creases the amount of coating formed per unit time.
The 5-min induction period was again observed, and
the reasons are believed to be the same as described
for current density above. The rate of the polymeriz-
ation was measured as the initial slope of the lincar
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Figure 3 Rate of electropolymerization as a function of current
density. [AM] =[AN] =0.5M, [MBA] =0.05 M, [Persulphate]
=0.05Mm.

3829



‘8.6||I|I|I|I|I|III|I|l|l|||||l||ll
L ]
-9.05 [~ -
e i ]
E =
! 0 3
§ o5l ]
c) I~ -
& L N
o
S 1
-9.95— _
-10.4 Llv ey by e e e b g dpralirardoag

~2.4 -22 -2 -18 -1.6 -1.4 -1.2 -1 -0.8

In current density (mA cm2)

Figure 4 Current density exponent determination. [AM] =
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Figure 5 Amount of polymer coating in the early stages of elec-
tropolymerization for different persulphate concentrations.
[AM] =[AN] =0.5M™, [MBAT] = 0.05 M, [Persulphate] =
0.05M. Current density =03mAcm™2 © 002M; e 0.035M;
& 0.05 M; x0.065 M.

zone of the plot, which is given in Fig. 6. A 1.12 power
of the persulphate concentration on the polymeriz-
ation rate, R, at constant current density and mono-
mer concentration was obtained (Fig. 7).

3.3. Effect of initial monomer concentration
The study of the coating amount as a function of
reaction time at different initial monomer concentra-
tions: 0.35, 0.50, 0.65 and 0.75 M is presented in Fig. 8.
The coating amount increases with initial monomer
concentration and time. There was an induction peri-

od of about 5min as in previous experiments. The.

polymerization rate, which was calculated from the
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Figure 6 Rate of polymerization as a function of persulphate con-

centration. [AM] =[AN]=0.5M, [MBA]=0.05M, [Persul-

phate] = 0.05 M. Current density = 0.3 mA cm 2.
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initial slope of the linear region of the coating amount
versus time graph, was plotted as a function of the
initial monomer concentration in Fig. 9. A linear
graph was obtained in the ln rate versus In monomer
concentration (Fig. 10), and the dependence of the
polymerization rate on the monomer concentration at
constant density and persulphate concentration was
determined to be 2.33.

3.4. Kinetic study of the electropolymeriz-
ation

From the above experimental results, the rate of poly-

merization, R, follows the empirical rate expression.

R, = K (CD)*®° [Persulphate]"*?[M1**® (3)
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where K is a constant, CD is the current density and
M is the monomer concentration.

A CD exponent of about 0.5 has been reported for
the electropolymerization of acrylamide [14] and
N,N’ dimethylacrylamide [15]. However, a higher CD
exponent, 0.99, was found in our AM/AN/MBA elec-
tropolymerization system. No polymerization occur-
red in the present system in the absence of current. The
polymerization induced in the present system is due to
the electrochemical formation of active species.

Normally, the effect of initiator on R, is not critical
as long as there is sufficient initiator present in the
system. The rate is typically controlled by the current
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Figure 10 Monomer concentration exponent determination.
[AM] = [AN] = monomer concentration, [MBA] = 0.1[AM],

[Persulphate] = 0.05M, current density =03mAcm™ 2 y=
— 7.4847 4 2.3259x.

density and monomer concentration. However, in this
particular system, the mobility of the large size persul-
phate ion is greatly affected by the presence of the
thick swollen coating formed on the electrode. The
diffusion of the large size persulphate ion becomes
difficult. This certainly imposes a large effect upon the
R, dependence on persulphate concentration.

The thick swollen coating formed on the electrode
inhibits a diffusion of the monomers and initiators;
therefore, the low diffusion rate of the monomers and
initiators to the electrode caused the initiation to be
the rate-determining step [16], resulting in an in-
creased dependence of R, on [M]. A high dependence
of R, upon [M] has been mentioned in previous free
radical polymerization studies [17-21].

3.5. Diffusion studies

Cyclic voltammograms using a coated glassy carbon
electrode are shown in Fig. 11. At low scan rates, the
reduction potentials are constant. The reduction peak
(above the horizontal axis) is due to the conversion of
hexacyanoferrate (III) to hexacyanoferrate (IV), and
the oxidation peak (below the line) is the reverse
reaction. The diffusion coeflicient values, calculated
from Equation 1 in the introduction section, for the
uncoated and coated glassy carbon electrodes are
summarized in Table I.

Very little polymer was generated on the glassy
carbon electrode for a reaction time less than 10 min.
The D value obtained on the glassy carbon electrode
electropolymerized for 10 min reaction time is about
70% of the D value on the uncoated ¢lectrode. A thin
swollen film is formed in the early stage of the elec-
tropolymerization process which increasingly hinders
the diffusion of ions and monomer to the electrode. As
process time increases, the coating becomes thicker.
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Figure 11 Cyclic voltammograms of Fe(CN)Z ™ ona AM/AN/MBA
polymer coated glassy carbon electrode at (a) 4mVs™!
(b) 8mVs % (c) 10mVs~(d) 12mVs™?,

TABLE I The diffusion coefficient and electron transfer fraction of
0.005M hexacyanoferrate (III) ion through uncoated and
AM/AN/MBA polymer coated glassy carbon electrode

Polymerization time*  Diffusion coefficient Electron transfer

(min) %1076 (cm?s™Y) fraction
0 (uncoated) 2.30 0.336
10 1.69 0.258
16 0.73 0.125
30 0.42 0.103

2 Polymerization was carried out in a 0.5 M AM/0.5 M AN/0.05 M
MBA monomer system with 0.05 M persulphate as the initiator, at
— 1.60 V versus saturated.calomel electrode.

A dramatic drop in D value was observed after elec-
tropolymerization for 16 min; an even lower D value
was obtained after 30 min reaction time. These suggest
that the ions and monomer have more difficulty diffus-
ing through the thicker polymer coating, Therefore,
diffusion has become significant at a coating thickness
of 20-30 pm.

A change of an electrode surface has a tremendous
effect on the electrode transfer ability in an electro-
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Figure 12 Cyclic voltammograms of Fe(CN) ~ ona AM/AN/MBA

polymer coated glassy carbon electrode at (a) 100mVs™?;

(b) 150mVs~ % (c) 200mVs™; (d) 250 mVs~*.

chemical system. At high scan rates, the reduction
potential is not a constant. Fig. 12 shows cyclic vol-
tammograms carried out at high scan rates, and the
resulting f values are tabulated in Table L

A relatively smaller f value was obtained on the
glassy carbon electrode electropolymerized for 10 min
compared with the f value obtained on the uncoated
electrode, indicating that the electron transfer and
thus the initiation reaction is somewhat more difficult.
The induction reaction was much more difficult in the
16 min polymer-coated glassy carbon electrode, as
shown by the large drop in f value. A slightly smaller
fvalue was found in the glassy carbon electrode elec-
tropolymerized for 30 min. The results indicate that
the polymer formed early in the electropolymerization
process reduces the electron transfer ability in the
system, and the effect becomes more scvere as
a thicker coating is formed on the electrode.

4. Conclusions

A polymer coating based on acrylamide and acryloni-
trile monomer, crosslinked by N,N’-methylene-bis-
acrylamide, was synthesized on an aluminium alloy by



means of aqueous electropolymerization, using potas-
sium persulphate as an initiator. The polymerization
rate was found to be R, = K(CD)*?° [Persul-
phate]'-*? [M]%33. The unusually high exponents in
comparison with earlier work result from diffusion
limitations in the relatively thick swollen polymer
coatings formed on the aluminium electrode. The re-
sults of the diffusion studies confirmed the mass trans-
fer problem in the present system.
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