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ABSTRACT: The effect of process parameters on the conversion, P , and current effi-
ciency, h, for the aqueous electropolymerization of pyrrole on low-carbon steel has been
investigated. The amount of polypyrrole coatings formed on steel, Wp , increased with
the charge passed, Q , and the initial pyrrole concentration [M ] , but was unaffected
by the electrolyte concentration. The conversion of pyrrole into polypyrrole, P Å WP /
WM, increased with electropolymerization time, and the applied current, and de-
creased with the initial monomer concentration. The oxalic acid concentration had no
significant effect on conversion. The current efficiency for the electropolymerization of
pyrrole performed by using high applied current, I (I ¢ 40 mA), and high pyrrole
concentration, [M ] ¢ 0.5M, rose to its highest value at short polymerization times, t
õ 300 sec. It then decreased and leveled off at longer times, t ¢ 1,000 sec. At low
applied current, I ° 20 mA, and low pyrrole concentration, [M ] ° 0.25M, the current
efficiency increased gradually with increased reaction parameters ([M ] , I , and t ) and
reached a maximum value at t Å 1,000 sec. A retrogression of the current efficiency
occurred at t ¢ 1,000 sec, for the reaction performed by using applied current of 10
mA. Overall, the current efficiency varied between 39 and 130%, with the higher values
occurring at high pyrrole concentration and high applied current. The current efficiency
was determined from the ratio of the experimental and theoretical electrochemical
equivalents for polypyrrole. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 617–
624, 1997
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INTRODUCTION coullometry, the total charge passed can be re-
lated to the concentration of the electroactive spe-
cies in the cell (see reference 1).Electrochemical polymerization has the ability to

Polypyrrole coatings are electrochemicallyform uniform and continuous coatings on conduc-
formed on low-carbon steel with the intention totive substrates. It is fast and inexpensive and
protect the substrate from corrosion. The processallows in situ analysis and monitoring of the coat-
parameters, such as initial pyrrole concentration,ing process. In this study, constant current elec-
oxalic acid concentration, applied current, and re-tropolymerization is used. The total charge
action time, are systematically varied. By de-passed during electropolymerization, Q , is deter-
termining the dependence of the coating processmined as the product of the applied current, I , and
on the process parameters, we can control thethe time, t , of application. In constant potential
coating formation process effectively and optimize
the coating structure and properties. One area of
the coating formation process of interest is theCorrespondence to: J. O. Iroh.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/030617-08 efficiency. The efficiency of electropolymerization
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618 SU AND IROH

refers to the amount of polymer formed with re- coatings for charge compensation during electro-
polymerization; 1

5 is the degree of insertion of thespect to the charge passed. The electrochemical
formation of polypyrrole involves the conversion counter ion and was determined by elemental
of pyrrole into polypyrrole by the transfer of elec- analysis. By use of the above model, the theoreti-
trons and the release of hydrogen ions.2–5 As a cal electrochemical equivalent, EEth , for polypyr-
result, by determining the weight of polypyrrole role can be shown to be
formed and comparing it with the initial weight
of pyrrole in the feed, one can estimate the extent EEtheory Å M / (zF )
of conversion.

Å (MM / yMA ) / [ (2 / y )F ] (1)The first step in the electrochemical polymer-
ization (oxidation) of pyrrole is the formation of
radical cations. Dimerization of the radical cat- where MM is the molecular weight of the repeat
ions is accompanied by the loss of two hydrogen unit (MM Å 65), MA is the molecular weight of
ions from the 2,5 position of the pyrrole ring. The the oxalate ion, y Å 1

5, and F is Faraday’s constant
dimer has a lower half-wave oxidation potential (96,500 coulombs per equivalent).
than the monomer; hence, further oxidation of the The experimental electrochemical equivalent
dimer occurs preferentially.2 The electrochemi- can be determined from eq. (2):
cally formed polypyrrole can undergo further
oxidation, resulting in a partial positive charge on EEexp Å Wp /Q (2)
the pyrrole ring.6 As a result of this, the polymer
associates with an anionic species (from the elec-

where Wp is the weight of polypyrrole coatings, andtrolyte salt ) in order to maintain charge neu-
Q is the charge passed. Since the constant currenttrality.7
method was used, the charge passed was deter-The current efficiencies were determined in ac-
mined as the product of applied current, I, and thecordance with the method established by Schir-
electropolymerization time, t, i.e., Q Å I 1 t.meisen and Beck.8 The schematic representation

The current efficiency, h, is obtained fromof the formation of polypyrrole is shown below
eq. (3 ) :(Scheme I):

h Å EEexp /EEtheory (3)

The rate constant for the electropolymerization
of pyrrole can be evaluated by recalling that the
electropolymerization of pyrrole is preceded by
the dimerization of the radical cation.
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Scheme 1 Formation of doped polypyrrole.
It was also reported that the dimer has a lower

oxidation potential and should be oxidized in pref-
erence to the monomer.2,9,10 The oxidized dimersP is the degree of polymerization; the counter ion

is hydrogen oxalate, which is inserted into the will couple with each other to form a tetramer.
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KINETICS OF ELECTROPOLYMERIZATION OF PYRROLE 619

species (dimer, tetramer, hexamer, octamer or
prepolymer) and the rate constant for coupling,
kc , are irrespective of the size of the species.

The rates of initiation, Ri , and propagation, Rp ,
can be written as follows:

Rate of initiation, Ri

Ri Å
d[M•/]

dt

Å ki [M ]I
FV

for constant process (8)

Rate of coupling, Rc Å Rp
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Rc Å 0
d[M•/]

dt
Å kc[M•/]2 (9)

Further coupling could occur between the tetra-
mer radical ion with itself or with a dimer. The

At steady state, Ri / Rc Å 0possibility of a hexamer or octamer radical ion
coupling with themselves or with a dimer or tetra-
mer radical ion also exists. The coupling reaction i.e.,

d[M•/]
dt

Å ki [M ]I
FV

0 kc[M•/]2 Å 0 (10)
will seize when the application of electric current
is discontinued.

[M•/] Å S ki I[M ]
VFkc

D1/2

(11)If the monomer is represented as M , then the
reaction scheme can be written as follows11–13 :

Initiation Rp Å kc[M•/]2 Å ki [M ]I
FV

Å 0 d[M ]
dt

(12)

M / I r
ki

M•/ / e0 (4)
where ki is the rate constant for initiation, kc is
the rate constant for coupling (propagation), I isCoupling
the applied current, F is the Faraday’s constant
(96,500 coulombs/mol), V is the volume of the

2M•/ r
kc

M 0 M / 2H/ (5) monomer-electrolyte solution, [M ] is the mono-
mer concentration, and [M•/] is the concentra-

Oxidation of dimer tion of the radical cation.
By solving eq. (12) and substituting (1 0 P ) M0

for [M ] , we obtain eq. (13):
M 0 M / I r

ki

M 0 M•/ / e0 (6)

0 ln(1 0 P ) Å ki It
FV

(13)Coupling of dimer radical cation

By substituting I 1 t Å Q , we obtain an expres-2M 0 M•/ r
kc

M 0 M 0 M 0 M / 2H/ (7)
sion that relates the conversion to the charge
passed per unit volumeThe electrochemical polymerization can be ap-

proximated to a series of oxidation (initiation)
and coupling (propagation) steps. The formation 0 ln(1 0 P ) Å kiQ

FV
(14)

of the monomer radical cation, M•/ , is the slowest
of the initiation reactions. Recall that it was
shown that the oxidation potential of the dimer ki can be determined from the slope of ln(1 0 P )

versus t or ln(1 0 P ) versus Q plot.is lower than that for pyrrole.2,9,10 We can assume
that the oxidation potential of the intermediate The conversion, P , is taken as the ratio of the
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620 SU AND IROH

weight of the polymer coatings, WP , to the initial
weight of pyrrole, WM , in the feed:

P Å WP

WM
(15)

In this article, the effect of applied current, initial
pyrrole concentration, electrolyte concentration,
and reaction time on the current efficiency and
conversion is presented. The dependence of the
weight of the polypyrrole coatings formed on low-
carbon steel on the charge passed and the process
parameters, respectively, was also determined. It
is hoped that by manipulating the electrochemical
process parameters, optimal coating microstruc-
ture and coating properties will be established.
Pyrrole was choosen for this study because the
starting material is soluble in water and allows

Figure 1 Dependence of conversion on initial pyrrolefor controllable film formation in aqueous me-
concentration and time.dium. The aqueous electrochemical polymeriza-

tion of pyrrole is easy to control, cost effective,
manufactured by Corning Company, was used asand environmentally safe. Polypyrrole is also one
the reference electrode. Constant-current electro-of the class of conducting polymers that have cor-
polymerization of pyrrole was performed with anrosion-resistant capability. The electropolymeri-
EG & G Princeton Applied Research Potentiostat/zation of pyrrole onto reactive metals such as steel
Galvanostat, Model 273A.and aluminum is believed to be an effective re-

placement for the hazardous chromate rinse pro-
Electropolymerizationcess used to prime steel. The structure and prop-

erties of polypyrrole coatings are, however, depen- The electropolymerization of pyrrole was carried
dent on the electrochemical process variables. out in a one-compartment polypropylene cell. The
Judicious control of the reaction variables is nec- current densities used in this study ranged from
essary in order to form pinhole-free, adherent, 0.22 to 11.26 mA/cm2. The initial concentration of
tough, and corrosion-resistant polypyrrole coat- oxalic acid was varied from 0.05 to 0.4M, while the
ings. initial monomer concentration was varied from 0.1

to 0.8M. Electropolymerization was performed for
300–2,400 sec.

EXPERIMENTAL The coated steel was rinsed with methanol and
dried at 657C in a vacuum oven to constant

Materials weight. The weight of the coatings was deter-
mined as the difference between the coated andPyrrole (98%) and oxalic acid (98%) were pur-
noncoated steel (control) .chased from Aldrich Chemical Company, Inc. Tet-

rachloroethylene and methanol were also pur-
Characterizationchased from Aldrich Chemical Company. The
Elemental analysis of the coatings extracted fromreagents were dissolved in deionized water pre-
coated steel was performed by Galbraith Labora-pared in our department.
tories, Inc. The ratio of pyrrole to hydrogen oxa-The working electrode is a 0.5-mm-thick QD
late ion was determined to be 5 : 1.low-carbon steel panel purchased from the Q-

panel Company. The working electrode was de-
greased with tetrachloroethylene for about an RESULTS AND DISCUSSION
hour prior to electrochemical polymerization. The
counter electrodes were composed of two titanium Figures 1–3 show the variation of conversion {P

Å (Wp /WM ) } with the initial pyrrole concentra-alloy plates. A saturated calomel electrode (SCE),
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KINETICS OF ELECTROPOLYMERIZATION OF PYRROLE 621

Figure 4 Dependence of the weight of polypyrroleFigure 2 Dependence of conversion (Cd) on the ap-
coatings formed on steel on the charge passed and theplied current (working electrode area Å 8.89 cm2).
applied current.

tion, the oxalic acid concentration and the applied concentration (Fig. 1) and proportionately with
current, respectively, as a function of electropo- applied current (Fig. 2) and reaction time (Figs.
lymerization time. The initial pyrrole concentra- 1–3). Increasing the initial pyrrole concentration
tion was varied between 0.1 and 0.8M, while the from 0.1 to 0.8M (700% increase) resulted in
electrolyte concentration and applied current a decrease in the conversion from 1.5 to 0.31%
were varied between 0.05 and 0.4M and 10 to 70 (Ç 80% decrease) for t Å 40 min, [OA ] Å 0.1M,
mA, respectively. Electropolymerization time was I Å 20 mA, and working electrode area of 8.89
varied between 200 and 3,000 sec. The conversion cm2. The inverse relationship between pyrrole
of polypyrrole varied inversely with initial pyrrole concentration and conversion was also confirmed

at short reaction times. For example, increasing
the pyrrole concentration from 0.1 to 0.8M (700%
increase) resulted in a decrease in conversion
from 1.2 to 0.05% (96% decrease) for t Å 2.5 min
(all other reaction conditions were maintained
constant). The effect of applied current on conver-
sion is shown on Figure 2. Increasing the applied
current from 10 to 70 mA (600% increase) re-
sulted in an increase in conversion from 0.36 to
2.9% (700% increase) (Figure 2) (t Å 46 min, [M ]
Å 0.25M, [OA ] Å 0.1M ) . Conversion was not de-
pendent on the electrolyte concentration (Fig. 3).
Increasing oxalic acid concentration from 0.05 to
0.4M (700% increase) resulted in only a slight
change in conversion from 0.48 to 0.45% (6%
change) at t Ç 40 min ([M ] Å 0.5M, I Å 20 mA).

The dependence of the weight of polypyrrole
coatings formed on steel on the charge passed as
a function of the reaction parameters (I , [M ] and
[OA ] ) is shown on Figures 4–6. The weight of
polypyrrole coatings increased with the chargeFigure 3 Dependence of conversion on oxalic acid

concentration ([ox]) . passed and was unaffected by the magnitude of
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Figure 5 Dependence of the weight of polypyrrole
Figure 7 Dependence of current efficiency on the ap-coatings formed on steel on the charge passed and the
plied current and reaction time.initial pyrrole concentration.

the applied current, as was expected (Fig. 4). The polypyrrole coatings per mole of pyrrole (mono-
weight of polypyrrole coatings increased with pyr- mer efficiency) decreased with increased pyrrole
role concentration per unit charge (Fig. 5). The concentration. The weight of coatings per mole of
weight of polypyrrole coatings increased from 0.8 pyrrole decreased from 8 to 3 mg/mol as the pyr-
to 2.7 mg as the pyrrole concentration was in- role concentration was increased from 0.1 to
creased from 0.1 to 0.8M, for 23 coulombs of 0.8M. Increasing electrolyte concentration de-
charge passed (Fig. 5). However, the weight of creased the efficiency per mole of electrolyte (elec-

trolyte efficiency). The weight of polypyrrole coat-
ings was unaffected by the electrolyte concentra-
tion (Fig. 6), indicating that the electrolyte was
not involved in the coupling reaction. The weight
of polypyrrole coatings formed on steel increased
with the charge passed and pyrrole concentration
but was unaffected by the applied current or the
oxalic acid concentration.

The dependence of the current efficiency on the
reaction parameters is shown on Figures 7–9.
Generally, the current efficiency rose to a maxi-
mum value at low reaction time, followed by a
gradual decrease before attaining a constant
value that is invariant with time (Figs. 7–9). The
effect of applied current and initial pyrrole con-
centration is shown on Figures 7 and 8, respec-
tively. For the electropolymerization of pyrrole
performed by using high applied current (I ¢ 40
mA) and high pyrrole concentration ([M]¢ 0.5M),
the current efficiency rose to its highest value at
short reaction times, t õ 300 sec. It then de-Figure 6 Dependence of the weight of polypyrrole
creased and leveled off at longer times, t ¢ 1,000coatings formed on steel on the charge passed and oxa-

lic acid concentration. sec. At low applied current ° 20 mA and low pyr-
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Figure 8 Dependence of current efficiency on initial Figure 10 Variation of the rate constant for polymer-
pyrrole concentration. ization with applied current.

tion and high applied current. Figure 9 shows therole concentration, [M ] ° 0.25M, the current ef-
dependence of the current efficiency on the elec-ficiency increased gradually with increased reac-
trolyte concentration and time. At low reactiontion parameter (I , [M ] , and t ) and leveled off after
times, tõ 600 sec, the current efficiency increased1,000 sec of electropolymerization. A retrogressive
with electropolymerization time, t ° 600 sec, anddecrease in the current efficiency occurred at t
leveled off at t¢ 1,000 sec. A subsequent increase¢ 1,000 sec for the reactions performed by using
in the reaction time above 1,000 sec resulted inan applied current of 10 mA. Overall, the current
no significant changes in the current efficiencyefficiency varied between 39 and 130%, with the
(Fig. 9).higher values occurring at high pyrrole concentra-

Figures 10–12 show a second-order kinetic

Figure 11 Variation of the rate constant for polymer-Figure 9 Dependence of current efficiency on oxalic
acid concentration. ization with initial pyrrole concentration.
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624 SU AND IROH

There was no dependence of conversion on the
electrolyte concentration. The amount of coatings
formed on steel increased with the total charge
passed but was unaffected by the applied current
or the electrolyte concentration. It, however, in-
creased with initial pyrrole concentration. The
current efficiency was high at short reaction
times. It declined gradually and remained un-
changed after about 1,000 sec of electropolymeri-
zation. Very high current efficiency was obtained
at high monomer concentration and high applied
current at short reaction times t õ 1,000 sec.
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