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ABSTRACT. In this study we measured oxidation potentials and current densitics tor polv(vinylehloride)
(PVC) and poly{carbonate) (PC) in nonaqueous solutions. in order to tind out how corrosion (oxidation) poten-

fn

tials depend on temperature. pll. enzyme. or added salts. The Tafel’s slopes were detemmined from the Tafel

plots of polanzation curves. The transfer coellicients (¢¢) were evalualed [rom the slope (1-o0mFi2.3RT. and the

electrode reaclions appeared irreversible under all conditions.

INTRODUCTION

Polvmers are large moleeules contammg hundreds or
thousands of atoms. people have vsed polymers since
prehistorie time. and chenusts have svinthesized them tor
past centuries. Our technological sociely s largely
depend on svnthetic polvmers'? In response to the
increasing concern over environmental issues.” the liuro-
pean Commission (EC) will soon launch a comsultation
program examining the environmental issues related (o
polv(vinvlehloride) (PVC). The 1:C has already adopled
a “green paper” cvalvating environmental aspeets of
PVC with the specific provisos that the consultation be
based on scicnee and nclude related human  health
aspeets, The paper mwvites discussions on two major
arcas: (1) the usc of additives such as lcad. cadmium. and
phthalates: (2) the waste management of PVC. Polv{car-
bonale) (PC) is partiallyv soluble in aromatic selvents and
readily soluble in chlorinated hydrocarbons.

Manv synthetic organic pelvmers are oxidized when

in contact with atmosphere. Studics of redox potennal
and current density for tilm corrosion can give the intor-
mation about torms of oxidized tilms. In this paper. we
tricd to show that clectrochemical methods can be un-
lized to demenstrate the clectrochemical behaviour of the
PVC and PC svstems. In particular, we put an emphasis
on the applications of these methods in nonaqueous solu-
tions. To our best knowledge. this study is probably the
first attempt o investigale the oxidations of these poly-
mers by electrochemical methods. In addition. we have
also determined the detailed influences of various laclors
such as temperature. pH. salts. and enzyme on oxidation

of these polvmers.?
EXPERIMENTAL SECTION

Materials and instrumentation. The poly(vinlychlo-
ride) (PVC)are commercial products of the T.ucky, T.4d.
1.8-080. 1.8-100. and 1.8-130. with 37,—30.000. 62.500)

and 81250, respectively. Pols(carbonate) (PC)was obtained
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from Aldrich Chenmical Company.

The electrochemical and polanzing measurements
were performed in tetrahvdrofuran (THEY and diunethyl-
formammde (DM}, The supporting electrolyvte was either
tetrabutvlammonium perchlorate (TBAP) or lithium per-
chlorate (Aldrich). which was used as reecived. The sup-
porting clectrolyte concentration was tvpically 0.01 M.
The clectrochemical ccll is a triple coaxial glass cell is
and filled with 100 mL of solution.” The reterence clee-
trode is a saturated calomel clectrede (SCE: Koslow Sci-
entific Company. PN 1004)_and a graphite carbon rod 1s
used as o counter electrode. The electrode tip of a work-
ing electrode svstem consisls of a 1 em? silver piece
(thickness—0.1 mm). together with a silver and platinum
wire. All solutions were typically of 1 mM in the redox-
aclive species. and were deoxvgenated by purging with
nitrogen gas for at least 13 min. All experiments were
performed at the scan rate of 710 mV:s by CMS 100
and 103 (Gamry Instruments. Inc.) with a computer.

Tatel plots were obtamed at steadv-state potentials
(=200 mV). The potentiodyvnamic polarization curves
were obtaned trom —1.0 to +1.3 V at steady-state poten-
tials. The temperature range was from 13 °C 10 33 °C.
The pll ol the solution was adjusted with sodium
hvdroxide (NaOII) and hvdrochloric acid (1IC1). An
enzyme® (3.0 U mg lipase: lluka) was dissolved al a

concentration of 0.2 mg ml. (unit).

RESULTS AND DISCUSSION

Electrochemical characteristics. The clectrocheni-
cal (oxidation-reduction) potentials of polvmers (PVC
and PC) were measured in nonaqueous solvents within
the range of +1.5 to —1.0 V versus SCE.

Stleadv-stale potentials were observed al 15,,-0.67 V.
=001 Voand 1,.-0.20 ¥V for the PVC solutions and

al f2,,—033 V. and K, ..~ 038 V for the PC solutions.
The three observed potentials for the PVC solutions sug-
gest that the first wave (from the bottom) results from
reduction and the second and third waves from oxidation.
On the other hand. the two abserved potentials ot the PC
solutions indicate one oxidation (the first wave) and one
reduction (the sccond wave)® These results are summa-
rized in Zable 1. in which E.. and E,. denote reduction
(cathedic) and oxidation (anadic) potential. respectively,

Influence of temperature. Fig [{a) shows the intlu-
ence ol lemperature on oxidation potentials for PVC
from 20 to 30°C and is drawn with data from the exter-
nal cathodic and anodie polarization curves. As shown in
Fig 1(a). the PVC exhibits a tolal of three redox waves.
The first potential wave (from the bottom) corresponds
Lo reduction and the second and third waves to oxidation.
The scecond wave has a potential range of 0.08-0.28 V.
and the third wave has a rather wide range of 0.33 -0.62
V. Whereas the Ist wave develops with the reduction of
proton to hvdrogen. the 2nd and 3rd waves appear as
oxyveen is consumed. The lowest oxidation potentials of
the 2nd and 3rd waves appear between 30 and 40°C.
Therelore. the most eflicient temperature range for the
oxidation of PVC seems to lie between 30 and 407°C.

As shown in fig 1(b) for PC. the Ist wave (Itom the
bottom) corresponds o reduction. The 2nd wave. which
corresponds (o oxidation, has a polential range ol (.38
(043 V from 15 to 55 "C. A series of oxidation potentials
on the 2nd wave indicate that the lowest oxidation poten-
tial is E—0.38 V at 43 °C. Theretore. the most etficient
temperature tor the oxidation of PC seems to be around
43°C. When compared the efficient oxidation tempera-
tures obtained for PVC and PC. PVC 15 oxidized at
lower temperatures. compared with PC.

Influence of pH. fig 2(a) and 2(b) show the variation

of potentials with pIL which is adjusted with TICI or

Table 1. Parameters of the poly{vinylehloride) oxidation effect under various conditions

Paramcter Coneentration { TmM)

Salt (0.1M MgCl,) Fnzyme (hpase)

(°C) pH

(°C) ('C)

Redoxsteps\ 20 30 40 30 30 350 70 90

15 20 25 30 35 I3 25 35 40 30

Ist wave
2nd wave
3rd wave

—0.70-0.70-0.65-0.65-0.50-0.30-0.53-0.50-0.55-0.63-0.53-0.57-0.50-0.50 0.48-0.33-0.47 047041
0.11 008 008 028 008 008 0.12 0.12 0.12 0.07 0.01-0.07-0.13 0.27-0.03 0.00-0.09-0.09-0.13
037 033 033 062 030 030 057 0355 034 040 040 076 040 0.80 042 0.39 020 043 042
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Fig. 1. Variation of oxidation potential as a tunction of

temperature tor (a) polv(vinvlchlonde) (b) poly(carbonate)
{®: Ist wave: v 2 nd wave: B 3nd wave).

NaOIl TFrom fig 2(a). the first wave (from the bottom)
results from reduction of proton (eqs 1 -3) at the clee-
trode.”" The sccond and third waves comespond to oxi-
dation rcactions.
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Fig. 2. Vanation of oxidation potential as a tunction of pll
lor (a) pols{vinvlchloride) (b) pols(carbonate) { @ ; 1st wave:
¥ . 2 nd wave. W 3rd wave).

3rd waves for PVC (Yable 1) shows a pll dependence:
(.08 012V for the 2nd wave and 0.50- 0.57 V for the
3rd wave between pH=3.0 and pH- 11, At pH=3.0 and
pH=5.0. oxidations oceur at lower potentials. compared
with those at other pH valucs. The reason seems to the
tast oxidation duc to the increased amount of oxveen, !
At pH:7.0. the oxidation beecomes slower (or less ethi-
cient). Thus. the best pH range tor oxidations appears
be pll 3.0-5.0.

Table 2 and Jig 2(b) show the variation in the poten-

Table 2. Parameters of the poly(carbonate) oxidation cffect under various conditions

Paramater Concentration (1mM)

Salt (0.1M MgCl,) Enzyme (lipase)

"C) pll

() eC)

Redox steps

15 2% 35 43 35 30 30 70

1T 15 25 35 45 35 15 25 135 45 33

Ist wave
2nd wave
3rd wave

44047041 0360320480420 46-046046-048-0.51-0.50-047-043-049-0.45-048-0.36-0.32
043 041 040 038 039 000 011 012 014 015 004 000018 0.00 0.01-0.16-0.18-0.26 0.00 0.00
000 000 000 000 000 043 043 040 044 044 134 126 1.16 1.01 090 042 040 037 043 040
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tials for PC. Asis the case lor PVC. the 1st wave results
from the reduction of proton o hvdrogen. and the 2nd
and 3rd wanves (oxidations) oceur with the consumption
of oavgen. The 2nd and 3rd waves exhubited oxidations
ata pH=3.0(E-0.11 V043 V)yand pH-7.0 (E-0.12V
E-0.40 V). These observations suggest that the ettective
oxidations oceur at these pH values.

When compared the 2nd oxidation steps (the 3rd
waves) in Zables 1 and 2. the PVC oxidation oceurs fast-
cst at 0.30 'V (pH=3.0--3.0) and the PC oxidation at (.40
V' (pl1=7.0). Therelore. the most eflicient oxidation
potential of PVC is higher than that for PC. On the bases
of the above arguments. PC is more easily oxidized than
PVC.

Effect of oxidation with MgCl,. /5g 3(a) and 3(b)
show polential waves lor PVC and PC in the presence ol
MgCl.. The potentials of the [st wave (trom the bottom)
show negative values at all temperatures. and so suggest
reduction. The 2nd wave shows oxidation processes at
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Fig. 3. Dependencies of oxidation polential on temperature
(a) polv{vinvichloride) (b) poly{carbonate) in the presence
ol 0.1 M-MgCl: { @ : Ist wave: ¥; 2nd wave: B: 3rd wave),
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(L7 V (15 °C). 001 V (20°C). and 027 V (35 °C). By
contrast. 1t shows reduction processes at —0.07 V (25 °C)
and —(L13 V (30°C). On the other hand. the 3rd wave
exhibits oxidation at all temperatures. Therefore. the most
efficient temperature for PVC oxidation scems to be
around 20 °C.

As shown in Fig (b} and Tubie 2 tor PC. the 3rd
wave (from the bottom) suggests a facile oxidation at
55°C (E—0.20 V) in the presence of (.1 M MaCl.. By
comparison. the oxidation potential in the absence of
MgClyis (1.39 V (35 °C). The presence of the added salt
(MgCly) has tumed out © slow down the PC oxidation.

Eftect of oxidation with an enzyme. [ig J(a) and
Fig A(b) show potential waves in the presence of lipase
(0.2 mgml,) for PVC and for PC. respectively.'” The Ist
and 2nd waves in both figures have negative potentials,
whereas the 3rd wave positive ones. In Fig. 4a). oxida-
tion is observed on the 3rd wave at 042 V(13°C). 0.39
YV (25°C). 020V (33°C) 043 V (d0°C). and 042V
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Fig. 4. Vanation ot oxidation potential with temperature on
addition ot enzvme (hpasc): (a) polv{vmyvlchlonde) (b) poly
(carbonate) { @ @ 1st wave: ¥ 2 nd wave, B : 3rd wave).
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(30°C). Therelore. the most eflivient temperature for
onidation appears 1o be around 35°C (E-0.20 V) in the
presence of the enzyme and around 25 “C (£-0.20 V) in
the absence of the enzyme. Therelore. the enzyvine has a
negative cfteet for the PVC oxidation.

19z 4(b) shows that oxidation alse occurs at the 3rd

step. which has the range of oxidation potentials of

(1.37--0.43 V. The oxidation potential appears to largely
change at around 35°C. The oxidation of PC in the
absenee of the enzvme occurs at lower potentials at
35 °C. Consequently. the added enzyme (lipase) has neg-
ative eflects on the PC oxidation.

Tafel’s coefficient and reversibility. 1'he ‘Tafel’s coel-
ficients were determined by varving conditions (lemper-
ature. pli. MgCl.. and lipase). The potentiodynamic
parameters of oxidation were determined from the
Tatel's equation. A plot of log 7 against n. known as
Tatel's plot. 1s a wsctul device tor cvalvating Kinctic
parameters. There 1s an anodic branch with a slope of (1-
2. 3R7 and a cathodic branch with a slope of —otf-”
2.3RT Overpotential and transter coctlicient(¢t) can be
experimentally determined from a knowledge of the cur-
rentivollage characleristies Tor reversible and irreversible
electrode reactions: (1) 1 (overpotential}-E—-F.,, (real elec-
trode polential-equilibrium potential) and (2) n-a blogi.
Because the values oblained in our experiments are
greater than .30, we can easily recognize that the elec-

" Tere. @ and b are

frode reactions is irreversible.
Tatel's constants (at 25 °C. a=(Q3RT:cl?) log i b~ (-
23R 0wy log 7). and 41s current density. The transter
coctlicient o can be cvalvated trom the slope (1-0¢) s+
23R7

CONCLUSIONS

We have performed electrochemical experiments flor
polv(vinvlehloride) polv(carbonate). I'rom these experi-
ments, we have found the following observations: (1)
PVC readily oxidizes at =008 V and PC at £-0.33 V.
(2} The most appropniate pH range for PVC oxadation is

T

pTl

0

P

pH=3- 5 and that for PC s pH{=3- 7. (3) The most appro-
priate lemperature for PVC oxidation is around 33
(30-40"CY and that for PC i1s around 435 “C. (4) The inor-
ganie salt (MgCl,) and enzyme (lipase). which are added
to the PVC and PC solutions. slow down oxidation pro-
cesses. (3) The mass-transter coctlicients (1) obtained
are greater than 0.5, which indicates that clectrode reac-

tions are irreversible.
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