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Photooxidative degradation of polymers by HOe® and
HO:e# radicals generated during the photolysis of
H20:2, FeCls, and Fenton reagents

L.A Lindén, J.F. Rabek, H. Kaczmarek, A. Kaminska, and M. Scoponi

Dedicated to Professor Yittorio Carassiti

This paper summarizes data available so far on the progress made in the
study of photooxidative degradation of polymers by HOe, HO ;¢ radicals gen-
erated during the photolysis of H ,0 ,, FeCl,, and Fenlon (FeC! -H ,0, and
FeCl -H ,0 ,) reagents. Experimental results obtained in our laboratories
with two polymers, poly(ethylene dioxide) and poly(acrylic acid) are dis-
cussed.

The paper presents results, so far, of an extensive, long-term (1991-1995)
project, invofving international cooperation between:

» Polymer Research Group, Department of Dental Materials and Tech-
nofogy, Karofinska Institutet (Royal Institute of Medicine), Box 4064
5-14104 Huddinge {Stockhoim)}, Sweden
{L.A Lindén and J.F. Rabek)

= Department of Chemistry, University of Copernicus, Gagarina 7, 80100
Torun, Poland
(H. Kaczmarek and A. Kaminska)

« Dipartimento di Chimica, Universita di Ferrara, Via L. Borsari, 46, 44100
Ferrara, Italy
{V. Carassiti and M. Scoponij

1. Introduction

In the project definition stage, the three institutes establistied five key
areas of research:

1. Study of the mechanisms and kinetics of Fe{ll) and Fe{lll} photoinitiated
degradation of water-soluble polymers.

2. Development of pholodegradatble polymers (for packaging industry} and
agricuiture (muich films).
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3. Utilization of controlied and accelerated photodegradation of polymeric
waste materials.

4. Application of inorganic salt-polymer complexes in dentistry {Swedish
project oniy).

5. Application of inorganic salt-polymer complexes for the synthesis of
semi-conducting polypyrroles.

2. The role of HO+, HO2¢, and POO* radicals in the photooxidative
degradation of polymers

When investigating the primary reactions involved in the photooxidative
degradation of almost all polymers, the following scheme has been gener-
ally accepted:

initiation step: Formation of polymer radicals

Propagation step: Reaction of free polymer radicals with oxygen, and the
preduction of polymer oxy and peroxy radicals, resulling
in chain scission.

Termination step: Reaction of free polymer radicals, resulting in cross-
linking.

21 initiation step

Polymers (PH) containing intra-molecular chromeghoric groups and light
absorbing impurities (RH) {inter-molecular impurities} can produce free radi-
cals {1] in the presence of air (oxygen} under UV/VIS {visible] irradiation:

+hv(O
PH YOX b 4 o, ()
+hvi0
rH MO ol 4 wo, @
PH+Re — » Ps + RH @)

if hydroperoxy (HO #) radicals are formed, they can react with each other
to produce hydrogen peroxide (H ,0 ), which can be further photolyzed into
hydroxy (HO ) radicals, which, in turn, can react with polymer {PH} to
produce poilymer alkyl (Pe} radicals:

HO,» + HO ———» H,0, + 0, (%)
+hv

K,0, —— HOs + «DH {5)

PH + HO® — 3 Ps 4+ H,0 {6)

So far, however, there is no direct proof for the participation of HO» and
HO ,» radicais in the initiation step.
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2.2 Propagation step

Polymer alkyl {P+) radicals react immediately with oxygen {very fast
reaction} to produce polymer peroxy (PCOv) radicals, which can further
abstract hydrogen from the same or neighboring macromolecules fo
produce polymer hydroperoxide {POOH):

Pe+0, ——* POy @
PO» +PH ——» POCH + P+ (B}

it is likely that hydroxy (HOs) radicals and/or hydroperoxy (HO ;*) radicals
(il they are produced in the initialion step) can aiso abstract hydrogen from
palymer (PH} molecules, reaction (6}, and reaction {9) respectively:

PH + HO,» ——» P+ + H O, 9

Many other (secondary) reactions of HO+ and HO ,* radicals in the propa-
gation step have been proposed [1]:

+h
PO + PH — o »Pe +HO» + Po €10)
HO, + PH ————> He + HO,» + Pe (1)
+
PO ,* L »Pe {biradical} + HO ,» {12)
+ hv IH
PO, > -+ CH,=CH- + HO* {13)
o

Polymer hydroperoxide (PCOH) is further photolyzed by UV radiation into
polymer oxy (POs) radicals and hydroxy (HO+) radicats, with a quanium
yield ciose to unity (2}

+hy
POOH ——» PO+« + +OH (14)

Polymer alkyloxy {POs} radicais are capable of absiracting hydrogen from
the same and neighboring macromolecutes to produce polymer with
hydroxy group (POH}. In these reactions water can also be produced,

reaclion {6}:
PO+ + PH ———— 3 POH + Pe {15)

The B-scission process of polymer alkyioxy {POe) radicals causes degrada-
lion of polymer macromolecules:
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H
/
POs ———b P-c%+ CH,=CH-P

PO» — > P-C(=0)-P + CH,=CH-P

The secondary polymer hydroperoxide (POOH | and tertiary polymer
hydroperoxide (POOH}, can be photolyzed by the following reaclions:

+h
(POOH), + PH Y _»p=0+ H,0 + PH

+hy
(POOH), —— > P-C(=0O}-P + CH,=CH-P + H,0

+hv
(POOH},+P ,-CH ,CH , P, —— POH + P -CH=CH-P,+H,0

Polymers formed with carbony! groups {P =0), absorb intensively UV
irradiation and are photolyzed by the Narrish type | {reaction {21}}, and the
Norrish type |l (reaction {22)) mechanisms, resulting in chain scission
{degradation):

hv

+
P=0—-—4P-(I:I- + «CH ,-P
+hy
P=0~--—-——t'P-%-CH3 + CH,=CH-P
O

2.3 Termination step
In air, only polymer alkylperoxy (PO ,*} radicals exist, because of the very

high reactivity of exygen with polymer afkyl (P+} radicals, reaction {7). It can
be expected that the main termination reaction occurs beiween two polymer

alkylperoxy {PO ,» } radicals, reaction (23}

PO + PO, — > POOP + O
PO, + PO, ——— P=0 + P-OH + O,

i the hydroxy (HO+} and hydroperoxy (HO ;#) radicals exist in the neigh-
borhood of PO ,» radicals, the following termination reactions may occur:

PO, + HO®» ————PCH + O,
PO, + HOp» ———» POOH + O,
PO + HO.e ——»P=0 + H,0 + O,

The termination step can also inciude the reaction of polymer alkyiperoxy
{PO ,*) radicals with polymer alkyloxy (PO*) radicals:

PO,* + PO» ——»POP + O,

(16)

(17}

{18}
(19}
(20)

(21)

{22}

{23)
(24)

{25)
{26)
27}

(28}



Finally, both PO+ and PO ,* radicals can be lerminated by low molecular
{R+) radicals formed e.g. fraom photolysis of impurities or photoinitiators
(RR), reactions {29} or (3):

+hy
R,R, ——>R,*+ R, {29)
PO + R @ ——* POR (30)
PO, + R» ——* POOR B0

The termination step is responsibie for the crosslinking reactions.
Hydroxy (HOs) and hydroperoxy (HO ,#} radicais are very small in compar-
ison with the polymeric macroradicals (Pe, PO», or PO ).

Because of their mobitity, they readily recombine (terminate} by two mech-
anisms:

1. Primary recombination, which oceurs in a period of the order of a
vibration, i.e. 107" seconds This recombination is so rapid that free radi-
cals can not escape from the cage or diffuse into bulk.

2. Secondary recombination, which occurs within about 107 seconds. Dif-
fusion from cage into bulk, however, can compete with the secondary
recombination.

Polyethylene segments can form a cage, which allows fast reactions
between polymer alkyloxy {(FOs) radicals and hydroxy (HOe) radicals, formed
in reaction {14), resulting in the formation of carbonyl groups and water:

L +hy ~ S ~ s ~ /s 32)
C'\n Ic\ ﬁ LY 3 C + H o (
g’\ H g H & i 2
M * O
o, &
H H H
cage reaction

The cage reaction explains the absence of the photoinduction pericd
during the decomposition of secondary hydroperoXides in polyethylene
{3.4]. The inductive role of polypropylene hydroperoxides is attributed to
the fact that the cage reaction does not occur, and that hydroxy {(HO+} radi-
cals diffuse rapidly from the place where they were formed:

— X 4+ eH (33)

' d
S

Y v ”’
L. T L
CH

TR
& &
H
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It has also been proposed (5], that charge-{ransfer {CT} complexes, which
can be formed between polymer alkylperoxy {PO ,#) radicals and other
polymer molecules (PH), resuit in the formation of hydroperoxy (HO ,¢) radi-
cals and two polymer alkyl (P+) radicals:

POO¢ + PH ———»[POO" *+3 +HP}———»Pe + HO ,» + P»

in such a reaction, two polymer alkyl (P+) radicals are lef in proximity of
each other and they can immediately terminate, giving a crosslinked struc-
fure:

pPe + P# ——»P-P
All of these reactions (1) — (35} well describe the mechanism of the

photooxidative degradation of common polymers. However, many of them
are only theoretical speculations, without experimental prool.

3. Photolysis ef hydrogen peroxide (H202) in the presence of polymers

Hydrogen peroxide (H ,0 ,) is easily photoiyzed in the region 280-300 nim
[6-10]:

+hv
H,0, ———>» 2 HO»
The guantum yield of the disappearance of H,0, is 1.7£0.4. !n the sec-
ondary reaction {37}, hydroperoxy (HO ,* radicals are formed:
H,O,+ HD» —» HO +» + H,0O
The main products of H ,0 , phololysis are water and oxygen, which are
formed in the termination reactions:

2HD* —— »H,0+ %0,
HOe + HO;» ———> H,0 + O,

However, the terminationh of HO+ and HO ,* radicals can produce hydrogen
peroxide:

2HOs -———+H,0,
2HOp» — > H, 0, + 0,

Oxygen does not react with hydroxy {HO=) and hydroperoxy {(HO ,*} radi-
cals. Hydroxy (HO¢) and hydroperoxy (HO ,¢} radicals may also participate
in the following chain reaction:

HOs + H,0, — > HO," + H,0
HO,» o——"H'+ 0.

{34)

(35}

(36)

{37)

(38)
{39)

{40)
{41)

{42}
{43}
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HO,+0,” ——»HOs + HO™ + 0O, (44)
H* + OH® —»H .0
H* + HO,” ——>H,0,

Hydroxy (HO#) radicals, formed from ihe photolysis of the hydrogen
peroxide in the presence of poly{methacryiic acid), abstract hydrogen mainly
from methyl (CH ) groups rather than from methylene {CH ;) groups, which
are sterically hindered [9]:

[ J
s o,
—cuz-r‘: + HOe —» -CHa-?- + HP (45}
COOH COOH

in experiments carried out with poly {acrylic acid) (PAA) and poly
{ethylene oxide) (PEQ) dissolved in H ,0 , (30 wt-%) and UV irradiated (254
nim), we have observed a rapid oxidative degradation of both polymers. The
FTIR spectra of the final oxidalion products of PAA ( Fig. iC) and PED (Fig.
28) show evident differences in comparison to the ron-irradiated PAA (Fig.
1A}, and PEC (Fig. 2A) samples. Strong absorption bands at 3487 cm - (Fig.
1CH{PAA) and at 3423 cm - (Fig. 2B}{PEO) indicates the formation of HO/HOO
groups.

in the case of PEQ, the formation of two new bands at 1728 ecm ' and 1664
cm ! {Fig. 2B) can be attributed to the presence of carbonyl (C=0) and
unsaturated end groups (CH ,= CH-}, respectively. The UV irradiation of PAA
and PEQ in water does not significantly change their FTIR spectra, see Fig.
1B and Fig. 2A {broken line} respectively.

increasing the poly {ethylene oxide} (PEQ) concentration in H ,0 , causes acceler-
ation of the photodecomposition of H,0, {Fig. 3). Similar resulis have been reported
(9] tor photolysis of trimethacrylic acid and poly (methacrylic acid) in H ;0 ,.

The PAA and PEQ samples dissolved in H ;0 , (30 wt-%)} and UV irradiated (254 nm}
are simultaneously exposed to direct photolysis {under UV radiation) and to hydroxyl
{HO#) and hydroperoxy {HO ,*} radicals formed from the photolysis of H,0 ,.

Almost ail of these reactions {1) - {31) can be responsible for the pholooxidative
degradation of PAA and PEO. Pure PEC and PAA in the degraded forms are liquids
{oligomers with molecular weight not exceeding few thousands}. Under UV irradiation,
semicrystalline spherulite structures of poly {ethylene oxide)(PEO) {Fig. 4A} are com-
pletely destroyed, (Fig. 4B) [11].

In order {o separate photooxidative reactions of hydroxy (HO+) and hydroperoxy
(HO ) radicals that are formed from {he photolysis of H 0, from reactions caused by
pure UV irradiation, we employed the catalytic decomposition of H ;0 , by metallic
sitver (Ag) {12]:
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Figure 1. FTIR spectra of polylacrytic acid)iPAA) (A
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Figure 2. FTIR specirs of poly {ethylene oxide}{PED). (A}

sAmple befare irradiation; (8) after UV (254 nm irradiation in Sampis before irradiation. The broken fine shows change of

water O min; (C} after YV (254 nim) treadiation in H 20 230 the spectrum after UV (254 nm) irradiation in weter 30 min:
{B) aher UV (254 nm) irradiation fr H ;0 2 30 min; (C) PEC

- dissoived H 50 , after treatment with metaltic Ag.

Figure 3. Kinetics of hydrogen peroxidge {H2Dz) photolyss
In the presence of vATIOUS concentrations of poly (athytens

onde){PEO)
0.8{ M FEO
L01) k-] 30
Trrmctiation time (min)
Ag + H,Oz ___.4Ag'+H0~+HO.
- 46
HO*» + H,0, 2 HO,” + H,0 §4?§
Ag' + HO -

F==——2{Ag" "O0H) ——» Ag +HO» (45)
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Figure 4. microphotographs (x300) of: (A} poiyiethylene oxde}(PED) spherulitas and (B} photodegraded PEQ
spheruiites atter 60 M UV {254 nm) rrradiation. Repreduced from (1],

In this chain reaction, the decomposition of H,0Q , occtirs at the surface of metallic
silver. This is the "cleanest” method for the generation of HO» and HO . radicals. The
FTiR spectrum of poly(ethylene oxide)(PEQ) after treatment in H ,0 , (30 wi-%)} with
metallic silver powder (Fig. 2C) is almost the same as the FTIR spectrum of PEQ
obtained after UV photlolysis in H,0,, Fig.2 {(B).

This is direct proof that hydroxy (HOs) and hydroperoxy (HO ;+} radicals reast with
PEO and are responsible for their oxidative degradation.

It has also been reported {13] that UV irradiation of natural rubber in the presence
of H ,0 , causes its oxidative degradalion with simuitaneous hydroxylation, according
fo the mechanism:
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_CH2\C.C’ CHz"'CHz\ . ,CHz-

+ HG: —»
H SCHy H ‘CH,
-CH .
2\C-CJCH2°H . CHz\c-c,CHz— (49)
H V4 \CHS H \CHa
Hg\ ICHa— HOCH CH2
C=C + HO. — Bvgug” % (50
H F 4 \CHS H ’ ‘CHa )

The resuits presented above show that polymers in solufions are very susceplible to
reactions with HO» and HO ,» radicals. However, we did not observe any reaction
between HOs and HO ,» radicals and solid polyethylene fiim immersed in H, 0, (30-wi
%} and UV irradiated (254 nm) during 3 hours, or treated in H ,0 , with metaltic silver.

It is, therefore, doubtul that HO+ and HO ,» radicals play an important role in the
oXidalive degradation of the solid polymers.

4. Reactions of iron chiorides {Fe**) and (Fe ,2*) with H:0:z (Fenton reagents)

These reactions form the source of HO» and HO ,» radicals. A rapid and exothermic
reaction of ferric chloride {(FeCl,) with H ;0 , occurs by the {ollowing mechanism
[14-167:

Fes*H 0, ———>»FeO H? +H" (51)
FeO H?' + H,0 ————» FeO,H+ HO*» + H" (52)
Fe** + H,0 + HOs ———»FeO H' + 2H" (53}
FEOMH® + H,0, -~———>»Fe? + HO*+ HO"+H,0+ 0, {54}

Ancother mechanism postulates the following reactions:

Fed* + H,0, — Fe?* + H' + HO
Fe?* + H,0, — Fe?* + HO™ + HO»
HC"+ HO, —~———» H,O0 + HO,»

HO,» + Fe3* —— Fe2* + H" + O,
HO ,» + Fe?2* ——» Fe3* + HO,~

The above mechanism is dependent on pH, presumably because of prior equilibria:
Fe? + H,0, g———* [FeOOH?' + H'] ——— Fe2* + HO ,» (60)

Fea+
HOp —» H' +0,"—»Fe’ + 0, (61)
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The above mechanisms predict a rate of H ,0 , decomposition proportional to
[H.0,[ Fe3*]1/[H"] at high [H,0,]/ [Fe3*] ratios. Ferrous ions {Fe2*) formed in
the reaclions (55} and {58} are immediately oxidized {o {erric ions (Fe3+) by the
Haber-Weiss rapid and exothermic reactions {14,177

Fe* + H,0, ———= Fe? + OH™ + HO» (62}
HO* + HO, ———» HO,» +H0 + O, (63)
HO,» + H,0, ———> HO* + H,O0 + O, (64}
HOe + Fe?* ————» Fe?* + OH” (65)
HO,» + Fe3* ———» Fez* + H* + O, (66}

Reactions of iron chlorides (Fe °* and Fe ?*) with H 0, can be used as sources of
HO+ and HO ,» for the study of their reactions with polymers.

it has been reporied [18] that hydroxy (HOs) and hydroperoxy {HO ,*) radicals gen-
erated by the reaction of ferrous ions (Fe 2*) with H ,0, altack polyacrylamide moie-
cules in aqueous solution.

in the presence of dissolved oxygen a chain scission reaction occurs with a conse-
quent decrease in solution viscosity, whereas in the absence of oxygen, chain scission
does not occur. The oxidalive degradailion of polyacrylamide is initiated by the
reactions (6} and (9). However, it has been suggested that polymer atkyi radicais {P+}
can alsc participate in the reduction of Fe 3+ fons (reaction {67) and the oxidation of
Fe ?* jons, reaction {68):

Pe + Fe3* ——» P’ + Fez+ {67)
Pe + Fe?* —» P~ + Fed+ {68)
P*"+ OH" ——» POH (69)
P+ H® ———— PH {70)
H*+ OH® —— H,0 (71)

in experimenis carried out with poly{ethylene oxide}{PEO) and Fenton reagents
{Fe** and H ,O, {30 wi-%)}, we have observed rapld oxidative degradation of
polymers. The diffusion scattering FTIR specira of PEO before treatment (Fig. 5A) and
after reaction of PEO with HO+ and HO ,» radicals {Fig. 5B), show the formation of two
new bands at 3396 cm: - and 1664 cm -, attributed to the formation of HO/HOO and
unsaturated end groups (CH ,=CH—, respectively.
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Figure 5. Diflusion reflectance FTIR specira of poly(ethyiene onde] {PEO). (A) sample before treatment and
{B} alter reachion with HO* ang HO * radicals produced ( Fenton reactions (FeCl 3 and H ;0 5).

8. Photochemical reactions of iron chlorides

Inorganic salts participate in s number of photochemical reactions [19]. The
transfer of elecirons from one ion to another ion, or to solvent molecules, plays an
important role in the majority of inorganic photoreactions. A number of observations
suggest that waler of hydration participates in the electron transitions, e.g.:

+hyv -
XH.O0 — 3 (Xo+'H ,O7) {72)

It is assumed that the latter species dissociates or reacts in various ways, for
example;

{X"*'H,07) + H* ———» Xo*' + H,0 + Hs (73)
(XP+H 07} ———» X"*' + HO™ + He {74)

Cations which are photoreduced through an electron transfer process include: Hg **
(180 nm}, Cu2+: (200 nm}, Pb 2+ (308 nm}, Fe?* (230 nm) and Ce** {320 nm). Agqueous
solutions of these cations show a strong absorption; the electrons apparently originate
from the water of hydration:

+h
xH0 T, xeq,0%) {75)
X~H,0*" )+ OH™ ———» X + H,0 + HOs {76)

(XmH,0°') ———— X' + H" + HOe {77}
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The absorption spectra of ion pairs of these cations with various anions are shifted
towards the visible region and the magnitude of that shift is almost directly propor-
tional to the decrease in the electron affinity of the anion. Thus for:

Fe3+ClI™, A .= 320 nm
Fe3* + Br~, 4,,,= 380 nm
FeSCN™, A, = 460 nm.

It may be concluded that in such ion pairs the anion carries the electron and the
primary result of absorption is for example:
Fe3'X™ ——» FezX (78)

This is followed by various reactions of the intermediate compound, including its
dissociation:

Fez’X——# Fe? + X (79)

The association of the Fe?* (ferric) ion with chioride ions in water solution at pH1,
exciuding the hydration of the metal and compiex ions, is as follow [20]:

Fe¥* + CI- aqq———> FeCl,+ {80}
FeCl,+ + CI~ g———= FeCl,* {81)
FeCl,» + CIT g——=* FeCi, (82)
FeCl, + CI° z——= FeCl~ (83)

Absorption spectra of FeCl, and these complex ions are shown in Fig.6. Solutions
of ferric chloride {FeCl ;} in water contain, in addition to the chlore-complexes, the
hydroxy-complexes Fe{OH}2*,Fe{OH), * and Fe{OH},, which have been extensively
investigated [21,22]. The absorption by the hydroxy-complexes is sufficiently large to
interfere with the spectra of the chioro-complexes, even when the former are present
in very small quantities [21].

tncrease of pH causes formation of different iron hydroxy-complexes such as
FeOH ", Fe(OH), ", Fe {OH), ", and Fe{OH), [23-25], which causes additionat compli-
cations of the investigated system. I is well known that FeCl " is formed in several
solvent {8) systems, according to the reaction:
RS + 2Fe+(Cl17), ——» S, (Fe3+(CI7),) "{Fe3+(Cl ~); (84}

The FeCl, 1s easily photolyzed with fermation of reactive chlorine radicals:

FeCl,” ———— FeCl, + CI”+ Cl» (85)
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Figure 6. Absorption spectra of FeCt; and complex ians in water. Reproduced from [20].

The FeCi,in the presence of oxygen and HCl is axidized to FeCl

FeCl, + O, ————» Fe3+(CI"}, + O, {86)
0,”+ HCl ———» HO s + Ci™ {87)
Fe*{CI"), + CI°” ———> FeCl, {88}

in sofvents (8}, HFeCl , can be formed according to the reaction:
S (Fe3*(CIT),) "(Fe+({Ci"},)~ + 2HCl —— nS + 2HFeCi, {89)

The Fe, ' (ferrous) ions can also directly absorb UV radiation and produce free
electrons according to the reactions:

Fe?' ———> (Fe?")* (excited state) {80)

(Fe2'}* (in solid) - sFes+ + ¢ ©1)
. +hy

(Fe2"y*(in liguid) ———* Fe 4+ e (sovaled) {92)

Electrens can freely move through a pelymer matrix, until they are trapped [26].
in the presence of waler the following reaction may occur;

(Fez')*+ H,0® —— Fe® + H,0 + He {93)

Photochemical reactions of polymers with FeCl ; are discussed in section 7.
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6. Complexes between polymers and ferric chioride (FeCl3)

A number of polymers such as poiy{ethylene oxide)(PEQ) [27], poly(methyl
methacrylate) [28], and poly({viny! chloride}{PVC) [29] form complexes with FeCl ;.
Absorption spectra of PEQO-FeCl, (Fig. 7), and PVC-FeCl, {Fig. 8.) complexes show
three peaks at 240, 312, and 364 nm {Fig. 8) that belongs to the FeCl " ion.

Figure 7. Change of UVAVIS ahsorption specira of poiy(ethylens oxide}. (PED)-FeCl 5 complex under UV irradiation.

Reproduced from [27].

0. -

PR

Figure B. Change of BVIVIS absorption spectra of polyivinyt chiorige). (PVCHFeC! ; complex under UV irradiation.
Reproduced from [29].
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Under UV irradiation, all of these strongly colored complexes which contain FeCl,~
ions are bleached and their UV/VIS absorption decreases {Fig. 7 and Fig. 8). However,
the yeliow cotor and absorption spectra are reverted in the dark after 25 hours (Fig. 7
and Fig. 8). This photochromic effect is a resuit of the photo- reduction process due fo
a rapid electron exchange between ions Fe #* sse Felll 7 in the ion pair FeCl, *ess FeCl
generated in the photoreduction of FeCl[:

. -

+hv +e
FeCt,* .. FeCl,~ —P[FeCIz‘ FeCl,‘J-:— Cle —» FeCl *...FeCl, (94)

The pelymer complex matrix piays an important role in FeCl ; photoreduction
kinetics. In poly{vinyi chloride}-FeCl , complexes, the FeCl,” ions are formed by the
direct reaction of FeCl, with polymer molecules[29];

CH,
-4 |
FeCly + ~CHp=- CH - CHy- —» FeCl4 CH {95)
]
Cl ClH
2

‘The phaotochromic effect in the PVC-FeCl, complex has only been observed in the

presence of oxygen. :
In poly{ethylene oxide{PEQ}-FeCl, complexes, different crystalline structures are

formed at different weight ratios of PEO:FeCl,. For example, dendritic crystals are
formed at a weight ratio of PEQO:FeCl,=7:3. (Fig. 9.

Figure 8. Microphotograph of dendrilic crystais formed in polylethylene oxide). {PEQ}-FeC! 5 {7.3} complex (scale bar,
100em).
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in the case of the polymer poly(acryiic acid), compietely different complexes are
formed, in which two carboxylic groups are involved in the reaction with FeCi ,[30]

2 -CH, l;.H + FeCl, ———*>CH,CH- -CH-CH - + 2KHCI {96}
i
COOH COO0~ FeCl?* ~00C

Theoretically, FeCit 2+ ions can form intramolecular or inter molecular complexes
with two carboxyl groups atlached 1o one or two pelymer molecuies (Fig. 10).

Figure T0. Probanie structure of poly(acrylic acid). {PAAJFal] 4 compiexes.

The FTIR specira of pelytacrylic acid)-FeCl, complex {Fig. 11) show disappearing of
the band at 1711 cm " (attributed {o the carboxyl groups COOH) and formation of &
rew band at 1592 cm 1. This is characterislic of the formation of lonized corboxyl
groups {complexed with Fe 2*}, The poly{acrylic-FeCl ;} complexes are strongly
jonically crosslinked siructures, which form a hydroge! that is completely nonsoluble
in water. It is, however, hydrolysed by concentrated HCI. These geis have the ability
{c tighten channels in the dentin of human teeth and thereby decreases fiuid {ranspor-
tation through the channels [30].
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Figure 11. FTIR spectra of poly(acryiic acid). (PAA}-FeCt 3 complexes; {A) pure PAA; {B) PAC-Fell 4 {10G:1);
{C) PAA-FaCl 5 £10:1} and (D} PAA-FeCll 5 (211).

7. Degradation of polymers photoinitiated by ferric chloride (FeClia)

Iron{lll}chioride (ferric chioride, FeCl ,} markedly accelerate photodegradation of:
poiyethylene [31], polypropylene [32,33] poly{methyl methacrylate) [28,34-440],
polyiviny! alcohol) [41,42], poiy{viny! chioride) [29,43], poiy{ethylene oxide) [11,27],
polylethylene glycols) [44], polycaproamide [45), and cellulose [46-50].

The introduction of FeCl, into non-soluble polymers in water is a serious practical
problem. Potymer samples {films or powders) can be immersed in acetone or
aitromethane solutions of FeClt, of known concentration and then dried under vacuum.
The amount of FeCl,; adsorbed in the polymer samples, {pale yellow in color) can be
determined by iodometric titration. However, the adsorbed FeCl, is observed 1o be
limited mainly {o the surface of the polymer samples,

On the other hand, there is no probiem with the preparation of water soiuble
polymer samples with FeCl , at any given conhcentration directly from the water soi-
ufion. introduction of FeCl , to meited polymers is almost impossible, because ferric
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chisride accelerates thermal degradation. Chlorine radicais {Cls) formed during
photolysis of FeCl , are very reactive species and can abstract hydrogen at any
carbon group in a polymer, causing a rapid degradation. Fig. 12 shows the kinetic

curves of poly(ethyiene oxide){PEQ) degradation in the presence of different concen-
trations of FeCt, [11]7.

i

Figtire 12. Changes of intrinsic viscasities for. (x} pure poly{ethylene oxide}{PED); (0} PEO-Fed 3 (3:1),
{0l PEC-FeCl 5 {7:3}; and {4} PEO-FeCi 5 {5:5} In nitromethane sokmions (1 wi-%) during UV
irradiation (254 nm} Reproducad from [11].

The main reaclions responsible for the photodegradation of poly{ethylene
oxide)}{PEQ} in the presence of FeCl , are as follows:

-CHy CH, ~0-CH,- CH,= O ~ 4+ Cls-—» -CH,-CH- O- CH, - CH,- O- + HCl (97)
» H
-CH,~H - O~ CH, = CHy~ O=-—» -CH, - c;(; *CH, - CH,- O - (98)

~CH; CH, -0 ~CH,~ CH,- O- + +CH,- CHy-0- —»

-CH,-CH-0=-CH, - CH - O~ + CH; CH -0~ (99)

cl
- i
-CH,~CH - O~ CH, - CH- O- + Ol —% -CH,~GH - O- CH, - CH,~ O- {100}
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The chlorine radical {Cl} also reacts with poly{vinyl chioride){(PVC) [13,15]. In the
absence of oxygen {air) the dehydrochiorination reaction leads o formation of conju-
gated polyene sequences:

-(CH-CH-) - + CIr —> CH-CH - (CH, CH-)-y.¢4 + HCI  (101)
] 1 ]
cl o cl

- CH=-CH - (CHyCH-)=_y — -CH=CH (CHzCH=)-_y + CIs
[} 1 ]
Cl I cl (102)

In the presence of oxygen (air} poly(vinyl chloride){PVC) alkyl radicals {P+) are
oxidized to polymer peroxy (POOs+} radicals {reaction (7)), which further pariicipate in
chain scission and crosslinking reactions.

it has been reported [31] that FeC!, suppresses the formation of polymer alkyl (P )
radicals in photodegraded polythelene with UV radiation < 300 nm. It does, however,
accelerate double bond formation. At radiations > 300 nm, addition of FeCl , to
polyethylene accelerates the formation of polymer alkyl peroxy radicals (POOs).

Ferric chloride (FeCt ;) accelerates the formation of radicals from hydrocarbons con-
taining a hydrogen atom on a tertiary carbon or an allylic position [32]. These
reactions can be explained by the following redox catalytic mechanism;

3+ .
CH,-CH-CH,- + Fo *Ma cH -6 - 4 Fe s+ H (103)
t ]
CH, CH,
34+ .
CH,=CH-CH,- + Fe *™» CH=C -CH-+ Fo' + H'  (104)
] 3
CH, CH,

However, there is no experimental proof for the occurrence of the redox catalytic
mechanism.

8. Decomposition of polymeric hydroperoxides by iron salts

Transition metal ions of variable valence readily form complexes with hydroperoxide
groups {OOH]), which-are photodecomposed under UV irradiation with the formation of
polymer alkyl peroxy {PCO } and polymer alkyl oxy (PO+} radicals [ 52F:

Fe3* + POOH g=———2 (Fe?* =++*HOOP} (complex) {105)
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+
(Fes+ ==-HOOP) ~™__» Fez+ + POOs + H (108)
Fe? + POOH  g———= (Fe?* +*+HOOP) (complex) (107)
+
(Fe?+ ++=HOOP) ~1 o Fes+ + POs + H* (108)

The FeCl, may also cause decomposition of chain hydroperoxides in
polyacrylamide without light [53].

9. Conclusions

The introduction of transition metal ions into polymers reduces the outdoor lifetime
of most polymers. The problem is that they cannot be incarporated as salts inle
polymers because they accelerate thermal degradation of polymers (by catalytic
decomposition of polymeric hydroperoxides) during processing. Overcoming this
problem is difficuit, but not impossible.

On other hand, the recycling of plastic waste into the original application or infa the
secondary products does not allow the presence of even traces of metal sait contam-
inants, because they have disastrous effects on outdoor stability,

Application of transilion metal ions is very promising for the development of rapld
photodegradable polymers, especially {or application in agriculture. Large solar
photoreactors can be used for photoinitiating {using melal salis) the degradation
process of waste polymeric materials. :

10. Experimental section

The experiments described in this paper have been carried out with two water
soluble polymers: poly(ethyiene oxidej{type Polyox WSRN 758, Union Carbide} and
poly{acrylic acid}{Aldrich).

Hydrogen peroxide (H ,C .} solution in water, 30 wi-%){Aldrich) was used as deliv-
ered. Concentrations of H 40 , less than 0.001 M, were determined iodometrically.
Above 0.001 M, cancenirations were determined by liiration with potassium
permanganate,

Anhydrous iron {{li} chloride {(FeCl ;} {Merck) was used as delivered. UV/VIS and
FITR specira were recorded with Beckman 7500 UV-VIS and FT-IR Perking Eimer 1650
specirometers, respectively. Some FTIR specira were made with the diffusion
refleciance attachment (Perkin-Elmer}. Photomicrographs were made with the Nikon
Polarizing Microscope type Opliphot-2 Pol.
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