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ABSTRACT

Composite films have been prepared by dispersing zinc oxide semiconduc-
tor particlesin the matrix of Polyvinyl chloride (PV C) and Polystyrene (PS).
Photocatalytic degradation of the films has been studied under tropical
sunlight in presence of air and water. The degradation of the two polymers
has been compared. Time-weight loss data have been collected and in both
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cases, the degradation was observed to follow pseudo first order kinetics.
Thefilmswere characterized before and after irradiation by SEM and FTIR-
ATR to study the surface morphology and the possible degradation prod-
ucts respectively. Increase in zinc oxide loading increased the rate and
extent of degradation. A model has been suggested for the degradation
reaction and the experimental datafit very well to the kinetic model.
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INTRODUCTION

Polyvinyl Chloride (PVC) isavery popular com-
modity plastic widely used worldwide asabuilding
material. Polystyrene (PS) or expanded polystyrene
(EPS) aregenerally used as packaging foams and as
internalsof railway coach. Theseplastics, beinginert
and non-bi odegradabl e, do not decomposein landfills
when they aredisposed aswaste. In countrieslikeIn-
dia, thesewasteplasticsarevery oftenthrown away in
the open sewerage or water bodies and as such even-
tualy interferewith thedrainage system. Themainroute
to dispose of such wastes has till beenincineration,
whichreleasesalot of toxic by-products. Thecommon
methods of degradation of polymersand associated
chemistry areavailablein Hamid¥. Gotlib et a.[? re-

portsan e aborate chemica anaysisof thecomposition
of thegasesemitted duringincineration of PVC. Ther-
mal or catalytic degradation of waste plasticsinto fuel
oil hasnot yet succeeded into large scale commercia
use becausethe process not only requiresavery high
temperature, but also asksfor asuitable catayst that
can guarantee anarrow distribution of hydrocarbons.
Consequently exploration of the new technol ogiesto
treat these waste plastic materiasisthe need of the
hour.

Heterogeneous photocatal ytic oxidative degrada-
tion of plagticsispossiblein the solid phaseusing semi-
conductorsinpresenceof ar, water and UV/vishblelights
under moderate conditions of temperature and pres-
sure. In most of the cases, TiO, isthe semiconductor
used withtheplagticintheform of acompositefilm*.
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However ZnO iscomparatively aless explored and
cheaper semiconductor though the band-gap energy is
nearly thesameasthat of TiO, and itissomewha more
activeinthevisibleregion. A few researchershavere-
ported better photocatal ytic activity of ZnO compared
toTiO, ™.

Therecent reports mentioned above describethe
useof DegussaTiO, asthe photocatalyst for oxidative
degradation of both PV C and PS. Choand Chai® listed
aseries of reaction asthe possible degradation path-
waysfor PV C. Zhang et al.* used tungstophosphoric
acid asthephotocatdyst irradiated theimpregnated films
with both UV and visiblelight to achieveahigh degree
of degradation. Shang et al " reported 7% degrada-
tion of Cu-phthal ocyanine sensitized oxidation of PS-
TiO, compositefilm under fluorescent light (310-750nm)
radiation in 250 hours. Thesameauthorsreported 22%
degradation of PS-TiO, compositefilmusingUV lamp
(254nm) in 150 hours. Solid phase photocatal ytic deg-
radation of PSwith Fe(l1)-phthal ocyanine-modified-
TiO, has been reported by Faet al.'4. They havere-
ported 82% degradation with after 480 hirradiation
under 30kW (2mW/cm?) artificial UV radiation and
20% degradation after 12 daysirradiation to asolar
light of 3.8 mW/cm?. In our two previousworkg®®4l,
wereported dye-sensitized photocata yti c degradation
of PV C and themechanistic modd of the samerespec-
tively. We obtained about 20% degradationin 2 hours.

It wasenvisaged that if solar energy could beem-
ployed, the photocatal ytic degradation processwould
bethemost economica one. Indiaisatropical country
and thedaily average solar energy incident over India
varies from 4 to 7 kwh/m? with about 2300 - 3200
sunshinehoursper year, depending upon | ocation*>4,
It is thus especially desirable that environmental
remediation problemsinatropica country likelndia
may be addressed economically with the help of solar
energy rather than employing ardatively costly power
generated fromfossl fud. Robert et d summarized the
variousaspectsof water detoxification using solar pho-
tocatalysig'"). Reportsareavailablefor oxidative deg-
radation of dye pollutants using solar radiation*® and
reduction of heavy metalsusing solar photocatalysis*.
However reports on solar photocatal ytic degradation
of plagticsarenot much.
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In the present work, we aimed at degradation of
PV C and PS under solar radiation (in the month of
Marchin east coast of Indiawhereaverageintensity of
radiation within the period of experiment remainsat
about 59kIux) in presence of air and water with ZnO
dispersedinthe polymer matrix. Therearetwo reasons
for choos ng such experimental conditions. Photocata-
lytic oxidation requires oxygen and water for genera
tion of hydroxyl radica and when thrown into water
bodies, thewaste plastics are exposed to theambient
conditions. Thework isunder progressandinthisre-
port wewould liketo point out the comparative degra-
dation of thetwo polymer-semiconductor composites
with otherwise same experimenta conditions.

EXPERIMENTAL

Thepolymers

PV C beadsreceived from Reliance IndustriesLim-
ited, India; trade name— Reon, grade 67-01; k-value-
67+1; free from plasticizers. Details have been given
el sawhere™. Polystyrene beads arefrom Hal dia Pet-
rochemicals Ltd. Molecular weight range is 4000-
15000.

Thesemiconductor catalyst

ZnO, GR grade, LOBA Chemie, India; mean par-
ticlesize- 146.7 nm (Zeta Plus, Brookhaven Instru-
ment Corporation); BET surfacearea- 3.23 m?/g.

Solvent

Cyclohexanone, SRL India; boiling range 154
t0156°C.

Preparation of polymer-ZnO compositefilms

A solution of the polymer in cyclohexanone (39
polymer in 150 g sol vent) with requisite quantitites of
ZnO was sonicated for 30 min to prepare auniform
suspens on. For dissolving polystyrene beads, the poly-
mer-solvent mixturewasheated to 50°C. Thefilmwas
made by casting theliquid on aborosil tray in case of
PV Candonduminiumfoil incaseof PS. Theaverage
film thickness was 100 um for PV C and 80-350um
for PS, measured by Mituyido digital micrometer |IP
65. The average size of samplewas 2.5cm x 5.5cm.

Experimental set up and procedure
Figure 1 showsthe set up for the solar experiments.
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Herethesampleshave been placed horizontdly so that
solar radiation can directly hit the samplethrough the
quartz top - plate. Oxygen was supplied by sparging
air inthewater-filled reactor. The optical intensity of
solar radiation was measured using adigital lux meter
(Metriavi series 1300). Thedatain the photometric unit
(klux) however hasbeen aternatively reportedin the
radiometricunit (W/nv) usingempirica conversonfac-
tors provided by Thimijan and Heins (1983)1%. The

intensity was gpproximately constant at 59klux (237.18
W/m?) withinthe period of experiment. Air wasbubbled
through thewater in thereactor for supplying oxygen.

Most of the experiments were repeated at |east
twiceand the standard deviation waswithin 3%.

Thelossof weight of thefilmwasaccurately mea-
sured from timeto time (SartoriusModel BT224S,
0.1 mg accuracy) to monitor the progress of degra-
dation.

Sunlight
Compressed air in l l l
 —————
Q—ITanp erature indicator
/ Quartzplate
Sample port
PVC/P5ZnO composite film
L
/ .
V '/ﬂr Spurger
Cooling water in I : Hf,_—-""’
- j 5 A, ‘;Coullng water jacket
[ —

Cooling water out

Figurel: Experimental set-up for thesolar photocatalytic degradation of polymer compositefilm

RESULTSAND DISCUSSIONS

Characterization of the polymer-ZnO composite
films

Figures2a(i) and (ii) showsthe surface morphol-
ogy of the PV C-ZnO compositefilm before and after
irradiation and figure 2b(i) and (ii) showsthe samefor
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Figures 3ashowsthe FTIR-ATR spectrafor the
unexposed and exposed PV C-ZnO compositefilm.
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the PS-ZnO compositefilm. PV C-ZnO film was ob-
served to develop puckered parallel channelsafter ir-
radiation. After irradiation, PS-ZnO film had devel oped
very few pin-holes. But grossy, the PS-ZnO compos-
itefilm hasundergone negligiblemorphol ogica change
onsolar irrediation. The bas ¢ surface characteristics of
thetwo compositefilmsaredifferent duetotheir differ-

. 18] d SRV WD "':" J el d i Rylie
Figure2: Scanning electron micrograph for (a) PVC-ZnO film (i) befor e (ii) after irradiation (b) PS-ZnO film (i) befor e (ii)
after irradiation

The peaksaround 3400 cm* present in the exposed
PV Cfilm represent surface hydroxyl groupswith typi-
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cal polymeric association. Intensity of peak around
1650-1700 cm'%, indicating al kene-linkage of PVC,
decreasesfrom unexposed to exposed film. Thissug-
gestsbreakage of thedouble bond presentinthe PV C.
A new peak around 1200cm? suggests carboxylic
acid. Peakswithin 800 to 1000cm* indicate carbonyl
group (aldehyde or ketone). Figure 3b shows the
FTIR-ATR spectrafor unexposed and exposed PS-
ZnOfilm. Characteristic peaks of PSwere obtained
at 695 cm?, ~1493 cm?, ~3000 cm* and at ~3500
cnmrt in both exposed and unexposed films. Theseare
indicative of aromatic compoundswith alkyl/ alkane
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sidechain. Intensitiesof all thementioned peakswere
found to decrease by 50% on an average after irra-
diation. Peak at ~1170 cmt indicatesahelical struc-
tureof the PS chain; decreaseinitsintensity suggests
the straightening of the chain. A few new peaks ap-
peared after irradiationintherange 800— 1000 cm™,
which areindicativeof Sde-chain aromatic aldehydes.
A new peak at around 1385 cm'! suggests generation
of aryl carboxylic acid. Peak at ~3734 cm* indicates
presence of free—OH group. All these observations
suggest oxidative breakage of PV C-ZnO and PS-
ZnO compositefilmsby solar radiation.
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Figure3: FTIR-ATR spectrafor (a) PVC-ZnO film beforeand after irradiation (b) PS-ZnO film beforeand after irradiation

Photocatalytic degradation

Time-weight |lossdatafor the photocatal ytic deg-
radation of thetwo polymerswith different semicon-
ductor loadings have been collected. Thekinetics of
degradation for both the polymersis pseudo-first or-
der. Figure4 showsthat theloss of weight isexponen-
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Figure4: Time-weight lossplot for photocatalytic degrada-
tion of PVC-ZnO compositefilm (—) and PS-ZnO composite
film (——) under solar radiation at different ZnO loading.
[Casting solution 3g polymer in 150g cyclohexanone, solar
radiation 59 klux (237.18W/m?), temper ature 31°C]

tial in both the cases. Therate constantsaregivenin
TABLE 1. It was observed that the extent and rate of
solar photodegradati on without semiconductor isdif-
ferent for thetwo polymersowing to the different mo-
lecular structure of thetwo, but when semiconductors
are present inthe polymer matrix, theextent and rate of
photocata ytic degradeation of thetwo polymersaremore
or lessthesame. In other words, it may be concluded
that therate of OH- radical attack and generation of the
unstablepolymer freeradicd isindependent of thepoly-
meric structure. If theintensity of solar radiation re-
mainsunatered, thedegradationincreaseswithincrease

TABLE 1: Pseudofirst order rateconstantsfor photocata-

Iytic degradation of PVC and PS
PVC-ZnO film PS-ZnO film

ZnO k? ZnO k?

loading, i kg/(m. R?  loading, mint kg/(m?. R?

kg/kg PVC klux.s) kg/kg PVC klux.s)

0.000 0.0006 2.2E-08 0.9447 0.000 0.00024.70E-090.964z
0.033 0.00072.57E-080.9109 0.033  0.00033.08E-08 0.960<
0.067 0.00072.57E-080.9724  0.067  0.00066.17E-08 0.9857
0134 0.00114.04E-080.9773 0.134  0.00121.23E-07 0.8431
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inthe semiconductor loading duetoincreaseintheac-
tive catalytic Sites. Figure 5 showstherdative degra-
dation of thetwo polymerswith different ZnO loading.

Parcent degraded after 80 minutes

1] . T T T T T
000 000 0 Ol 0DOsE 0080 01w o120 0140

ZnD loading kg/kg Polymer
Figure5: Compar ativedegradation of PV C-ZnO and PS
ZnOfilm
Proposed mechanism and rateequation

Solar energy, which containsboth UV and visible
light, excitesthesemiconductor surfaceto generatehole-
electronpair:

ZnO+hv—57ZnO(h* +¢€7) 1)

In presenceof air (oxygen) and water, trapping of
thisholeand e ectron generateshydroxyl radical

Zno(e')+ %50, +H,0—257n0+OH +OHe (2

ZnO(h*)+H,0—357Zn0...OHe+H"* €)
Thisactive species, OH- radical, free or surface-
bound, attacksthe polymer matrix:

Polymer + OH e—*4— Polymer e +H ,0 4

Polymer + ZnO....OH e—*5 3 Polymer e +Zn0O+H,0 (5)

Inaddition, polymers are attacked by solar radia-
tion only and are photodegradaed:

Polymer + hv—é— Polymer o (6)
Inall casesit wasassumed that rate of generation
of polymer freeradical out of astable polymer mol-
ecule, isproportional to therate of degradation of the
polymer. Thereforetherate of degradation becomes:

%[Polymer o] =k ,[Polymer ][OHe] +

k ;[Polymer][ZnO...OHe]+k ;,[Polymer ][I ] @
With respect to thelossin weight, therate of deg-

radationisapseudofirst order one:

CHEMICAL TECHNOLOGY

_dd_vtv=d[Polymer o]/dt = kW 8

Applying pseudo steady state concept for the gen-
eration of OHe, ZnO...OHe, ZnO(h*) and ZnO(e)?Y,
weget:
~ O = 2 [ZNON1 1+l ] ©

If I.istheflux of solar radiationinklux, W isthe
mass of the polymer film of density and thicknessl, the
intensity of UV radiation per unit areaof the sample
(I,,)can beexpressed as,
1=1,Wipl

Combining eg. (8), (9) and (10), we get:

(10)

I:IUV

I
k= alznol+ked andie =2 [zno) +k, (@)

k= k

where ('f)
pl

If experimentally obtained values of k” are plotted
against ZnO loading, values of k, and k, can be ob-
tained from thed opeand intercept of the plot. Density
of PS has been taken as 1040 kg/m? and that for PVC
has been taken as 1300 kg/m?. Average thickness of
PV C films was measured as 100um and for PS, the
averagethicknessvaried from 80 um (with no ZnO) to
350 pum (with ZnO).

The model has been tested with afew prelimi-
nary experimental data, the plot of which has been
shown in Figure 6aand b for PS and PV C respec-
tively. Thefitting werefairly good, theregression co-
efficient being 0.9995 for PS and 0.8929 for PV C.
The values of k, and k_ for PS obtained from the
model are 4.5x107 kg. m2. klux.s*. (kg ZnO/kg
PS)1[1.115 x107" kg. m2 (W.m?)21.st, (kg ZnO/kg
PS)1 and 4 x10°°kg. m2, kluxt.s*[1x10°kg. m2.
(W.m?)L.s"] respectively. For PVC, k and k were
calculated asValuesof k, andk are 1.0 X107 kg. m?.
kluxt.st. (kgZnO/kg PVC)1[0.2477 x10" kg. n2.
(W/m?)1st (kgZnO/kg PVC)* and 2 x108kg. m2.
Klux1.s1[0.4954x10®¢kg. m2. (W/m?)1.s1]. It may
be noted that from the model, the rate constant for
photolysis, k, is calculated to belessin case of PS
compared to PV C. Thissupportsthefact that PSis
more resistant towards solar photodegradation.
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Figure7: Parity diagram for theexperimental and calculated
valuesof the pseudo-first order rateconstants

Moreover, the rate constant for photogeneration of
hole-electron pair, k , ishigher in case of PSthanin
case of PV C. Since PSismore transparent?? com-
pared to PV C, sunlight penetrated PSfilm better than

—= Pyl Paper

PV C film and hence photoexcitation of embedded
ZnO catayst was better for PS-ZnO compositefilm.
The corresponding parity diagram for the experimen-
ta and caculated va ues of the pseudo-first order rate
constant for thetwo polymersare showninfigure?7.
They arein good agreement, especially, thedatafor
PSfit better. Thework is, however, under progress
are some more experimental datawill befitted into
themodel equation.

CONCLUSION

A comparative study has been made on the pho-
tocata ytic degradation of PV C-ZnO and PS-ZnO com-
positefilmsunder tropical sunlight in presenceof air
and water. Under otherwise sameexperimenta condi-
tionsof 59 klux solar radiation, 0.13 kg/ kg ZnO |load-
ingand ambient temperature, 7.9% of theorigina weight
of PS-ZnOfilmand 8.6% of theorigind we ght of PV C-
ZnO filmwas degraded in 90 minutes. SEM suggests
cong derablechangein surface morphology and FTIR-
ATR indicates presence of expected oxidation prod-
ucts. A possible mechanism hasbeen suggested and a
Kinetic model has been proposed. The experimental
datafitted pretty well to themodel . However, thework
isstill under progressand the modd will bevalidated
with moredatain future. Thedegradation will be car-
ried out with waste polymersaswell.
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