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ABSTRACT KEYWORDS
Waste polyethyleneterephthal ate (PET) was grafted with ethyl methacrylate PET;
monomer (EMA) using potassium persul phate; (KPS) asinitiator in absence/ EMA;
presence of anatase and N-doped titanium dioxide; (TiO, and N-doped Grafting;
TiO,) to produce a photoactive grafted copolymer that can be used in water Photocatalytic activity;
treatment. Effect of various concentrations of monomer and initiator on TiO,

grafting yield (G%) and grafting efficiency (GE%) were investigated. The
effect of added TiO, and N-doped TiO, during grafting of waste PET on the
photocatalytic activity of the resulting copolymer was also investigated.
FTIR, TGA and SEM techniqueswere employed to characterize the prepared
samples. Resultsrevealed that optimum G% and GE% were obtained upon
applying monomer and initiator concentrations of 2x10 and 1.5x10° mol/L
at 70 °C after 300 minutes. The photocatalytic activity of the prepared grafted
PET copolymer was eval uated by investigating the degradation of methylene
blue dye using the grafted copolymer as photocatalyst. The results showed
that the grafted PET containing N-doped TiO, gave the highest rate of
photocatal ytic degradation of methylene blue using solar energy asasource

of irradiation. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Consumed polyethyleneterephthalate (PET) prod-
uctsbecameone of theenvironmentd problems. (PET)
isextensively used polyester in producing bottlesand
containers. Besides, it participatesin manufacturing au-
tomobilesproducts, sporting goods, house-wares, light-
ing productsand power toolsY. Theincrement in bev-
erage consumption and thesubstitution of glassby poly-
ethyleneterephthal ate (PET) inthe production of bottles
ledto aglobally growing concernfor the post consum-

ing disposal of PET bottlesto enhancethe waste man-
agement’?. Normally, PET isanon degradableplastic
asthereisno specific organism that can consumeits
molecules. Degrading PET biologically isso compli-
cated and expensive?. Polyethyleneterephthd ate (PET)
iscons dered asawidely used thermopl astic pol yester
invariousapplicationsasdiverseastextilefibres, films,
bottles and other molded products®. Themajority of
theworld PET productionisfor synthetic fibers (with
bottle production accounting for around lessthan half
of globa demand. Oneof themain reasonsfor thewide-
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spread use of PET istheir possibility of producing a
number of different grades over abroad range of dif-
ferent molecul ar weights products®. Waste PET; &i-
ther filmor fiber can participatein copolymerizationwith
variousmonomers®d. Theincrement in environmentd
and economical values of the PET recyclingindustry
induces acosmopolitan interest. However, the use of
recycled PET inmany applicationsislimited duetolack
of somedesirable properties?. To overcomethisdis-
advantage, the consumed PET; could begrafted or sur-
face coverage. Thegrafting processisconsidered asa
convenient alternativefor reusing discarded PET. Itis
assumed to be beneficial processing for themodifica
tion of apolymer surface such astreatment by plasma,
electron beam radiation and UV-light-induced graft-
ingi’*, Among these treatment methodsfor the sur-
face modification of polymers, the photo-induced UV
grafting onto polymer surfacesisagenerating method
to attain desired propertiesfor specificuses. UV graft-
ing isan attractiveway to impart various functional
groupsto apolymer. Thisallowssomechangesin sur-
face characteri sticswithout causing serious modifica-
tionsto the mechanical properties of the polymer ma-
trix(1213,

Gammaradiationisused to induce graft copoly-
merization of plastic and rubber substrated4%, Poly-
ethyleneterephthdate (PET) filmwasgrafted by acrylic
acid (AA) and n-butyl acrylate (BA) in the presence
of gammaradiation effect to inducethe grafting pro-
cess. Theresults showed that the grafted films have
strong and stableantibacteria activitiesfor PET/AA
films. The performance of PET fabricwasimproved
by using photo-induced surface graftingwith glycidyl
methacrylate (GMA) as monomer(1¢, Ethyl
methacarylate (EMA) isone of the empl oyed mono-
mersin grafting processesfor natural and synthetic
polymers. Carboxymethyl celluloseand chitosanwere
grafted by acrylonitrile, methyl acrylate, ethyl acrylate
and ethyl methacrylate. Although the reaction condi-
tionswereanalogous, therate of grafting was differ-
ent. Thiswasdueto the propagation by radicdsformed
on the backbone polymer*”-19, Atom transfer radical
polymerization was utilized to graft ethyl methacrylate
onto polystyrenein several formulations. The con-
trolled growth of the side chain afforded the graft co-
polymerswith various polydispersities®. Graft co-
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polymersof ethyl methacrylate on waxy maize starch
and hydroxypropyl starch were prepared viafreeradi-
cal polymerization. Thisled to moreamorphous ma
teridswithlarger particle size having lower apparent
density and water content than carbohydrates?!.
Grafting polymerization of ethyl acrylate and methyl
methacrylate onto cellul ose chains exhibited an at-
tempt of restoration for both artificially and naturally
aged paper based materias. The presenceof fillersin
theraw materialsdecreased the grafting yields?.

Photocatal ysiswith semiconductors have recently
emerged as an advanced oxidation processfor envi-
ronmental decontamination. Titaniumdioxide(TiO,)
can be considered among the most promising com-
poundsfor photocatalysis applications. TiO, isstable
in agueous mediaand tolerant to both acidic and al-
kalinesolutions. It isinexpens ve, recycable, reusable
and relatively simpleto produce. Furthermore, itsre-
dox potentia isappropriatetoinitiateavariety of or-
ganicreactions. Thelargeband gap of TiO, liesinthe
UV range, which alowsfor only 5-8% of sunlight to
be useful for the activation of the catalyst. Therefore,
avisiblelight activated catalyst isdesired. It can take
the advantage of alarger fraction of the solar spec-
trum and would be much more effectivein environ-
mental cleanup. Substitutional dopingto TiO, hasre-
vealed animprovement in ultraviolet and visiblelight
photocatalytic activity?>?]. N-doped TiO, shows a
significant shift of the absorption edgeto alower en-
ergy inthevisiblelight region?,

Inthepresent investigation, waste PET wasgrafted
by EMA (PET-g-EMA) in presence/absence of TiO,
asaphotocatalyst. The effect of introducing of TiO,
and N-doped TiO, during grafting process of waste
PET onthe photocatal ytic activity of the grafted poly-
mer wasstudied. The prepared grafted sampleswere
characterized using FTIR, TGA and SEM techniques.

EXPERIMENTAL

Materials

Waste PET was obta ned from consumed PET soft
drink bottles, in Cairo, Egypt. Labelsand capswere
removed from the bottles then cleaned, dried and
chopped, pressed at 260 °Cinto flakes. They were cut
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into quadrilateral pieces. Ethyl methacrylate (EMA),
potassium persulphate (KPS) and TiO, anatase were
supplied from SigmaAldrich Company. Thenitrogen
doped TiO, (Kronosvlp 7000), acommercially avail-
ablevisiblelight activated TiO, photocatalyst (Kronos
Internationd Inc., D-51373) wasused inthisstudy. All
solventswere purified before being used.

| nstruments

Infrared (IR) spectrawere obtained onaJASCO
FT/IR-6100 FT-IR spectrometer with JASCO ATR
PRO410-S.

TGA andyss, fromPerkin-Elmer (TGA7) wasem-
ployed; asthe sampleswereencapsulatedin auminum
pansand heated under nitrogen atmospherewith aheet-
ing rate of 10°C/min, ranging from room temperature
up to 600 °C.

SEM (JXA-840A, JEOL ) scanning electron mi-
croscopy (SEM) was used at avoltage of 30 kV for
investigating thefreeze-fractured samplesimmersedin
liquid nitrogen. They werethen coated with thinlayers
of gold.

Grafting process

Weighed samples (200 mg) of PET flakes were
dipped intoa100 mL polymerizationtubecontaininga
known concentration of EMA (0.5 x 103 - 3 x 103
mol/L) in20mL of distilled water. Thetubewas placed
inanoil bath adjusted to the polymerization tempera-
ture, and nitrogen gaswas alowed to passthrough the
solution for 30 minutes. Various concentrations of po-
tassium persulphate; KPS, asinitiator (0.5x 103-2x
10 mol/L) weredissolved in distilled water, added
portionwisely tothegrafting flask to initiate the graft
copol ymerization processunder nitrogen atmosphere
with continuous tirring for apredetermined tempera:
tureandtime. At theend of thepolymerizationtime, the
PET sampleswereremoved from the polymerization
tube and subjected to soxhl et- extraction for 6 hwith
methanol and distilled water respectively. Thegrafted
samples(PET-g-EMA) weredriedinanair oven at 60
°Ctill constant weight. The grafting processwas car-
ried out in absence/presenceof TiO, and N-doped TiO,
inconcentrationsof 0.01and 0.05 g/L.. Thegrafting pa-
rameterswere cal culated according to thefollowing
equationg?:

—== Fy /| Poper
Graftingyield (G%) = [(W,- W _) /W ] x 100

Grafting efficiency (GE%) =[(W,-W )/ (W,-W_)] x 100
Homopolymer (H%) =[(W,-W,)/ W] x 100
whereW_and W, are the weights of the initial and
grafted matrix (i.e., weight of grafted product after ex-
traction), respectively, W, the crude product before
extraction, and W, theweight of monomer.

Photocatalyticreactions

Photocatal ytic reactionswere carried out using a
solar photoreactor with ten fluorescent lamps generat-
ing approximatdy 120 Wm? of wavd engthrangingfrom
400 - 700 nm. The prepared grafted polymer inserted
inasolution containing methylenebluewasalowed to
equilibratefor 30 mininthedarkness, andthenit was
irradiated under sunlight illumination. During thesetreet-
ments, the suspensionswere magneticaly stirred. The
photocatal ytic efficiency was eva uated by measuring
the chemical oxygen demand (COD) of theirradiated
dye solutionsbefore and after irradiation. The COD
measurements were performed by using an open re-
flux, dichromatetitrimetric method asdescribed in stan-
dard methods?®.

RESULTSAND DISCUSSION

Effect of timeand temperatureonthegrafting pro-
cess

Effect of polymerizationtimeon (graftingyidd, graft-
ing efficdency and homopolymer) percentages(G%, GE%
and H%) wasinvestigated. Figure Lillustratesthesere-
sultsat constant monomer and initiator concentrations;
[M]=2x103M,[I] =1.5x 10° M, at 70 °C, respec-
tively after 420 minutesof reactiontime. Itisshownthat
both thegrafting yield and itsefficiency increased with
theincrement of polymerizationtimetill reaching 7.1%
and 2.9 % respectivdy after 300 minutes. After thistime,
the percentages of both G and GE tended to increase
dowly. Conddering theformation of homopolymer; the
H% increased asthe polymerizationtimeincreased. This
could be explained on the basi s of theincrease of num-
ber of monomer and initiator moleculesthat can diffuse
onto the surface of PET flakeswith proceedinginthe
reactiontime. Thetendency toleveling off for the G%
and GE% after 300 minutesmay bedueto theincrease
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intheformed homopolymer that can makeadiffusion
barrier onthe PET flakes. Thelower increasein Gand
GE percentage can bed so rationaized by thedifficulty
of monomer moleculesdiffusion caused by theincrease
inthemediumviscosity.

8
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Reaction Time (min.)
Figurel: Variation of G%, GE% and H% withtimeat [M]
=2x10°%M,[I]=15x10°%M, at 70°C

Cong dering theeffect of temperature on both graft-
ingyield and grafting efficiency percentagesin addition
to the percentage (%) of theformed homopolymer; Fig-
ure 2 representstheseresults at constant monomer and
initiator concentrations2x 10 mol/L and 1.5x10° mol/L
respectively after 300 minutesof polymerizationtime As
showninFigure2, thegraft copolymerization reaction
wasassisted at 50- 80°C. It isobviousthat, thegrafting
yield %increased asthereaction temperatureincreased
in therange of 50 - 70 °C followed by aleveling off.
Theseresultswere obtained using the aforementioned
monomer and initiator concentrationsthat areconsid-
ered asthe optimum conditions of thereaction. Thein-
creaseinthegrafting yield % with theincrease of the
gpplied temperaturesmay be dueto theenhancementin
themobility of bothinitiator and EMA monomer mol-
eculesin thereaction medium. Thishigh mobility may
lead to morediffusionrate of theinitiator and monomer
mol ecul esfrom the sol ution phase to surface of PET.
Simultaneoudy, thed evation of thereactiontemperature
increasestheactivesitesinthereaction medium|leading
toanincrement intherate of initiation and propagation
steps. Thelower increasein both thegraftingyield and
efficiency percentagesafter 70 °C can beattributed to
the observabl eincreasein theformed homopolymer that
may retard the graft copol ymerization reection.
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Figure?2: Variation of G%, GE% and H% with temper a-

tureat [M]=2x103M, [I]=1.5x103M

Effect of monomer and initiator concentrationson

thegrafting process

Thevaidioningraftingyied and grafting efficiency
and homopolymer % through different concentrations
of EMA monomer wasinvestigated by carrying out the
graft copolymeri zation reaction using monomer concen-
tration [M] intherangeof 0.5x 103- 3x10°mol/L. It
isobviousin Figure 3that G% and GE% lifted upwith
increas ng the concentration of monomer. AstheEMA
monomer concentration boosted, itsdiffusion onthe
surface of PET increased leading to anincrement inthe
graft yield. It could be considered that the constancy in
both graftingyield and grafting efficiency at higher [M]
may be associ ated with the adsorption of monomer on
PET surfacein excessveamountsand can prevent more
diffusion of theinitiator moleculesinthe reaction me-
dium and thereby retardsthe grafting process.

TABLE 1 sgnifiestheeffect of initiator concentra-
tionongraftingyidd, thegraft efficiency and homopol y-
mer percentages keeping the monomer concentration
[M] at 2x10® mol/L. It isobviousthat the concentra-
tion of potassium persulphate (KPS) asinitiator rang-
ingfrom0.5x10° mol/L to 3x10° mal/L affected highly
the percentages of grafting yield, efficiency and the
formed homopolymer. TABLE 1 showsthat the graft-
ingyiddincreased withincreas ngthe (KPS) until reech-
ing the highest graftingyield at 3x10*mol/L. Thein-
creaseintheconcentration of theinitiator led to dower
increaseinthegrafting yield. Thismay be attributed to
the high concentration of the created freeradicalsinthe
reaction mixture. Hence, it wasfollowed by generating
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ahigh rate of homopolymer particlesin thereaction
medium till reaching 2.5% and 3% at initiator concen-
tration of 2.5 x 10®and 3.0 x 10° mol/L respectively.
Inaddition, astheincreaseintheinitiator concentration
took place, the termination reactions of the growing
polymer chainsled to the combination of thefreeradi-
cal speciesgeneratinglow molecular weight species?.
TABLE 1: Effect of initiator concentration on G%, GE%

and H% at [M]=2x 10*mol/L, 300 min. and temper ature 70
°C

[1] mol/L G% GE% H%
0.5 2.1 1 0.7
1 35 1.8 15
15 7.1 2.9 2.1
2 7.2 3.2 2.3
2.5 7.4 34 2.5
3 7.5 3.7 3
6
—— G%
—o— GE
o
4 -
£ 3
2 4
14
0 T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Concentration of monomer (mol/L)
Figure3: Variation of G%, GE% and H% with concentra-
tion of monomer at [I] = 1.5x 103 M, at 70 °C after 300
minutes

Effect of TiO, on thegrafting process

At theoptimum conditionsof theabove mentioned
grafting copolymerization processof EMA onto PET,
theaddition of TiO, andthe N-doped one on both G%
and GE% have beeninvestigated. Figures. 4and 5il-
lustrate the effect of both TiO, and N-doped TiO, on
G% and GE %. Theresultsclearly reved that theaddi-
tion of TiO, decreased both G% and GE %. Thismay
be attributed to that TiO, particlesincreasetheviscos-
ity of solution leading to the decrease of themobility of
monomer moleculesand theinitiator radicals. More-
over, TheN-doped TiO, shows higher G% and GE%

—== Py | Poper

values than those of the anatase one. The N-doped
TiO, haslower band gap energy, so, it may be easily
excited by therma energy effect duringthegrafting pro-
cessresultingin formation of excess OH radica sthat
can behepful inenhancing theinitiation step™.

10| —e— 6% PETEMATIO, (0.014/L)
winiQeee GY% PET/EMATIO, (0.05 g/L)
———y—— GE%PET/EMAITIO, (001 g/l)
ad ——a—- GE% PET/EMA/TIO, (0.05 g/L)
— -m— H% PET/EMAITIO, (001 g/l)
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Figure 4 : Variation of G%, GE% and H% with timein

presenceof 0.01and 0.05g/L of TiO,at [M]=2x10°M,[I] =

1.5x 10°M, at 70 °C after 300 minutes

G% PET/EMA/Kronos (0.01 g/L)
C% PET/EMA/Krones (0.05 giL)

——-—%-—— GE% PET/EMA/Kronos (0.01 gi/L)
—-—A-—---  GE% PET/EMA/Kronos (0.05 g/L)

84| — = — H% PET/EMA/Kronos (0.01 g/L)
———p——

H% PET/EMA/Kronos (0.05 g/L) .0

(%)

0 5'0 160 1 EKO 260 2\;)0 360 3é0 400
Time (min.)

Figure5: Variation of G%, GE% and H% with timein

presenceof 0.01 and 0.05g/L of Kronos(N-doped TiO,) at

[M]=2x10°%M,[I]=1.5x103M, at 70°C after 300 minutes

FTIRand TGA of PET-g-EMA

ATR-FTIR spectraof the PET-g-EMA filmsare
discussed. Figure6 indicatesthat the spectrum of the
PET-g-EMA film hasthe distinctive peaksat 1716
cmrtwhichiscommon for the stretching vibration of
thecarbonyl compound of PET and EMA, 1400-1600
cm't, 2700-2900 cm and 3060 cnmt that are typical
of C=C, diphatic C-H and aromatic C-H stretching,
respectively. Figure7 displaysillustrative TGA ther-
mogramsfor PET and itsgrafted samples. Thesether-
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mograms show the variation of theresidual weight
(RW) % asameasureof theweight loss of the samples
and asafunction of heatingtemperature. Itisobserved
that theresidua weight % va ueshavealimited amount
of weight loss at theinitial decomposition tempera-
ture, which may be attributed to decomposition of
impuritiesaswell asadditives. Uponintroducing the
inorganic TiO, either anatase or Kronons, theinitial
degradation temperature was slightly decreased®!.
Thetested samplesdid not show asignificant weight
lossuntil 320°C then decomposition took place. This
behavior may be attributed to the fracture of main
chainsand side groups. Thethermal stability of the
graft copolymersdid not changedrastically in pres-
enceof TiO,.
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‘\J v

—— PET/EMA
20 v PET/EMAITIO, (0.05 giL)
——— PET/EMA/Kronos (0.05 g/L)

4000 3000 2000 1000

Wavenumber [cm-1]

Figure6: FTIR spectraof PET/EMA, PET/EMA/TIO, (0.05
g/L)and PET/EMA/Kronos(0.05g/L)
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Figure7: TGA Thermogramsof PET, PET/EMA, PET/EMA/
TiO, (0.05¢/L) and PET/EMA/Kronos(0.05g/L)

Morphology of PET-g-EMA
The scanning e ectron micrographsfor thefreeze-
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fractured samplesof PET and grafted PET/EMA are
illustrated in Figure 8 (a& b) respectively. Theungrafted
PET hasasmooth and rel atively homogeneous appear-
ance. Thegrafted sample seemstoform attached clus-
tersof EMA to the PET matrix inthegraft copolymer
proving the occurrence of graftingt®. Someroughness
appears in case of presence of 0.01 g/L TiO, in the
reaction mixture asdepicted in Figure 8 (c) asit has
more grooves and protrusions on the surface, which
increased by increasing the percentage of the added
TiO,t00.05g/L TiO, asshownin Figure 8 (d). This
roughness signifiestheincreasein the surface of the
grafted copolymer resulted from TiO, addition. Onthe
other hand, SEM of PET/EMA in presence of N-doped
TiO2 showsmoreroughnesson thegrafted surfacethat
increased a the higher concentration of N-doped TiO2
0.05 g/L discernibleinthe morphology of the grafted
surfaceasshownin Figure 8 (e&f).

Photocatalytic activity of PET-g-EMA

The photocatal ytic activities of the sampleswere
eva uated by using the photocatal yti c degradation of
methyleneblueunder visblelight irradiation. The COD
removd efficency of methyleneblueisshowninFigure
9. It could be seen that when methylene blue solution
wasirradiated intheabsenceof either TiO, or N-doped
TiO,, therewasadight self-degradation after 120 min.
Inthe presence of TiO, photocatalyst, an obvious deg-
radation was observed. Moreover, N-doped TiO, has
better activity for methylene blue degradationthan the
anatase one. The COD removal exceeded 42%, 46%
upon employing 0.01 g/L., 0.05 g/L N-doped TiO,, re-
spectively. On the other hand, theresults of the COD
removal showed values of H” 20%, H” 27 % upon
using 0.01g/L, 0.05¢g/L TiO, anatase. Itisknownthat
themoleculesof methylenebluecanbeexcited by vis-
iblelight andinject eectronsto the conduction band of
TiO,. Theinjected electronsreact with O, molecules
then adsorbed on TiO, surfacetoyield O, radical an-
ion and subsequently OH radical by protonationt*3.
Methyleneblue can degradeevenin pure TiO, system
dthoughitsphotodegradation efficiencyisnot high. The
generd rulefor semiconductor photocatalysisisthet the
activity ismainly influenced by threefactors: (a) capac-
ity for electron-holegeneration, (b) electron transfer
route and efficiency (c) separation efficiency of
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Figure8: SEM of a) PET b) PET/EMA ¢) PET/EMA/TiO,(0.01g/L) d) PET/EMA/TiO,(0.05g/L) € PET/EMA/Kronos(0.01
g/L) f) PET/EMA/Kronos(0.05g/L)

photogenerated el ectron-hole pairg®=!, Since pure
TiO, hasawideband gap, itisdifficult to produceelec-
tronsand holesunder visiblelight. Itisreasonablefor
pureTiO, to havelow or no activity for methyleneblue

degradation. Upon employing N-doped TiO,; there-
combination of charge carriers effectively decreased
ater incorporating nitrogeninthe TiO, lattice. So, more
photogenerated charge carriers can participatein or-
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ganic compound degradation, resulting inthe enhance-
ment of photocatal ytic activity. The presenceof nitro-
gen might improve the migration and separation of
photogenerated el ectronsand holeg®6:37.

50

—8— PET/EMA

—&— PET/EMAITIO, (0.01 g/L}
40 || —»— PET/EMATIO, (0.05 g/L)
—i— PET/EMA/Kronos (0.01 giL)
—&— PET/EMA/Kronos (0.05 g/L)

COD Removal %

0 : 2 3 4 5
Time (h)
Figure9: COD removal % of PET-g-EM A, in absence/pres-
enceof (0.01g/L) and (0.05g/L) of both TiO, and Kronos

CONCLUSION

Synthesisof efficient photoactive EMA-g-PET was
carried out in absence/presence of TiO, viacopolymer-
ization reaction. Resultsclearly revea ed that both G%
and GE% increased with theincrease of monomer and
initiator concentrations. The optimum G% and GE%
were obtained after 300 minutes at 70 °C. EMA-g-
PET containing 0.05 g/L of N-doped TiO, showed the
highest COD removal resultsamongall theinvestigated
samplesunder solar energy irradiation. Thishigh pho-
tocatalytic activity can be recommended to use the
aforementioned polymer as aphotocatlyst inthere-
moval of the dissolved organic compound from indus-
trial wastewater.
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