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Highlights

Simultaneous solar photocatalytic degradation of dye and PVC was studied.

PVC film impregnated with Fe-ZnO nanoparticles was used as flakes.

The nanocomposite flakes were found to be self-destructive.

MB dye also degraded under sunlight along with degradation of the film.

Both dye and the polymer film followed pseudo-first order kinetics.

Abstract. Simultaneous solar photocatalytic decolorization of Methlene Blue (MB) dye and degradation of polymer na-
nocomposite film in water has been attempted in the present work. The film immobilized iron (Fe)-doped zinc oxide
(ZnO) nanoparticles (NPs) in polyvinyl chloride (PVC) matrix. This reduced the cost of separation of nanoparticles from
treated water. Doped NPs were prepared sonochemically using zinc acetylacetonate (0.95 mmol) and ferric acetylacetonate
(0.05 mmol) precursors in aqueous ethanol medium. XRD, UV-vis spectroscopy, FESEM and EDX were used for character-
izing nanoparticles whereas the film was characterized by SEM. During the process, the film also reduced in weight. Deg-
radation of both the dye and the polymer followed pseudo-first order kinetics. About 28% of the initial concentration of
dye and about 5.04% of the initial weight of the PVC-film were decreased in the process after a run time of 3 h 45 minutes.

Keywords: solar photocatalysis, degradation, MB dye, Fe-doped ZnO nanoparticles, PVC-immobilized.

Introduction

Heterogeneous semiconductor photocatalysis was estab-
lished to be an effective process for degradation of organic
contaminants in water (Ai et al., 2011; Chong et al., 2010;
Wang et al., 2009). The semiconductors such as TiO, or
ZnO can be suspended in the wastewater or can be im-
mobilized on a suitable support. Solid materials such as
activated carbon (Shi et al., 2008), fiberglass (Horikoshi
et al., 2002), fiber optic cables (Lim et al., 2009), glass
beads (Sakthivel et al., 2002), quartz sand (Choy et al.,
2008), silica gel (Zainudin et al., 2010) and stainless steel
(Chen & Dionysiou, 2006) were used as support materials.
Inclusion of nano-photocatalyst in a polymer matrix may

be an easy way for immobilization of semiconductors. But
this type of polymer-nanocomposite itself is vulnerable to
the degradation in presence of water, air and sunlight.

Hence semiconductor photocatalysis can also be used
for degradation of plastic- semiconductor film. Polyvinyl
chloride (PVC), Polyethylene (PE) and Polystyrene (PS)
were among the polymeric substrates (Cho & Choi, 2001;
Shang et al., 2003; Zhang et al., 2004; Fa et al., 2008; Zhao
et al.,, 2007; Chakrabarti & Dutta, 2008) that were degrad-
ed by photocatalysis using various semiconductors.

In spite of the wide use of TiO, as photocatalyst, ZnO
has the advantage of lower cost and absorbing larger range
of solar spectrum (Sakthivel et al., 2003; Kong et al., 2009;
Sil & Chakrabarti, 2010) and its efficacy also increases if
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the size is reduced in nano range. Additionally, dop-
ing with transition metals made such nanoparticles
more active especially in visible region (Thongjamroon
et al,, 2017; Roy et al., 2016; Ahmad et al., 2013; Sher
etal,, 2021). There are several methods for synthesizing
Fe-doped ZnO nanoparticles (Jung, 2010; Hong et al.,
2007; Chen et al., 2005; Kolesnik et al., 2004; Khan
et al., 2018). However in this work, we have used ultra-
sound assisted method because it is a green, conveni-
ent template free method (Omidi et al., 2013). A few
reports are available for sonochemical synthesis and
characterization of doped ZnO nanoparticles under
ultrasonic irradiation (Khataee et al., 2015; Phuruan-
grat et al., 2014; Omidi et al., 2013) but none of them
reported sonochemical synthesis of Fe-doped ZnO
from an organic precursor. In a previous paper, Roy
et al. (2016) reported ultrasound assisted synthesis and
characterization of Fe-doped ZnO nanoparticles from a
mixture of organic precursors of the two metals.

Aim of the present research was to examine whether
Fe-doped ZnO semiconductor nanoparticles synthe-
sized by Roy et al. (2016), being present in a PVC ma-
trix, can catalyze degradation of both PVC plastic and
a dye pollutant existing in the surrounding simulated
wastewater under sunlight. An et al. (2014), Thomas
et al. (2013) and Das et al. (2017) used nanostructured
photocatalysts for degradation of polymers. But none
of the above studies reported simultaneous degradation
of plastics along with the pollutants present in the sur-
rounding water.

As we know, abatement of plastic pollution is one of
the major concerns of the environmentalists all over the
world. In some developing countries including India waste
plastics are very often thrown away into the open sewer-
age or water bodies and they eventually interfere with the
drainage system. Human civilization has become largely
dependent on plastics. Moreover in the recent pandemic
situation, usage and wastage of plastics have increased by
many folds (Patricio Silva et al., 2021). If a polymer com-
posite is available which can be degraded under natural
environment, it would reduce the problem of plastic pol-
lution. It may also address simultaneously the problem of
water pollution.

In this work, we have artificially created the situation
of waste plastic film littered on the wastewater contain-
ing dye pollutant. The simulated waste plastic was the
composite film with PVC and Fe-doped ZnO whereas
the model pollutant in water was Methylene Blue dye. A
few reports are available on the degradation of Methyl-
ene Blue in wastewater by semiconductor photocatalysis
(Chakrabarti & Dutta, 2004; Sher et al., 2021; Khan et al.,
2019) - but most of them used the catalyst in suspension.
Process parameters studied for wastewater treatment were
initial concentration and loading of nanoparticles. Novelty
of this work was not only on the use of sunlight but also
on the simultaneous degradation of solid and liquid pol-
lutants. This has not been reported before.

1. Materials used and experimental methods

1.1. Materials

Zinc acetylacetonate [C;yH;,O,Zn, denoted here as
Zn(acac), from MP Biomedicals, LLC, France] was as
primary precursor; Ferric acetylacetonate [Fe(CsH-O,)s,
denoted here as Fe(acac); from Spectrochem Pvt. Ltd.,
Mumbai, India] was as dopant source; plasticizer-free
PVC powder (67-01, k-value-67+1) was from Reliance In-
dustries Limited (RIL), India; ethanol and cyclohexanone
(E. Marck, Mumbai), Methylene Blue dye, C.I. No. 52015
(LOBA Chemie, Mumbai, India); single distilled water
(6.8 pH, 20 uS/cm conductivity). All of the above reagents
and chemicals were of analytical (AR) grade.

1.2. Experimental procedure

1.2.1. Preparation and characterization
of zinc oxide nanoparticles

This has been reported in detail by Roy et al. (2016). Na-
noparticles were prepared sonochemically with aqueous
alcoholic solution of 0.95 mmol Zn(acac), and 0.05 mmol
Fe(acac); in 210 ml water and 20 ml alcohol. The mixture
was subjected to ultrasonication using US-probe (Trans-
O-Sonic, Model: D-120/P) at 30+3 KHz frequency for
40 seconds at 1 sec pulse mode. The turbid solution was
vacuum dried, washed and dried again. Characterization
was executed by XRD, UV-vis spectroscopy, FESEM and
EDX. XRD was done at room temperature with a diffrac-
tometer (model: X’Pert PRO, PANalytical B.V., The Neth-
erlands) using Ni-filtered Cu Ka radiation (I = 1.5418 A) at
a scanning rate of 1 deg (20)/min. Generator voltage was
40 kV at current of 30 mA. The diffractogram- patterns
of the nanoparticles were checked against relevant JCPDS
database. Average grain sizes were calculated using Scher-
rer equation (Patterson, 1939).

UnitCellWin software was used to determine crystal
characteristics like cell volume and lattice parameters.
HITACHI U-4100 spectrophotometer was used for opti-
cal characterization. Size and surface morphology of the
particles were analyzed using FESEM (JEOL-SEM/Carl
Zeiss, Germany, Supra 35VP). The samples for FESEM
study were prepared on glass slides. EDX analysis was
done using Oxford Link Isis (UK) instrument attached to
the FESEM instrument.

1.2.2. Casting and characterization of the
semiconductor-PVC composite films

Fe-doped ZnO photocatalyst synthesized as before was
then immobilized in a thin PVC film. The details have
been described elsewhere (Das et al., 2017). A clear solu-
tion (3% w/v) was prepared by dissolving PVC powder in
cyclohexanone solvent. Weighed amount of the semicon-
ductor catalyst was added and the mixture was stirred for
8 h. The suspension was then poured on a smooth, clean
glass Petri dish and the solvent was air dried at ambient
condition to cast a film. Thickness of the cast film was
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measured according to ASTM D 374 by using a thickness
gauge (Baker, Type J17).

1.2.3. Photocatalytic degradation of dye and polymer
composite film

Photocatalytic degradation under solar irradiation was
carried out in a reactor fitted with a cooling water jack-
et and with quartz plate as the top-cover for sunlight to
penetrate (Figure 1). 500 ml of Methylene blue solution
of requisite concentration was taken into the reactor
with PVC-Fe-ZnO film cut into pieces of small chips
or flakes (approximately 1 cm?). Oxygen was sparged
with air in the reactor. Here oxygen was required as
electron-scavenger. Adsorption equilibrium has been
ensured after stirring the entire content in the dark for
about 1 hour 15 minutes. Then the reactor and its con-
tents were exposed to the sunlight. All the dye degrada-
tion experiments were performed under the same solar
conditions during April to May. The intensity of sun-
light was measured by a digital lux meter (make Dispart
& Coalescent, model LX-101) was used to measure in-
tensity of sunlight as about 52 klux (181 W/m?). Total
duration of exposure of the reaction mixture to sunlight
was 2 hours 30 minutes. 5 ml aliquots samples were
withdrawn at different time intervals and were analyzed
by U-4100 UV-visible spectrophotometer (Hitachi, Ja-
pan) against standard calibration curve at at A, =
663 nm. Temperature of the reactor was kept approxi-
mately constant at 30 °C by cooling water circulation
and pH was near neutral (6.5-7). Percent degradation
was determined by using the following formula:

% degradation =

Initial concentration of dye — Final concentration of dye

Initial concentration of dye
x100.

Photocatalytic degradation of the plastic composite
flakes was measured by loss in weight before and after the
experiment.
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Figure 1. Schematic diagram for the experimental set up
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2. Results and discussions

2.1. Characterization of the photocatalyst

Detailed characterization has been presented in our
previous paper (Roy et al., 2016). A summary is given
here. The X-ray diffractogram of the synthesized nano-
particles resembled JCPDS 36-1451 for standard wurtz-
ite ZnO. 33.67 nm was the crystallite size (average) as
calculated by Scherrer equation. Lattice constants found
were a = b = 3.23687 A, ¢ = 5.17894 A. The unit cell vol-
ume was 46.9916 (A)3. An additional peak was identified
at 20 = 33.08° this may be due to the presence of iron
bearing impurity phase. The optical band gap (E,) deter-
mined using UV-vis spectroscopy and the Tauc relation
was 2.69 eV. Chakrabarti et al. (2015) reported a range
of wide band gap of 2.70 to 2.80 eV for solvothermally
synthesized Fe-doped ZnO. This is less than that of a pure
ZnO nanoparticle. Energy required for photo-excitation is
less and hence it is expected that the nanoparticles would
be a better photocatalyst in visible light region (Ahmad
et al., 2013; Fu et al., 2011) compared to undoped ZnO.
Figure 2 for the surface morphology of the Fe doped
ZnO catalyst indicates that most of the nano-particles are
like flakes. Additionally, some clustered deposits are vis-
ible on the flakes which may be due to the high surface
charge. EDX result shows inclusion of iron in the ZnO
crystal. Weight per cent composition of Zn, Fe and O as
analyzed by EDX are 43.23, 2.79 and 53.79 respectively.

Figure 2. FESEM image of the iron-doped ZnO NPs
(Roy et al., 2016)

Some important characteristics of the iron-doped na-
noparticles are summarized in Table 1.

2.2. Characterization of the composite flakes

SEM analysis: Surface morphology was studied for obser-
vation of changes occurred due to degradation. Figure 3
shows the morphological changes that occurred after deg-
radation.

Table 1. Characteristics of the Fe-doped ZnO nanoparticles

Grain size (nm) Lattice constants (A) Unit cell Band gap
Yield % volume, V energy
Average, t [100] [101] [002] a [ (A% (eV)
25.90 33.67 36.36 42.94 42.72 3.23687 5.17894 46.9916 2.69
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Figure 3. Surface morphology (SEM images) of PVC-Fe-ZnO nanocomposite film (a) before and (b) after degradation of dye

2.3. Proposed mechanism and kinetics
2.3.1. Photocatalytic removal of MB in solution

The steps of decolorization of dye with composite flakes
are as follows:

(1) Generation of hole-electron (h*- e~) pair on the
NP-surface embedded in the PVC matrix by the incident
sunlight

Fe—ZnO+hv—>Fe—ZnO(h++e’). (1)

Sunlight had to penetrate through the polymer layer
to reach the semiconductor surface. But it is difficult to
quantify the resistance. Moreover a portion of the incident
sunlight was utilized for direct photo degradation of the
polymer.

Polymer +hv — Polymere. (2)

(2) Generation of free «OH radical as well as on the
catalyst surface

Fe—ZnO(e’)+%Oz +H,0 -

Fe—ZnO + OH™ ++OH; €)

Fe—Zno(h+)+H20—>
Fe—7ZnO...«OH + H*. 4)

(3) Diffusion of dye molecule from the bulk to the sur-
face of the composite film

Since the reaction mixture is well agitated, this diffu-
sion is expected to be fast and hence mass transfer resist-
ance would be negligible.

(4) Adsorption of dye molecule on the composite flake
surface

Adsorption is pre-requisite for a catalytic process. For
studying this adsorption, data of the dark reaction with
different initial concentrations are used. It was observed
that the equilibrium data fitted well to the Langmuir iso-
therm equation (Figure 4).

— quLCe

> 5
1+K;C, ®

e
where g, — dye adsorbed in mg/g, g,, - maximum adsorption
capacity (Langmuir) in mg/g, C, - concentration of the solu-
tion in mg/L at equilibrium, K; - Langmuir constant in L/mg,
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Figure 4. Fitting of dark reaction data in Langmuir
adsorption isotherm equation

Using the above form of Langmuir equation, the val-
ues of the constants of Eq. (5) were determined. g,, and
K; calculated from slope and intercept of the straight-line
plot (R? = 0.983) were 0.733138 mg/g and 0.54084 L/mg
respectively. Chakrabarti and Dutta (2004) observed a
Langmuir constant of 8.62x107% L/mg for a bulk ZnO-
Methylene Blue system.

For studying the rate of adsorption of the dye onto
the polymer composite flakes, the time-concentration data
from the dark reaction were fitted with the well-known
Lagergren pseudo first order equation.

log(q. —4; ) =logq, —kt, (6)

where g, and g, are the concentration of dye on solid ad-
sorbent (mg/g) at equilibrium and at any time, ¢ (min),
respectively, and k is the rate constant of Lagergren pseu-
do-first-order sorption (L/min).

Plots of the LHS of Eq. (6) against time with different
initial concentrations are given in Figure 5. Rate constants
with different initial concentrations as well as with differ-
ent NP-loading are given in Table 2. It shows decrease in
the value of rate constant decrease with increase in the ini-
tial substrate concentration for the presence of more sub-
strate molecules than the active sites can accommodate.
Up to a certain extent, rate of adsorption increased with
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increase in nanoparticle-loading into the polymer matrix.
After that critical value, the rate decreased with increase
in loading because of the “crowd” so that the surface was
not available for adsorption.

S0l 0 R?=0.991 = 10 ppm
... R?=0.923 ® 20 ppm
s . =Y R’=0.985 A 25ppm
T Tt .
- e
— 20} AN RN
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Figure 5. log(q, - g,) against time plot at different initial

concentrations

Table 2. Lagergren pseudo- first order rate constants for
adsorption of MB dye on PVC-Fe-ZnO nanocomposite

Initial con- K NP loading, K
centration, (min-) R? (g/g of (min-) R?
mg/L PVC)
10 0.04786 | 0.991 0.033 0.04786 | 0.991
20 0.03753 | 0.923 0.067 0.06207 | 0.966
25 0.03559 | 0.985 0.1 0.03054 | 0.946

(5) Diffusion of MB dye molecules through the polymer
matrix to the semiconductor surface

Since the loading of NPs in the composite film is small
(0.1% w/v) the resistance due to step (5) cannot be ne-
glected. Diffusion through solid polymer matrix is a slow
process. Since doping decreases the band gap, there may
also be a competition between recombination of hole
-electron pair with the diffusion of dye through polymer
matrix. No attempt has been made in this report to quan-
tify this phenomenon separately.

(6) Adsorption of the dye molecules on the nanoparticle
surface

In step (4) above, adsorption of dye on the surface of
the composite film has been described. But it is not easy
to distinguish between adsorption on the polymer sur-
face and adsorption on the nanoparticle surface. Hence
adsorption on the composite as a whole is considered.

(7) Reaction of the dye molecule with the free and sur-
face-bound «OH radical

Dye +«OH — Products; (7)
Dye+ Fe—ZnO...« OH — Products + Fe — ZnO + H, 0.

(8)

In this stage also there will be a competition between

the degradation of dye and polymer matrix with the avail-
able «OH radicals.

For the sake of simplified quantitative description of
the phenomenon of dye removal, the decolorization has
been lumped into two phases - removal of dye by adsorp-
tion on the composite film (dark) and the removal of dye
by photocatalytic process (light) after adsorption equilib-
rium is reached. The trend is demonstrated in Figure 6.
Accordingly the time-concentration (kinetic) data have
been fitted into two stages — the first one for adsorption by
Lagergren pseudo first order equation and the second one
for photocatalysis with Langmuir-Hinshelwood equation.
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Figure 6. Two stage time-concentration profiles of dark and
photo reactions with varying initial concentration of dye

The well-known Langmuir-Hinshelwood equation for
heterogeneous catalysis modified to explain reaction at the
solid-liquid interface is as follows (Poulios & Tsachpinis,
1999; Chakrabarti & Dutta, 2004):

_dc_ kKC,
dt 1+KC,’

h = )
where r,, - initial rate of reaction in mg/l min, k, - rate
constant for photocatalys is in mg/l min, K - rate constant
for adsorption in 1/mg, C, - equilibrium concentration of
bulk solution in ppm or mg/l, C - concentration of bulk
solution at any time t (minutes).

The term KC, is often negligible as low concentration,
and the reaction rate can be expressed on the basis of a
pseudo-first order model. So the modified model can be
represented as:

dC
—§=erCe =KuppCe, (10)
where K,,, - apparent first order reaction rate constant.
Integrating Eq. (10) yields Eq. (11):

h{CEJ =Kt (1

e
Slope of the plot of -In(C/C,) against t yields the value

of the lumped rate constant K, (Table 3). It indicates
that photocatalytic degradation of dye at the reactions
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conditions follows a pseudo-first-order kinetic equation.
This result corroborates the same by other researchers
(Hosseini et al., 2007; Royaee & Sohrabi, 2010).

Table 3. First order (apparent) rate constants for photocatalytic
degradation of Methylene Blue

o (nﬁ”rfgl) R? (I;/z L(}asglg) (nlﬁarfgl) R?
10 0.00170 | 0.950 0.033 0.00174 | 0.950
20 | 000117 |0743| 0067 | 000193 | 0.852
25 | 000040 | 0794| 01 | 0.00155 | 0.848
30 0.00026 | 0.932 0.133 0.00143 | 0.732

2.3.2. Degradation of the polymer nanocomposite
flakes

A net decrease in weight of the flakes from 0.7823 g to
0.7429 g after reaction supports this proposition. In fact,
herein lies the novelty of the process - it degrades both
dye and polymer with the help of sunlight. As the flakes
were small and many in numbers and were difficult to col-
lect, dry and weigh intermittently, time- weight loss pro-
file could not be constructed like that were made before
(Chakrabarti et al., 2008; Sil & Chakrabarti, 2010; Das
et al,, 2017). In our previous work, the weight —loss of the
film also followed pseudo-first order kinetics.

Mechanism and kinetic model of solar photo-degrada-
tion of PVC-Fe-ZnO composite film has been described
elsewhere (Sil & Chakrabarti 2010; Das et al., 2017). A
summary is presented as below:

Polymer + Fe—ZnO...«OH —»
Polymer ¢+ Fe — ZnO + H, 0; (12)

Polymer + +«OH — Polymer « +H,O. (13)

Overall degradation rate constant was dependent on
the rate of photo excitation of semiconductor by Eq. (1)
and the rate of photolysis by Eq. (2). The former had a
relationship with the amount or loading of the photocata-
lyst. Mathematically,

k' =2k, [ Fe - ZnO ] + kg, (14)
where k'=—.
Iy
pl

A plot of nano photocatalyst loading [Fe-ZnO] against
the pseudo first order rate constants k” at various catalyst-
loading yielded k; (rate constant for the photo excitation
of semiconductor) and kg (rate of photolysis). I; was in-
tensity of light (W/m?), p was density of polymer (kg/m?)
and [ was thickness of the film (m).

2.4. Influence of process parameters

Solar photocatalytic degradation of MB dye are influenced
by the initial dye concentration and loading of NPs in the

PVC matrix at the constant intensity of sunlight. Initial
concentrations were varied from 10-30 mg/L. Here the
loading of nanoparticle was fixed at 0.033 (g/g of PVC).
As expected, the concentration of MB as well as the rate
constant decreased with increasing concentration. As the
initial concentration was increased from 10 to 30 mg/L,
percent degradation decreased from 28.06 to 7.58% in
about 4 h. As previously explained, total degradation in-
cludes removal by adsorption as well.

Experiments were also conducted by varying the
amount of nano catalyst loading in polymer from 0.033-
0.133 (g/g of PVC) keeping initial concentration of dye
at 10 mg/L. Maximum percent decolorization (28.21) and
rate was obtained at the loading of 0.067 g/g PVC. Blank
experiment with pure PVC film showed no degradation
of dye pollutant.

However demineralization of dye was not much as in-
dicated by negligible change in the COD (chemical oxygen
demand) value of the dye solution before and after the
reaction. It may be due to generation of colourless oxidiz-
able intermediates and products both from the dye and
from the composite film.

2.5. Solar photo (catalytic) - degradation
of the solid plastic flakes

Under the condition of maximum degradation of dye pol-
lutant (28%), 5% of the initial weight of the PVC-compos-
ite film was reduced after 3 hours 45 minutes. Hence 28%
of liquid phase pollutant was degraded at the cost of 5%
degradation of plastic pollutant.

Conclusions

A novel process of simultaneous solar photocatalytic
degradation of MB dye in water and PVC-Fe-ZnO under
sunlight has been examined. A composite film was made
by immobilizing sonochemically synthesized Fe-doped
ZnO nanoparticles dispersed in PVC matrix. The nano-
particles were characterized by XRD, FESEM and UV-vis
spectrophotometry. SEM was used for surface morphol-
ogy of the film before and after degradation. Solar pho-
tocatalytic degradation of the polymer composite film
as well as of the MB dye dissolved in the surrounding
water was studied. The nanocomposite film was found
to be self-destructive. Process parameters influencing the
degradation were initial concentration of dye and load-
ing of the Fe-doped ZnO catalyst. MB dye in water was
degraded under sunlight alongwith degradation of the
film itself. Within 3 h 45 minutes the maximum decol-
orization was 28%. The loss in weight of the film was
5.04%. Both adsorption and photocatalytic decoloriza-
tion separately followed pseudo first order rate equation.
Mechanism for the degradation was discussed. Immo-
bilized nanoparticles in polymer matrix decreased the
post-treatment separation cost.
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