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Fe** @ ZnO/POL YESTER BASED SOLAR PHOTOCATALYTIC
MEMBRANE REACTOR FOR ABATEMENT OF RB5SDYE

Abstract

Heterogeneous photocatalysis, employing semiconduaetal oxides, especially at nano
scale is a promising technique to mortify the dgsidues from effluent. The photocatalysts
on doping with a suitable dopant can be modifie@éribance the photocatalytic activity. In
this study, undoped and series of Fped ZnO has been grown on polyester fabric throug
low temperature hydrothermal method to generatégglatalytic membrane reactors (PMRS).
The material grown on the surface of fabric wasratt@rized by XRD, EDX, SEM, TEM,
STEM, AFM, XPS, ICP-MS, DRS and PL studig®r ZnO/PMR and FE@ZnO/PMR
photocatalytic activity was determined and examit®ihcrease foFe* @ZnO/PMR in the
solar region due to the reduction of band gap fBto 2.6 eV on Fédoping. The surface
properties of PMRs were also determined by zeteene and contact angle. The
characterized ZnO and £@2znO nano discs based PMRs have been used to deRBfi
reactive dye on irradiating with artificial sunligfD65, 72 watts). The reaction parameters
i.e. initial dye and oxidant concentration, pH dnddiation time have been optimized by
Response surface methodology (RSM). The extenyefd@gradation has been evaluated by
UV/vis spectroscopy and FTIR. The maximum degradatichieved was 88.89 % for ZnO/
PMR and 98.34% for F&@ZnO PMR in 180 min. The photocatalytic efficienof
Fe*@ZnO PMR was investigated for 15 batches, withighslgradual decrease in activity
after eight batches.

Key words: functionalized polyester, photocatalytirembrane reactor, response surface
methodology, F&€ @ZnO nanodiscs
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In a modern society, massive production and usedyet has led to the generation and
dumping of aqueous effluents containing 20% of dymtents(Kaur et al., 2016).The
metabolites produced after the incomplete biodegrad of recalcitrant dyes are not only
carcinogenic and mutagenic but also retard thegslyathetic activity of aquatic flora (Sarkar
et al., 2012; Yu et al., 2017; Zhang et al., 20029.azo dyes, characterized by having an azo
group (-N=N-), are the largest class of dyes carsd as persistent organic pollutants
(POPs) of textile effluents (Bello et al., 2017;nsal et al., 2007).All conventional protocols
for the treatment of wastewater are categorizedplagsical, chemical and biological
processes that have limitations regarding theicetten and efficiency. The heterogeneous
photocatalysis employing semiconductor metal oxidas been proved to have remarkable
advantages such as mineralization of broad spectofinpollutants even at ambient
temperature and pressure(Asghar et al., 2015; Gétoal., 2017; Giannakis et al., 2017,
Kannangara et al., 2018; Prieto-Rodriguez et all22 Thompson and Yates, 2006; Zheng et
al., 2017).

Semiconductor metal oxides like ZnO, are of gregiartance as efficient in-situ generation
of hydroxyl free radical on irradiation at neutpil and can be utilized for the degradation of
organic pollutants(Alaraby et al., 2015; Zheng kt 2007). Nanostructures of ZnO are
considered as the most competent candidate forewastr treatment(Kotodziejczak-
Radzimska and Jesionowski, 2014).The photocatadgtiwity (PCA) of metal oxides greatly
depends on morphology, surface area and bandgapg(led al., 2017; Park et al.,
2013).Doping of metal oxides with cations and/oioas increase the surface defects,
decrease band gap and enhance PCA(Igbal et al, 20kt al., 2018; Park et al., 2009;
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Zheng et al., 2009). Over the years, various methaye been adapted for the synthesis of
one dimensional nanostructures of ZnO such as neeswnanobelts, nanorods, and
nanowhiskers(Ashar et al., 2016; Tabata et al.0R0fis evident through literature that still
a little attention has been given to the synthe$iswo dimensional (2D) structures.The
specific fabrication methods in aqueous medium hgdrothermal, precipitation and
microemulsion processes enable to obtain 2D strestof ZnO with tunable size, shape and
spatial properties(Sun et al., 2016).

Although powdered photocatalyst is being extergieeployed for photocatalysis, yet its
recovery from a slurry reactor is cumbersome tsegChong et al., 2010).To overcome this
predicament, it can be adhered to any substratefamic is particularly useful for this
purpose based on the highest surface area, poresity chemical resistance. The
functionalized fabric can be efficiently used fditieent treatment but still just a few attempts
have been made to generate photocatalytic memipeactors (PMRs). The multifunctional
textiles bearing special properties have been deeel, like polyester grown ZnO nano rods
are being used as antibacterial textiles in additm self-cleaning and ultraviolet shielding
etc.(Ashar et al., 2016; Jeong et al., 2014; Paak £2016).

Since only 4-5% of the incident solar radiation t@nharvested by intrinsic ZnO, therefore,
to improve light harvesting in solar range modifica of ZnO photocatalyst is the most
recent topic in the field of photocatalysis (Harakt 2009; Sarkar et al., 2012; Shinde et al.,
2015).The solar-driven photocatalysis has beenguaw be a promising technique for
remediation of POPs. Various configurations of pbatalytic membrane reactors (PMRSs)
involve the irradiation source fixed above ti®tocatalyst incorporated onto the surface
of the membrane permanently in contact with effluto be treated (Mozia et al., 2014). The
prominent advantages of PMRs are their self-antiriguproperties, high permeate fluxes,
self-cleaningvia light, reduced space requirements in addition rauianeous filtration and
photocatalysis (Molinari et al., 2017).

The present study involves the growth of 2D, irgi¢c and surface doped ¥@ ZnO on
polyester fabric by low temperature hydrothermaletimd to be used as ZnO /PMR
andFE'@ ZnO /PMR in artificial solar photocatalytic reacto degrade Cl Reactive Black 5
(RB5) bisazo dye as a probe. The doparnt féded the redox reaction at the surface of
photocatalyst support, enhancing the PCA due td lgap reduction causing improvement in
harvesting the solar radiation. The role of Polgesis a substrate was to cause the
magnificent retardation in agglomeration of photalyst in addition to the convenience in

the reuse of PMR. The role of surface propertiegnhancement of PCA has also been
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investigated. The higher PCA of ¥@ zZnO /PMR lead to accelerate the rate of
photodegradation of bisazo RB5 dye for multiplechas of dye containing effluent without
any substantial decrease in efficiency.

2. EXPERIMENTAL

2.1 Functionalization of polyester fabric with series of Fe**@ ZnO

To develop PMR, the functionalization of polyestabric with nano-ZnO was done after
depositing seed layer according to seeding methshraf et al.,, 2013). For instance,
polyester fabric was pretreated with 2M NaOH fdrdurs at 60 °C to generate polar groups
on the surface. The seed solution of ZnO was peepbay refluxing 90 mM methanolic
Zn(CH;COO).2H,0 and 75 mM methanolic NaOH at 60 °C for 3 hourse Pretreated
fabric was dipped in seed solution and squeezeddeet two rolls of padding machine to
remove excess of liquor, and finally dried at 120f6r 2 minutes. This process was repeated
10 times to ensure uniform deposition of seed layethe fabric.

To grow nano-ZnO on seeded polyester, 0.2 M Zp|SM,0 and0.4 M NaOH solutions
were prepared using ultrapure water and mixed hagethile stirring at 200 rpm. Then,
equal volume of reaction mixture along with 20x28°pieces of seeded polyester fabric
were shifted to six hydrothermal steel jars. Thes jere screw capped and subjected to
stirring at 90 °C in a laundrometer (TC-M-25). Afté h, 2-10 wt% of Fe(Ng);9H,O
solutions were added to five jars in the ratio & ¥/V. The contents of one jar were left
unaltered to get intrinsic ZnO. All the six jars iesubjected to further stirring at 90 °C for
another hour. After cooling the jars, pieces ofypster were spread for drying. Finally the
excess of powdered intrinsic and doped ZnO wa®dat from the surface of polyester and

all of the samples were preserved for characteéoz@nd determination of their PCA.

2.2. Photocatalytic degradation of dye

Photocatalysis has been carried out in borosdicgiass containers of 20x20x4 tm
containing 100 ml of RB5 dye solution for each axpent. Light intensity was kept constant
at 72 watts using D65 cool artificial day light asfixed in a closed reactor at laboratory
scale at 30-35 °C with 60 pg as an average cafalggton 5 criswatch of PMR. The simple

schematic diagram of solar photocatalytic reac@si shown in Figure 1.
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Fig.1. Schematic diagram of self-constructed solentocatalytic reactor for degradation of
RB5 using F&@ ZnO/PMR and ZnO/PMR

To optimize the reaction parameters the effectsswflight irradiation time, pH, dye
concentration and supporting oxidant on photoctitalgegradation, Response Surface
Methodology (RSM) has been conceded out for ingasitig the independent and interactive
effect of reaction parameters by varying them siamdously in a limited number of
experiments for optimization modeling. RSM appligdler central composite design (CCD)
has been effectively employed to optimize thetpluegradation of numerous organics
(Ahamd et al., 2017). The statistical tool Desigtpé&rt 7 explained the effect of variables by
suggesting 30 runs, which were performed to finttloe percentage degradation of RB5 as a
response. The interactive effects among the indaligarameters were examined to find out
the combination of their levels in order to optimihe conditions of the degradation process
more accurately (Yucel and Yicel, 2015). Namesaotdrs and their codes and levels are
given in Table 1. The levels for operational pareerehave been selected on thasis of
previous investigationsgspecially the pH levels of the reaction mixt(Keazeminezhad and
Azar Sadollahkhani., 2018Response in photocatalytic experiments was % dagoad of dye

RB5 which is calculated using equation (1).

A"I;Af x 100 Equation (1)
0

Degradation (%) =
Where, A,: Initial absorbance of dye and:: Absorbance of dye after photocatalytic
treatment. A model prescribed by Design Expert @vigled the individual and interactive

effect of different parameters on % degradatioRB5.



Table 1: Coded reaction variables and their rangesinvestigated for optimization

Factor Variables Units Low Actual High Actual

X1 pH - 5 9

X2 Oxidant mM 10 50
Concentration

(H202)

X3 Initial Dye ppm 10 50
Concentration

Xa Sunlight Hour (h) 1 5

3. Results and Discussion
3.1. Crystalline properties of fabricated material

The crystalline nature and variation in latticegmaeters in intrinsic and series of'fmped
ZnO have been determined by powder XRD. Figureeggmts comparative diffractogram of
nano-ZnO before and after doping with differentelevof wt% of F&" as dopantThe peaks
appearing in diffractogram are indexed to JCPD@ &w. 36-1451 which indicated all the
prominent peaks of ZnO i.e. (100), (002) and (10he hexagonal Wurtzite crystal system
of ZnO is thus confirmed for the whole series of '@ ZnO samples. The stress developed
in the ZnO crystal due to surface doping causeftirstpiof peaks at slightly smalle®2vith
increasing level of wt% of Bé&lopant. The present results are in accordancepsiviously
reported research (Karmakar et al., 2007; Shi.eR@08; Chen et al., 2008).The shifting of
peaks can be attributed to the difference in ioadti of FE€* (0.067 nm) and Z(0.083 nm)
ions (Srivastava et al., 2009). Conclusively, tagide parameters of E@ ZnO were
slightly lesser than those of intrinsic ZnO, comiing that the F& ions have been substituted
into the ZnO crystal lattice without altering theunzite structure (Cong et al., 2006). The
appearance of no extra peak in diffractograms shispurity of material except for the
sample containing 1.00 wt. % of Felopant. The higher concentration of*femaused the
small extra peaks appearing @&t32239° and 35.234°. The peak broadening for crysthls
intrinsic and series off&loped ZnO indicated that the crystallinity of Zn&stbeen declined
by surface doping of ZnO with Eedue to defect creation. The similar trend has been

observed in previous researches o# Beping of ZnO (Ba-Abbad et al., 2013).
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Fig.2. Comparative diffractograms of serie$’#@® ZnO samples collected from the surface
of PMRs

The peak positions, FWHM, crystallite size caloethtusing Scherrer’'s formula and lattice
parameters for the series of F@ ZnO samples have been given in Table 2. The leaézl
crystallite size for intrinsic ZnO was 28.35nmard 0.6wt%F&'@ ZnO was 21.34 nm.
Lattice constants of undoped ZnO are a= 3.2534G A4.20730 A while aspect ratio c/a is
1.600. On doping with 0.6 wt % Fethe lattice constants change to a= 3.24937 A c=
5.20470 A while c/a ratio turned 1.602. The incee@rs aspect ratio indicated about the
fabrication of 2D nanostructures with decreasingkiiness grown on the surface of polyester.
The decrease in lattice constants and crystalliteis a strong evidence of defects created in
a crystal of ZnO due to substitution of Zrwith F€"*.The results previously reported also
showed that peak at (002) shifted towards smatigteadirection with that of Pé and Fé*
doping (Wang et al., 2008). On the basis of thetraogable crystalline properties the fabric
sample with 0.6wt%F&@ ZnO was selected for further characterizatiomamparison to

intrinsic ZnO.



3.2 Morphology of intrinsic and Fe**doped ZnO PMRs

Mono modal nano discs of intrinsic ZnO have beawgruniformly on the surface of every
strand of polyester fabric to generate ZnO/PMR .(Bay b and c). Morphology of 0.6wt% of
Fe’*@ ZnO grown on the surface of polyester fabric wias discoid (Fig. 3d). It is evident
from micrographs that upon surface doping of Zn@hvwiée”, the particle size decreased
from 93 nm to 72 nm and the surface was transforonadg to the development of kinks and
corners on the surface (Fig. 3 d). This can bebated to preferred growth of crystal in
(100), a-axis while its retardation in (101), csawthich became more prominent in the case
of Fe*@ ZnO. It has also been described in previous ssuttiat on F& doping the particle
size decreased and surface roughness increasdidiffsi al., 2009).

A group who worked on functionalization of polyastéber has explained that on alkali
treatment some scars and pores appeared on theceswf fibers as a result of surface
etching. In other words, alkali treatment led tof@ce roughness of polyester fabric and these
scars might have acted as the sites for penetratinano particles (Becheri et al., 2008)

Morphological properties of intrinsic ZnO and®f@ ZnO discs were further explored by
TEM. According to micrographs, thin two-dimensiodi@cs having width of almost 100 nm
has been synthesized, while length is beyond 10qFRigi3e). The comparatively smoother
surface of hexagons of crystalline intrinsic ZnQqiste visible. Mono-crystalline nature of
intrinsic ZnO has been indicated by high resolutibpansmission electron microscopy
(HRTEM) (Fig.3f). The continuous unidirectional é& are indicating crystal planes that
having interplanner distance of 2.36 °A without any gramundary. Mono-crystallinity of
intrinsic ZnO has also been investigated throudbcsed area electron diffraction pattern
(SAED) which can be seen as dotted pattern, wheeh dot is indicating the specific plane
i.e. (110), (101) and (011) (Fig.39).



Morphological properties of Be@ ZnO illustrated by TEM has also shown the discoid
structures with kinks and corners, visible alonghwthin coating of F& on the surface of
ZnO (Fig.3h). The average particle size of theaegtlar disc was 88x123 nm according to
TEM Concurring reports also revealed through TEM and’BR study that the morphology is
dependent on dopant content since it causes thetred in c-axis lattice constant and change in
the spacing between planes (Igbidl., 2014).Poly-crystalline nature of B& ZnO has also
been indicated by HRTEM (Fig.3i). The bi-directibrraystal planes have appeared at a
distance of 2.31 °A with large grain boundarieslyRoystallinity of F€*@ ZnO has also
been investigated through selected area electriraction pattern (SAED) which can be
seen as continuous pattern (Fig.3)).

Previous researches have shown that the variafidheosynthesis conditions significantly

affects the surface properties of a photocatalys¢ appearance of steps and kinks at
previously flat surface of the semiconductors @&eattive sites for redox reaction on

photoexcitation (Koper and Klabunde, 1997).
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Fig.3. SEM images of a) E&@ ZnO discs grown on polyester at 2KX b) Magnifieigw of
strands of polyester covered with®#@ ZnOdics at 25KX c). Pure ZnO nano-discs on a
single strand of polyester 45KX d) ¥@ ZnO nano-discs on a single strand of polyester a
45KX. TEM images of ZnO discs adhered to ZnO/PMRte200 KX, f) HRTEM at 500KX

g) SAED of ZnO discs .TEM images of ¥@ ZnO discs h) at 200 KX, i) HRTEM at
500KX j) SAED of F&'@ ZnO discs

The thickness of discs grown on Polyester has Hdearmined by AFM and exhibited as 3D
micrographs of tapping mode (Fig. 4 a,b). The maxmthickness of ZnO discs as given by
tapping mode was 7 nm while that of @ ZnO discs was 5 nm. The enhanced roughness
of FE*@ znO discs is also evident from 3D view of tappingde.This decrease in thickness
of discs is concurrent with results of XRD and eabf shape factor. The similar results were
observed by other research groups (Iggbal., 2014).

Fig.4. Tapping mode of AFM indicating thickness &rZnO discs b) B&@ ZnO discs

Both PMR have exhibited a significant roughnessbl@e52) that obviously explains the
strong adsorption abilities (Ahmad et al., 20178t this surface roughness significantly
enhanced after doping with ¥ethat is evident from values of skewness (sk) andosis
parameters, these parameters give an idea aboumetyynof the surface. Generally, if there
iIs symmetry in height distributiongSis zero, while positive value of skewness indisate
asymmetrical surface having more peaks as comparedlleys. On the contrary, skewness
is negative if the surface is relatively planar amore valleys are present (Kannangara et al.,
2018). More negative values of$e.-0.1 & -0.4 for ZnO and B&@ ZnO respectively and
smaller values of kurtosis indicated that& ZnO contains more valleys than ZnO PMR,
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hence providing more space for penetration andrptisn of pollutant RB5 that ultimately
favors high degradation of dye by’f@ ZnO PMR as compared to ZnO PMR (Ahmad et al.,
2017a). Furthermore, average roughnesy\(Rs calculated for both PMRs,dlculated for
Fe*@ ZnO PMR was reduced (0.6 nm) as compared to Zd® PL.1 nm) thus favoring
increased surface roughness. Because decling val&es indicates that surface granules are
becoming smaller leading to increment in surfacaahat increase adhesion followed by
degradation of RB5 dye as compared to ZnO PMR. [Deively, larger surface area, high
surface roughness and more negative skewness valagss F&@ ZnO PMR more
favorable catalyst as compared to ZnO PMR providedl surfaces for the rapid degradation
of toxic RB5.

3.3. Elemental Composition of fabricated intrinsic ZnO and Fe** @ zZnO

The elemental detection for powdered ZnO obtaimednfthe surface of ZnO /PMRand
Fe*@ zZnO was executedthrough EDX. The spectrum (Faj.expressed the purity of the
crystal and composition of zinc and oxygen in weigihd atomic %. It can be observed that
atomic % of oxygen is much higher than zinc, wheelm be correlated with the excess of
adsorbed oxygen at the surface of crystal. Hetbim,absence of any other element in the
sample, assured its purity. On the other hand, BDRe”*@ ZnO has indicated that Zn is
present in lower wt. % which shows that it has bedstituted by some Fediffused in the
crystal through the surface of the photocatalystsitey creation of defects. However, Zn is
present in higher at. %, indicating that excesZmimust be present at antisites. Moreover
Fe* is present in traces i.e. 0.6% weight % and Otdfi % as given in the graph (Fig. 5
b). In determining the PCA, atomic ratio of zilmcaxygen plays an important role regarding

the number of active sites which depends upon poesef oxygen vacancies or zinc

interstitials.

| KeV Kev
Fig.5. EDX of a) intrinsic ZnO discs obtained framO/PMR b) F&@2ZnO discs obtained from

Fe*@ZnO/PMR
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Surface elemental composition and doping has atsm lwonfirmed by STEM of intrinsic
ZnO (Fig. S1 a,b) and E&@ ZnO . (Fig. S2 a,b,c). To determine the compmsitif metallic
elements adhered to ZnO/ PMR and"@Zn0O/ PMR, ICP-MS was employed. According to
the results amount of zinc found in intrinsic ZnGUR was 165.8 ppm. Whereas, the amount
of zinc and iron concentration detected fof ®@ZnO/PMR was 1.341 ppm and 0.034 ppm

respectively.

Chemical composition and valence state of Fe in BHe@ was determined using X-ray
photoelectron spectroscopy (XPS).Carbon 1s corel lpgak (285.0 eV) was taken as the
reference for calibrating (Moulder et al., 1992)aamhlyzing XPS spectra of Fe @ ZnO.
Furthermore, percentage composition and atomicergrations of Zn, O and Fe present in
Fe @ ZnO calculated by measuring area under thesgearespective elements. The survey
spectrum of XPS of Fe@ZnO showed few carbon costantl no metallic impurity except
Fe metal in ZnO lattice and confirmed the presaicén, O, and Feinvarying percentages in
prepared Fe@ZnO.Strong peaks observed at bindiegies in the range of 1020 eV-1050
eV are associated with Zn #pand Zn 2p;, (Fig. 6). Further, Zn is present as®Zstate in
prepared Fe@ZnO because observed binding enerfgigsare in strong agreement with the
binding energy of ‘Zn’ present in ZnO lattice rathban elemental Zn (Lee et al., 2002;
Srinivasulu et al., 2017). Due to oxygen atoms leantb Zn in ZnO lattice core level XPS
peak for O 1s was observed at 530.10 eV(Islam. 1 296).

Peaks due to Fe Zpand Fe 2p, duplet can be observed at binding energy of 718db a
724.0 eV. Binding energy difference is of 13.5 d\attarises due to spin—orbit coupling
ruling out Fe-Fe clusters in Fe@ZnO that can bewniesl at 13.10 eV energy difference(Lee
et al., 2008). Moreover, observed binding energuyesare different from binding energies
for elemental Fe and Fe present in FeO. Furthadifg energy values obtained in our study
are in close agreement to’Feeaks corresponding to 710.70 eV of Fg.2md 724.30 eV of
Fe 2p,, reported in previous literature (Briggs, 1981; &maat et al.,, 2014; Rambu et al.,
2013). From XPS spectra it can be inferred thatifrFde@ZnO sample is present in

Fe’*valence state.
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3.4. Optical propertiesof intrinsic ZnO and Fe*@ZnO PMRs

The comparison of diffused reflectance of intring&eO and series of Be@znO has
indicated that 85% of the sunlight is reflected ibirinsic ZnO, that is why, very minute
photocatalytic activity is shown in solar range ylorless intrinsic ZnO. However, £e
@Zn0O absorbs 75-90 % of solar radiations in a whahge as given in diffused reflectance

spectra of both photocatalysts (Fig. 7a).

Optical properties of fabricated materials havenberamined through bandgap energies of
intrinsic ZnO and FE@ ZnO . Bandgap energy for intrinsic and @ ZnOnano discs was
calculated by using Kubelka-Munk plot using theadabtained by diffused reflectance

spectroscopy (DRS)

The bandgap of intrinsic ZnO calculated by usindp&ka Munk plot was 3.2 eV( Fig.7b ) ,
while bandgap calculated for E@znO was 2.6 eV (Fig.7c), which shows the absordanc

edge at 385nm falling in the visible range of salaectrum. The decrease in bandgap can be
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explained based on the fact that induction of @ the surface of the ZnO crystal caused the
creation of surface defects and inter-band enetates bellow the conduction band (CB).

Consequently, electron requires lesser energyttexgited from valence band (VB) to (CB).

1.2
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Fig.7a. Diffused reflectance spectrum for intringitO and FE@ ZnO samples. Bandgap
energy of b) undoped ZnO nano discs, ¢) @&ZnO nano discs

The optical properties were further verified by fhominescence study of the fabricated
photocatalysts. The excitation and emission graghstrinsic ZnO and FE@ZnO can be
seen in supplementary document (Fig.S3).

The hydrophilic nature of the surface of photogatals indicative of high rate of diffusion
and adsorption at its surface. In case of intridsi® PMR contact angle measured was 120°
which indicated the low wettability of the surfamiephotocatalyst. On doping, the wettability
increased significantly and the water droplet wasoat spread over the surface in 7.5 second
(complete data is available in supplementary documd&he Coloumbic force of attraction
between substrate (RB5) and heterogeneous phdistatarequired to increase the rate of
adsorption. As illustrated in graph of zeta potanthe value for intrinsic ZnO lies mostly in
negative region and the average value obtained-8v&4 mV under degradation conditions.
This value changes to be positive (+7.46 mV) onimtppDetailed results are available in

supplementary document.

3.5. Photocatalytic Activity of intrinsic ZnO and Fe*@ZnO

The fabricated intrinsic ZnO and ¥@2znO nano discs grown on polyester have been
utilized for photodegradation of RB5 dye on expestar artificial sunlight of fixed intensity
(72 watts). The optimization of reaction parameteas been executed through Response
surface Methodology (RSM). The main advantage uiggr model suggestion is that

experimental runs provided were less time consupingt-effective and more accurate for
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optimization of variable parameter. As a response3® runs devised by software, %

degradation was provided to optimize the independed interactive reaction parameters.

The individual parameters optimized through expenta suggested as single factor effect by
Design expert 7 were ¢X pH =7, (%) H.O, concentration=30 mM,(3, initial dye
concentration =30 ppm and irradiation time))%3h. All of these parameters were found to
have significant interactions among them. The adgve effects of operational parameters
have been explained in Fig.15 in terms of 3D serfplots. Each plot displays variation in
two parameters keeping the other two constant. i@erisg the interactive effects of initial
dye concentration and pH on photodegradation respof RB5 indicated that maximum
degradation of 88.89 % took place for 30 ppm of dpdution at pH 7, when 4@,
concentration was 30 mM and irradiation time wd®0rs , while it decreased with increase
in dye concentration from 30 ppm to 50 ppm (Fig)8 A&ccording to 3D surface plot
obtained for interaction between pH angDpl concentration, the maximum dye degradation
of 85.84 % was examined when 30 mM aefdd was used as oxidant at pH 7 using 30ppm of
dye solution and irradiating it under artificialrgight for 3 hours. At the values of variables
bellow and above these levels, the percentage disgva falls, while the interaction was
significant (Fig. 8 b). According to surface plaitinteractive effect of pH and irradiation
time, at pH 7, on 3 hours of sunlight irradiatioaximum degradation observed was 85.80 %
when oxidant concentration was 30 mM and dye canaton was 30 ppm (Fig.8 c). The
interactive effect of initial dye and.B, concentration indicated that greater concentration
dye require slightly higher concentration of oxitd&tO, At PH 7, with the increase in
oxidant concentration from 10 to 30 ppm % degraxtetif dye increased to 84.23% when 30
mM of oxidant was used for 30 ppm of dye solutibig( 8 d). Interactive effect of oxidant
concentration and irradiation time, at 30 mmol @Dkl concentration, 85.84 % degradation
was noticed after 3 h of irradiation at pH 7 where d&oncentration was 30 ppm under
identical reaction conditions photodegradation #hamed almost same (Fig.8 e). Interaction
between initial dye concentration and irradiatiomet has been appeared as maximum
degradation of 85.76 % taking place for 30ppm dfitsan when pH was set at 7 and®4
concentration was 30 mM and irradiation time wdm®Grs (Fig, 8 f).
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The rate of adsorption of each dye on the surédgdotocatalyst is different at various pH.
A report of previous study has explained that deatian of RB dye was faster in neutral and
slightly alkaline medium (pH=8) while no adsorptitook place at pH=11 (Kazeminezhad
and Azar Sadollahkhani., 2018) this study, thédnighest rate of degradation was achieved at
pH 7 for RB5 because surface of ZnO at pH lessan {oint of zero charge (Pzc) attain
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positive charge. To attract anionic RB5 dye foraapgBon prior to photocatalysis the
positively charged surface acts as Lewis acid diodva dye molecule to behave as Lewis
base, forming an intermediate complex.. Since pzZn® is 9.5, pH 7 is as an optimum. pH
for a redox reaction of anionic dye which enhanttexiphotocatalytic activity of ZnO/PMR
for the degradation of RB5 (Fig 8 a, b, c).

Rate of photocatalytic degradation of RB5was acatded with elevated #D,concentration
as it acts as an inhibitor of recombination andedich theinsitu generation of oxidizing
agents*OH. Self-decomposition of #D, took placeon irradiation and due to reduction of
H,O, on trapping electron from conduction band (CB) ltssin increased concentration of
*OH in reaction mixtureHighest degradation of RB5 required 30 MmOz concentration
while its dosage beyond the optimum level resulteetarded rate of degradation. This effect
is explainable on the basis of self-recombinatidnhighly reactive *OH radicals as an
alternate and competitive reaction (fig 8 b, d, e,)

Initial concentration of pollutant dye has a crlic@e in its degradation on the surface of
heterogeneous photocatalyst. As the initial comeéioh of RB5 increased, rate of
degradation also increased but exceeding the optimoncentration rate of degradation
decreased. The reason behind it is that in low eaination of dye enough surface area is
available for adsorption resulting in the ultim&igh rate of degradation. Contrarily, when
the concentration of dye is higher than optimunelgsufficient surface area for adsorption
becomes unavailable. Following the Langmuir’s tlyemir adsorption, rate of degradation of
dye was declined. That is why, when the concewinadi dye increased from 10 till 30 ppm,
rate of degradation also increased but on furtherease in concentration, the rate of
degradation rate decreased. The other importanbrfacausing the retarded rate of
degradation was the blockage of sunlight due tdilizigolored reaction mixture containing
excess of dissolved dye. At a high dye concenmatiosignificant amount of light can be
absorbed by the dye molecules rather than by tléopatalyst resulting in a decrease in the
formation of*OH and*0,? as well as the photocatalytic activity. The deseei intensity of
sunlight adversely effects the rate of generatioglectron-hole pair (Fig.8.c, d, e) .

Since all the experiments were performed undefi@ali sunlight with irradiation time of 1
to 5 h. Results have declared that degradation B Ras increased with increase in
irradiation time keeping the intensity of light tant. But after 3h there was no significant
effect on rate of degradation of RB5 indicatingttitahas become constant (Fig.8.c,e,f ).
Conclusively it is justified that optimized conditis for degradation of 30 ppm of RB5 dye
using F&'@ ZnO/PMR are pH =7, #.concentration =30 mM and irradiation time 3 h.
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Bis azo RB5 dye is anionic in nature with negagivetharged surface in an aqueous solution
while surface of FE@ ZnO is positive, thus opposite charges enhareeatie of adsorption
and ultimately the efficiency of the photocatalistisal et al., 2007). In addition, a
positively charged surface directs the migrationpbbto-induced electrons to increase the
concentration of OH. This process also inhibits recombination siamgously generating
more*OH as a result of reaction of with water (Hassan et al., 2017).Under the optmiz
reaction conditions % of degradation of RB5 inceshto 98.34% for Fé@ ZnO PMR in
180 min.

The high regression coefficientfR0.91, Rg; =0.83) between the variables and the response
indicated excellent estimate of experimental dataiadratic mode with CV % = 7.22 and
pure error< 0.0001In the model applied the low gatdi CV indicated that the model was
exceedingly significant while lack of fit was nomgmficant according to software.The
ANOVA (Table S1) has been given in supplimentry.

3.6. Evaluation of extent of photodegradation of RB5 dye

The extent of decolorization of RB5 was comparedr@diating a swatch of ZnO/PMR and
Fe*@ ZnO/PMR dipped in 30 ppm of dye solution using5Djht under optimized
conditions, using 30 mM of #D, concentration at pH 7 for 3h (Fig. 9). Bisazo RB#onic
dye has shown absorbance maximum at 600 nm. Whe€f @hal concentration /Initial
concentration of dye) values of untreated dye, axicand dye treated by ZnO/PMR and
Fe* @ ZnO/PMR was plotted with respect to time. It meealear that untreated dye did not
show any decrease in C/C° with respect to timeya® the case with 4@,, taken as control.
On using ZnO/PMR, C/C° value decreased on irramhatvith sunlight after 10 min of
adsorption period, but degradation achieved washmiesser as compared to k@
ZnO/PMR, which showed maximum degradation in 180 (Rig.9).
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Overlay UV/vis spectra for comparison of decolaiima of dye by ZnO/PMR and Ee@
ZnO/PMR indicated that the Fedoping has remarkably enhanced decolorization 05,RB
whereas UV/vis spectrum of,B, was taken as control. This is in accordance o¥ipus
studies that doping of ZnO with ¥ecan reduce the band gap and conclusively incrésse
rate of generation ofOH. This fact can be attributed to the higher &bitif and F&'@
ZnO/PMR to harvest visible range of solar radiaterhancing its PCA. The other factors
synergizing the PCA were higher surface roughnessshgdrophilicity causing increase in
rate of adsorption.

FTIR of untreated dye has shown a strong band 5%6.33 cm'due to N—H stretching and
very small peak at 1114.35 &im due to C—N stretching and at 1480 tiae to N=N azo
group.The spectrum of treated dye is indicating tRB5 has been degraded to simpler
hydrocarbons. The peak at 1480 tias almost vanished in treated dye. Moreover, the
strong peak at 1616 ¢hnhas shortened o great extent illustrating the kfssNH group.
Similarly peak near 750 chis the peak of benzene ring, which has also sheditén treated
dye. A very small peak at 1541.45 ¢timdicated C=C in aromatic ring. The peak at 3335.3
cm® also shortened to great extent indicating the tdssNH group, no peak regarding the

presence of aryl amines was found in the spectréimreated RB5. . The spectral setup
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observed was found similar to that reported in off®todegradation reports (Gahlout et al.,
2013; Neoh et al., 2015).
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The faster rate of recombination of charge carsetssequently decreases the amouiObt
generated by the semiconductor and reduces theeeifly of the photocatalyst. Presence of
crystalline defect can retard the rate of recontimnaby trapping charge carriers from the
surface the semiconductor. Inside the volume ofstaty number of the trapping and
recombination sites have to be reduced by syrgimgsia photocatalysts with better

crystallinity (Angelo et al., 2013).

When nano discs of ZnO were doped witfi'Fehe optical properties changed based on the
reduction of crystallite size and narrowinglwdnd gap(Molinari et al., 2017). The PCA has
been enhanced byFeloping, based on the shuttling redox reaction bemwed* and Fé*
(F€*" | F&* redox couple). On capturing electron from condarctband of ZnO, more were
the electrons produced causing appearance of feen Fe€*, more were®*OH radicals
generated (Sahel et al., 2010).

3.7. Advantages and reusability of Fe**@ ZnO/PMR

Employment of F¥@ ZnO/PMR for photocatalysis led to enhancementhim rate of
degradation of RB5 due to non-agglomeration of naaterials adhered to substrate strongly.
The porosity of substrate offered extensive surfaea for adherence of £#@ ZnO (Zhang
et al., 2012). In comparison to coatings seed nbedliiydrothermal epitaxial growth has
been found more long lasting (Ashefal., 2013). Reuse of the catalyst in multiple cyckes i
convenient as removal of ¥@ ZnO/PMR from reaction mixture does not requirg an
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filtration or centrifugation. Washing of & ZnO/PMR swatch after every cycle did not
eroded FE@ ZnO even afterl5 batches and maintained its phttlytic efficiency (Fig.
11). As given in the graph less than 10% of efficie has been decreased after batch 8
gradually for each followed till batch 15. It cae lccessed from given data thaf'@@
ZnO/PMR can be used further for multiple photogatalcycles. The reusability of the PMR
offers a magnificent advantage as polyester isstasi to chemicals, moderately high
temperature and sunlight.
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Fig.11. Reusability of F&@ ZnO/PMR

The rate constant (k) for average ¢/@alues obtained from batch experiments performed
triplets has been calculated as Pseudo first arehsstion using the formula “In¢)= kt”
(Molinari et al., 2017).The rate constant calculated for Firsteyehs 14.28xI®min™* and
12.28 x10® min*for 15th cycleespectively (Table S2).

Conclusion

It can be concluded that Doping of ZnO withfean lead to decrease in band gap to render it
capable of harvesting high content of sunlight. dgpaphy by SEM and TEM of the material
synthesized have suggested 2Ddisc morphology witface coating of F&. The material
adhered to polyester decreased agglomeration af disss and thus Fé@® ZnO/PMR acted

as a novel solar active material reusable for pfaitdytic treatment of dye RB5. Operational

parameters of Photocatalysis have been optimizenhgh RSM.Maximum degradation of
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RB5 at pH7 using 30 mmol of 8, concentration for 30 ppm of dye was 88.89 % foOZn
PMR and 98.34% for B&@ZnO PMR in 180 minof irradiation with sunlight. radation
products of RB5 dye consisted of simple hydrocasbasindicated by FTIR and HPLC. The
reusability of F&'@ ZnO/PMR with almost similar efficiency was noticen 15 washings

and photocatalytic cycles.
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Table 2. Lattice parameters of Fe**@Zn0O samples.

S. No.

1

2

Sample
doping
Fe*@znO
0.0wt%
Fe*@znO
0.2wt%
FE*@znO
0.4wt%
FE*@zZnO
0.6wt%
Fe*@zZnO
0.8wt%
Fe*@znO
1.0wt%

Peak position | FWHM

(26)
36.321

36.314
36.310
36.291
36.276

36.145

0.320

0.354

0.362

0.383

0.389

0.319

NOTE: Placethistable at page 7 of main manuscript

Crystallite
size(nm)

28.35

26.60

23.05

21.34

21.88

29.30

Crystal
constants
a= 3.25340 A
c=5.20730 A
a= 3.25322 A
c=5.20719 A
a= 3.24950 A
c=5.20710 A
a=3.24937 A
c=5.20470 A
a=3.24931 A
c=5.20571 A
a= 3.24937 A
c=5.19910 A
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