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ARTICLE HISTORY ABSTRACT

Received ZnO based photocatalysis process is considered rasjsing cost-effective
25 May 2017 and environmental friendly technology to decompogecalcitrant organic
contaminants in water by converting them into GGnd H,O. Existing
Received in revised forn photocatalysis of ZnO commonly involve the near-mdemperature
9 June 2017 photoreaction under illumination of the UV light osunlight. In this study,
the influence of operational conditions such as tperature, salinity and pH
Accepted on photocatalytic activity of Zn were thoroughly westigated. Methylene blue
23 June 2017 (CiH1gN3SCI), (MB) dye was selected as the model contamin&af mg/L of
MB dye was photodegraded under UV-light irradiatiom the present of 1 g/L
of ZnO for 60 minutes. The reaction was conductedder different sets of
operational conditions such as temperature (30 —°@9, salinity (25-100 g/L
NaCl) and pH (5-9). The optimum operational conditi for the
photodecomposition of MB using ZnO catalyst wereuf to be at high
temperature (45C), low pH (pH 5) and high salinity (100 g/L NacCl).

Keywords. ZnO; photocatalyst; salinity; temperature; pH; mgiéne blue.

1. INTRODUCTION

ZnO based photocatalysis process is consideredsaseffective and environmental friendly
technology to decompose recalcitrant organic comants in water. The efficiency of this
process strongly depends on the generation of iveaftee radical species particularly
hydroxyl radicals (*OH) in the presence of photabst (ZnO). Once the surface of
photocatalyst is illuminated by photons with anrggeequal to or higher than its band gap
energy, electron-hole pairs are generated due c¢ida¢ion of electron (¢ from the valence
band to the conduction band. The oxidizing «OH caldi are rapidly generated as a reaction
product of adsorbed water molecules with the hbte En the surface of catalyst. Further
action by these radical species decomposes dyerganic molecules into intermediate
compounds which subsequently converted it intg @ BHO. Current research trend shows
that this treatment approach has been extensixplpied for decomposing various groups of
synthetic dye solutions.
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Despite extensive research works on utilizatioZo® photocatalysis for mineralization of
organic water contaminants, previous studies conymmnsiders the near-room-temperature
photoreaction in which the degradation of polluséhyes is achieved under ambient operating
condition (Baiju et al., 2005; Ahmad et al., 20MWan et al., 2009; Zong et al., 2014). On
contrary, the high-temperature photocatalytic ottade of pollutants using ZnO remains
unexplored.

Photocatalysis is not only a photo-activated predag also involves a thermally activated
reaction. Therefore, the efficiency of a photocdtalreaction could be potentially improved
by altering the reaction temperature. Westrichl.e{2011) reported that the photo-generated
charge carriers are able to get involved in thedaalytic chemical reactions, in that way
improving the catalytic rates. Based previous neseavorks on TiQ photocatalyst, some
observations strengthened that elevation of tenymeraesulted in the dynamic change of
reaction rate (Kometani et al., 2008; Hu et al1®20ee et al., 2013; Yamamoto et al., 2013).
Hu et al., (2010) observed that the photoreactioftyfiO, to decompose methyl orange dye
increased 5 times when the temperature was elevatatd 38 to 100°C. Above 100°C,
excessive heating has led to a decrement in phalgtia rate as dye molecules adsorbed on
the catalyst surface and limits further photoreaxcprocess.

In this study, the influence of temperature, sglidind pH on photocatalytic properties of

ZnO is discussed. The interactive effects of tempee and other factors such as pH and
salinity were also investigated. These two factoes also known for their influential effects

on various aqueous phase mediated photocatalydtersy(Gaya et al., 2009; Surolia et al.,
2007; Farzana et al., 2014; Kaur & Singhal, 2015).

2. EXPERIMENTAL
2.1 Materials

Commercial grade ZnO with 99 wt% purity with paisize of less than 1 micron obtained
from Sigma Co. was used as the photocatalyst. Nitbyblue (MB) dye obtained in the form
of reagent grade methylene blue trihydratgsHgsNsSCI.3HO was selected as the model
dye. The salinity of the solution was adjusted gs&% - 100 g/L sodium chloride (NaCl)
whereas 1 M of sodium hydroxide (NaOH) and 0.5 Music acid (H,SO,) were used to
adjust the pH of solution. Photocatalytic reactioas performed in a batch photoreactor with
the capacity of 1.5 L. A 10 — watt UV — C lanip=(254 mm) was used to provide the source
of light. Figure 1 indicates the illustration oktphotoreactor set-up.
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Indicator:

1.Reactor (1.5 L capacity) -
2. Aluminium foil jacket
3. Water bath -

To sample collection

L

4.Digital thermometer 6 To power supply
5.Reactor Cover -

6.UV-C lamp (10-watt) _

7. Aeration pump 1 o /' l‘_ 7

8.Water bath with T |

Figure 1: Photoreactor set-up
2.2 Methods

MB solution with initial concentration of 10 mg/Las photodegraded under different sets of
temperature, salinity and pH. The concentratioZm® photocatalyst was set constant at 1
g/L. The mixture was vigorously stirred to preveatimentation of ZnO. An aeration pump
was used to supply the required oxygen for photbgiat reaction at the flow rate of 1.6
L/min. The solution was kept in the dark for 60 oigs before being illuminated with
luminous light from vertical UV lamp for maximum 60 minutes. Every 30 minutes, 15 ml
of sample was collected, centrifuged twice to reensuspended ZnO and the remaining MB
concentration was analysed using UV-Visible spetiotometer. The efficiency of
photocatalytic degradation, R (%) was evaluate@das the Equation (1).

R(%) = %xloo (1)

whereA is the initial MB absorbance intensity of the 664 peak at time=0 and Ais the
MB absorbance intensity of the 664 nm peak at ang,t. The spent ZnO catalyst was also
recovered, rinsed with deionized water and charaeig using XRD.

2.3 Experimental Design

Simultaneous effect of multiple factors on respaase the levels where these factors must be
kept to optimize the operational conditions candetermined using statistical design of
experiment technique. In this work, temperature,gnd salinity were identified as potential
factors that influencing the efficiency of photodmdation of dye using ZnO. Therefore,
experimental design was performed usirfigFll Factorial Model with three replicates. A
total of 24 runs of experiments were required. &alhl summarizes the minimum and
maximum level of each chosen factor.
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Table 1: Coded level and actual value for studasddrs

Factors Code Levels

Low (-1) High (+1)
Temperature®C) Xa 30 45
pH Xs 5 9
Salinity (g/L NaCl) X 25 100

The codified mathematical model expression for faetorial model is represented in
Equation (2).

R (%) =[5+ 3 Xa + & Xg+ I Xc+ Bag Xa X +Bac Xa Xc +Bsc X Xc +Basc Xa Xg Xc
(2)

where R is the predicted responBgjs the model of intercepRa, s and i are the linear
coefficients, Bag, Bac and 3zc are the cross product coefficient akg Xg and Xc are the
independent variables influencing the response.

3. RESULTSAND DISCUSSION
3.1 Full Factorial Model

Table 2 summarizes the photocatalytic efficiencyaRie for ZnO obtained for each designed
experiment. Based on regression analysis perfoondtie experimental data, the correlation
between R and three selected factors (in coded)ucdin be expressed in Equation (3). All
terms in the equation are significant with the Rigaf <0.05. The Rand R adj values for
the model equation are 0.9868 and 0.9810, resmdgtiv

R(%) = 86458+ 6958X , — 5208X, + 3292X_ + 2625X X, — 2542X , X _ + 6292X X, -5875X X, X,

@)

Temperature, pH and salinity factors including thieieraction have significant influence on
the R value. Based on the statistical analysisabld 3 and 4, the value of coefficient signify
that both temperature and salinity factors podgivepact R, whereas pH has a negative
effect on R. Interestingly, temperature factor theslargest coefficient value and considered
as the most dominant main effect. This is consisteith Barakat et al., (2013) which
proposed that elevation of temperature may incréas@hotocatalytic performance by either
modifying the activation energy of the photoreattar increasing the kinetic energy of dye
molecules near the active site on photocatalysaser

Salinity and pH have relatively smaller role. Ciderion (CI) is known for its inhibition
effect towards numerous photocatalytic systems Inaising TiQ, by serving as *OH radical
scavenger (Zhang et al.,, 2005; Zhu et al., 2007al4d et al., 2013). However, it was
observed that ZnO photocatalysis in this work, kbitéd opposite trend. Increment in
photocatalytic efficiency in high salinity conditiocan be associated to transformation of
chloride ions into free chlorine radicals whichistesl with the degradation of dye (Wang et
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al., 2004). Solution pH value on the other handtrods the electrostatic interaction between
pollutant and catalyst surface (Petit et al., 2007)this case, MB removal process in the
presence of ZnO favors low pH setting.

Table 2: Design and experimental results 4t factorial design

Run Coded Experiments Matrix Response
Xa XB Xc Photocalatytic efficiency, R (%)
1 -1 1 -1 54
2 -1 1 1 88
3 -1 -1 1 81
4 -1 -1 -1 93
5 1 1 1 91
6 1 1 -1 93
7 1 -1 1 98
8 1 -1 -1 98
9 -1 1 1 91
10 1 1 -1 88
11 -1 1 -1 52
12 -1 -1 1 92
13 1 -1 1 96
14 1 1 1 93
15 -1 -1 1 82
16 1 -1 -1 96
17 -1 -1 1 80
18 1 1 -1 88
19 -1 1 -1 55
20 -1 -1 -1 96
21 -1 1 1 90
22 1 -1 -1 93
23 1 -1 1 95
24 1 1 1 92
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Table 3: Design and experimental results 4t factorial design
Symbol  Coeff. Estimated Std. P value
Effect Error
Constant Bo 86.458 0.3819
Main Effects Ba 6.958 13.917 0.3819
Bs -5.208 -10.417 0.3819
Bc 3.292 6.583 0.3819
<0.05
Two-way Interaction Bag 2.625 5.250 0.3819
Bac  -2.542 -5.03 0.3819
Bec  6.292 12.583 0.3819
Three-way interaction pasc  -5.875 -11.750 0.3819
Table 4: Analysis of variance for R (%) in codedtsin
Source DF Seq SS F
Main effects Temperature 1 1162.04 332.01
pH 1 651.04 186.01
Salinity 1 260.04 74.30
Two-way interactions Temperature*pH 1 165.37 47.25
Temperature*Salinity 1 155.04 44.30
pH*Salinity 1 950.04 271.44
Three-way interactions Temperature*pH*Salinity 1 8& 236.68

Interacting effects between temperature, pH andigahave strong influence on the overall
performance of ZnO in aqueous solution. Figure 2 tmdicate a series of contour plots
generated from the full factorial model equation.
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Figure 2: Degradation profile of MB dye as a fuantof pH Kg) and temperaturexXg)
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Figure 3: Degradation profile of MB dye as a fuantbf salinity ¥c) and pH Kg)
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Figure 4: Degradation profile of MB dye as a fuantbof temperature () and salinity (¢)

Based on the surface curve in contour plot, pHigglihave the most prominent interacting
effects. A curvier contour lines reflecting a sigen relationship between the interacting
factors. pH-salinity interaction has prominent effm adjusting the stability of dye molecules
in solution (Zhu et al., 2005). However, Figure ghtights that the maximum R value

(>96%) can be achieved at the optimum operationalitions where temperature is high
(~45°C), salinity is high (100 g/L) and pH is low (pH. Bxperimental data also supports that
the R value obtained in these combination of camkt was in the range of 96 — 98 %. For
this reason, the photocatalytic efficiency of Zn® remove dye in agueous medium is
dependence on temperature, pH and salinity.

4. CONCLUSION

The findings of this study highlighted that the fuatalytic efficiency of ZnO photocatalyst
particularly towards removal of dye are stronglypeedent on the temperature, pH and
salinity. Within the studied range, these factasehindividual and interacting effects on the
overall R value. Temperature and salinity haveitpesinfluence on R while pH shows
adverse effect on the R value.

To obtain the ZnO photocatalytic efficiency of mdhan 96 %, the photoreaction process
should be performed at the optimum conditions whemgperature is high (~4&), salinity is
high (~100 g/L) and pH is low (pH 5).

In conclusion, the performance of ZnO to remove dyether water contaminants can be
maximized by elevation of temperature. However, aberating pH and salinity should be
controlled as different types of dyes or contamisanay have behave differently in diverse
pH-salinity combinations.
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