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Abstract

In this study, chloride (CI") ion is successfully doped into ZnO nanostructures by wet
chemical method. The effect of CI" concentration on the photocatalytic activity of ZnO
towards the degradation of methylene blue (MB) is studied. The as-prepared Cl-doped ZnO
nanostructures were analysed in terms of morphology, structure, composition and optical
properties. XRD data has revealed an average crystallite size of 10 nm and the XRD patterns
were assigned to wurtzite structure of ZnO even after doping with CI". Importantly, the
optical band gap of ZnO was reduced from 3.42 to 3.12 eV upon increasing the concentration
of CI" dopant. The photodegradation efficiency of various Cl-doped ZnO nanostructures for
MB was probed and followed the order (20 % CI-doped ZnO > 15% CI-doped ZnO > 10%
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Cl’-doped ZnO > 5%CI doped ZnO > pristine ZnO). Furthermore, the effect of pH on the
degradation rate of MB using Cl-doped ZnO was also explored . The combined results
clearly attest on the crucial role of CI" ions in activating the degradation kinetics of MB when
doped into ZnO photocatalyst compare to pristine counterpart. Therefore, these newly
developed photocatalysts could be considered for important practical applications such as

wastewater treatment.

Keywords: Chloride (CI") concentration, ZnO, Methylene blue, Photodegradation

1 Introduction

Various strategies have been employed to expel natural organic dyes such as leather products,
pharmaceuticals, printing, food industries, modern coatings, and plastics from contaminated
water [1-5]. In view of the high molecular weight and synthetic steadiness of organic dyes,
conventional methods such as physio-compounds and biochemicals normally don't offer
complete degradation of environmental contaminants [6]. Therefore, searching for new
approaches for removal of harmful dyes such as methylene blue (MB) from wastewater becomes
highly demand to maintain the aquatic life and environment. In recent years, a number of
heterogeneous photosensitive materials have been applied for the photodegradation and
wastewater treatment, [7] owing to marked advantages such as low cost, efficiency and stability
under normal atmospheric conditions [8-10]. In this respect, zinc oxide (ZnO) is a
semiconductor photocatalyst in group I1-VI, which possesses a large energy band gap of 3.37
(eV) and high exciton energy (60 m eV), respectively along with being highly thermally and
mechanically stable at room temperature [11-14]. Given the large band gap of ZnO, it requires
large photonic energy for the photoexcitation process. Hence, photocatalytic activity can’t take
place in some of the charge carriers due to loss of energy during recombination of electron-hole
pairs. The pristine ZnO has a fast recombination of photogenerated electron-hole pairs, thereby
resulting in deterioration of the photocatalytic properties.

The prevention of fast recombination rate with effective charge transport and separating
efficiency of charge carriers could be achieved by introducing dopant as an electron scavenger,
thus enabling the material to increase the period of electrons in excited state and also absorption
spectrum broadness could also be increased [15-17]. In view of these findings, the doping

process is anticipated to contribute in three ways: (1) reducing band gap energy and enhancing
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adsorption, (2) decreasing resistivity and promoting mobility of charge carriers, and (3) varying
the position of conduction and valence band. In this context, ZnO as a semiconducting material
has been doped with other elements to reduce the fast recombination process and efficiently
separate out the photogenerated electrons and holes [18, 19]. Among approaches for ZnO
doping, sol-gel [20-22] hydrothermal [23-25] and chemical vapour deposition [26, 27],
semiconductor coupling [28, 29] surface hybridization of ZnO with carbon [30], and combustion
[31-351 have been implemented. Literature survey reveals that doping of ZnO with non-metals such
as carbon(C), nitrogen (N), and sulphurs (S) tunes the intermediate energy level band gap as well
as tuning the ability to absorb visible light which leads to enhanced photocatalytic activity [36-
40]. Moreover, the CI doped ZnO nanostructures have been reported for optical applications [41-
44]. However, to the best of our knowledge, the effect of CI" ion concentration on the optical
properties of ZnO towards the degradation of MB has not been reported, particularly under the
acidic and basic conditions.

In this contribution, we describe a facile procedure for doping various concentrations of
ClI" ions into ZnO nanostructures using wet chemical method. Additionally, the effect of various
CI" -doped ZnO on driving the degradation kinetics of MB is studied under different pH value.
The synthesized 20% CI° -doped ZnO showed remarkable photocatalytic efficiency for
degradation of MB at pH 11.
2 Materials and methods
2.1  Used chemicals
Zinc acetate-dihydrate (ZnC4HgO,), 25% aqueous ammonia solution Merck), methylene blue
(C16H18CIN3S) organic dye, and ethanol (C,HsOH, 99.5%) were provided by Sigma-Aldrich
Karachi Pakistan and used without further purification. The methylene blue was dissolved in the
deionized water and material synthesis was also performed in the deionized water. The chemical

structure of methylene Blue (MB) is shown in Figure. 1.
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Figure 1 shows structure of methylene blue

2.2

2.3

Preparation of various CI" -doped ZnO nanostructures by wet chemical method

The preparation of pristine ZnO and Cl’-doped ZnO was performed via using of wet
chemical method by mixing zinc acetate di-hydrate (ZnC4HgO4) and 25% ammonia as
precursors for the fabrication of ZnO. The different concentration of ammonium chloride
(% w.w) such as 5, 10, 15 and 20% were mixed in 5 mL of ethanol in four beakers and
an ultrasonic bath was employed for 30 min to obtain well dispersion. Then, 2.22 g of
zinc acetate di-hydrate was dissolved by slowly adding 5mL of 25% ammonia solution.
Four of them with sole concentration of ammonium chloride ranging from 5, 10, 15 and
20 % mixed with (5 mL) of ethanol solution thereby labeling applied as a 5% Cl'-doped
Zn0, 10% CI-doped ZnO, 15% CI-doped ZnO, and 20% CI-doped ZnO to identify the
different samples. To avoid the evaporation of aqueous solution the beakers were sealed
with aluminum foil. The nanostructure of the Cl’-doped ZnO were grown in a muffle
furnace at 90°C for 5 hrs. Finally, the four synthesized CI-doped ZnO nanostructured
samples were collected via filtration and drying process. The pristine ZnO material was
obtained by same process without the use of CI” source.

The evaluation of photodegradation effectiveness of various Cl-doped ZnO
nanostructures

The effect of pH values on the phototocatalytic activity of the as-synthesized pristine
ZnO and Cl-doped ZnO was examined in aqueous media. Typically, the reaction
suspension was prepared using 10 mg of Cl-doped ZnO powder into 100 mL of
0.0001M. The aqueous suspension of nanostructures was placed in sonication bath for 30
min which resulted in adsorption-desorption equilibrium. The UV-Visible light
irradiation was carried out in a locally made photoreactor using a compact UV lamp of
(365 nm) and a power of 18 watt. The UV-Visible spectrophotometer (PE Lamda35) was
employed to quantify absorbance peak of MB dye, which was detected at (664) nm. After
every 15 min of UV-Vis irradiation, the amount of MB was monitored by sampling out
5mL of aqueous solution. The degradation of MB observed in intensity in absorption
characteristic wavelength of (664) nm by recording UV-Vis spectra in the wavelength
range of 200 — 800 nm. The mathematical formula for the evaluation of degradation

activity of pristine ZnO and Cl-doped ZnO samples was as follows
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Where A, is absorbance of fresh dye solution without photo treatment (mg/L), A

represents the absorbance of MB dye (mg/L) at various irradiating times of UV light.
3. Results and discussion
3.1 Crystalline, morphology and composition studied of Cl doped ZnO nanostructures
Figure. 2(a) depicts the powder X-ray diffraction patterns of pristine ZnO and CI" -doped
ZnO nanostructures over the range of 23° to 78°. The various reflection peak positions and
intensities of CI" -doped ZnO were measured at 20 angle such as 31.86° (100), 34.54° (002),
36.32° (101), 47.62° (102), 56.66" (110), 62.96" (103), 66.44" (200), 68.04" (112), 69.18"
(201), which are fully supported by the JCPDS card No. 01-075-1533. A wurtzite phase of
ZnO was confirmed. No additional peaks corresponding to group 17 elements (Halogens)
and its oxide phase was obtained, thereby confirming that all samples were in crystalline
nature and wurtzite structure [45]. This could be attributed to substitution of Zn ions by CI
ions from the lattice without letting the disturbance in the hexagonal structure of ZnO.
However, an increasing order in the red shift in peak position plane (102) at the angle of
(47.476") in both pristine ZnO and CI" -doped ZnO samples was observed, which might alter
the optical properties due to the difference in the size of CI" and Zn atoms, as shown in
Figure 2(b). Furthermore, the obtained values of lattice parameters a and ¢ and volumes of
pure and CI" -doped ZnO nanostructures were observed in increasing order, suggesting the

incorporation of CI" atom into ZnO as shown in Figure 2 (c-e).
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Figure 2(a) XRD patterns for pure and CI" -doped ZnO nanostructures, which can be indexed as
a single phase of wurtzite ZnO structure using referencing code: (01-075-1533). (b) The
observed increasing shift in peak at 26 angle of 47.452 degree. (c-e) shows cell parameters a, ¢

and cell volume of ZnO:ClI nanostructures.

This increasing order may be justified owing to larger ionic radius of CI” (r = 1.81A) compared
with O (r = 1.40 A) and this leads to the induction of consistent expansion of the ZnO lattice
structures [46]. In addition, the doping of CI" into ZnO can further alter the distance in crystal
structure as well as in diffraction angle. Moreover, the crystallite size of the as-prepared samples

was evaluated from Scherer’s relation [47].

KA (2)
(FWHM)pk1 Cos(6)

Where D is crystalline size (nm), shape factor K= 0.94, A shows wavelength of X-Ray
(nm), B depicts Full Width at Half Maximum (rad) © denotes Bragg Diffraction Angle (deg).

D(nm) =

The average value of crystalline size of synthesized nanostructures was found 23.356 nm and
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their values were obtained in decreasing order with increasing ClI” as a dopant concentration into
ZnO. The decreasing order from (30.26 to 13.66 nm) in crystallite size is most likely to be a
contribution from the diffused and grown aspect of ZnO crystal structure due to marked
difference in ionic radius between Zn?* (0.74 A) and CI" (1.8 A), respectively. The chloride ion
as counter ion with other metal ions have shown reduction in the crystallite size due to
difference in the ionic radii of metallic ion and the chloride ion itself [48]. These size
characteristics are essential parameters for possibly improving the photocatalytic properties of
Cl'-doped ZnO nanostructures for potential applications in wastewater treatment as well as clean
up the environment. These crystallographic values of the as-synthesized nanostructures are

summarized in Table 1.

FWHM Crystalline cla( . Volume
Samples (degree) Size (hm) A A A) SF()ﬁfr']r)]g (nm)?
Pristine 0.388  30.23 186 322 173 080 966
ZnO
5%Cl/ZnO 0376  27.23 188 326 173 081  10.02
10%Cl/ZnO 0.381  25.27 189 328 173 082 1027
15%Cl/ZnO 0425  20.54 192 333 173 083 1066
20%Cl/ZnO 0542  13.66 200 347 173 086  12.06

Table 1: Lattice parameters, broadening width at half maximum, crystalline sizes d-spacing,

Volume of synthesized pristine and CI- -ZnO nanostructures

Scanning electron microscopic (SEM) analysis revealed that the addition of CI" ion as a
dopant into ZnO has significantly altered the morphology and crystal size from nanorod to
approximately thin film like structure. As can be evident from Fig. 3a, the pristine ZnO has
short nanorods morphology with hexagonal facets. The addition of 5% CI source as a dopant
into the ZnO precursors resulted in almost the same nanorods like morphology, but having
randomly aligned as shown in Fig. 3b. Further addition of 10% CI" -dopant into ZnO precursor

yielded a slightly aggregated structure with the presence of few nanorods ( Fig. 3c). Upon
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addition of 15% CI" dopant, compact cluster of nanorods has been produced (Fig. 3d). Finally,

the addition of 20% CI" as a dopant into ZnO precursor gave rise to a diffused and thin film like

Figure 3 (a-e) pristine Zn0O, 5, 10, 15, and 15% CI" doped ZnO respectively.

The EDX was employed to quantitatively analyze the presence of zinc, oxygen and chlorine in
the as-synthesized pristine ZnO and CI" -doped ZnO samples and spectra are enclosed in Figure 4
(a-e). Closer inspection of the obtained EDX pattern clearly emphasized that undoped ZnO
peaks, appeared in the emission of X-rays, only related to zinc and oxygen atoms as illustrated
in Fig. 4(a). Figures 5(b-¢e) obtained for 5%, 10%, 15% and 20% CI" -doped ZnO, respectively
showed the presence of chlorine atom along with zinc and oxygen atoms. Thus, the combined
EDX data confirmed the successful incorporation of CI" into ZnO nanostructured. The weight
percentage of chlorine was obtained as 0.62%, 1.77%, 2.93%, and 3.675% in the 5%, 10%, 15%
and 20% CI" -doped ZnO samples, respectively.
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Figure 4 (a) depicts the elemental composition of undoped ZnO and (b-e) shows ingredients in
5%, 10%, 15%, and 20% CI" doped ZnO.
Exploring the optical features of both pure ZnO and the four different samples of the as-
prepared Cl-doped ZnO nanostructures was undertaken via UV-Vis spectroscopy. Figure 5
represents the absorbance spectra measured over the range of 200 to800 nm. Careful analysis of
the obtained spectra implied that increasing Cl ion concentration by 5%, 10%, 15% and 20%
causes maximum wavelength absorption shift to higher wavelength, which could be assigned to
agglomeration of the nanostructures as reported elsewhere [49]. The energy gap conduction band
(CB) and valence band (VB) may be assigned to optical band gap, E. For hydrothermally
synthesized photocatalysts, the Tauc-equation is used to calculate band gap energy (Eg)

(ahv)™ = k(hv — Eg) 3)
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Figure 5(a) depicts the UV absorption spectrum and inset shows the Tauc plot between energy
and (ahv)? for Pristine ZnO. The extrapolation in inset represents 3.51 eV of pristine ZnO, 5(b-€)
represents UV absorption spectra and their insets show the Tauc’s plot between energy and
(ohv)? for 5%, 10%, 15%, and 20% CI'-doped ZnO, respectively.

\Where a denotes absorption coefficient, K is constant, hv is photon energy, n = 2 and E, (e.V)
represents the energy of optical band gap. Tauc’s plots of ZnO and CI" -doped ZnO are
represented in Figures 5(b-e). The insets in Figures 5(b-e) reveal the linear relation between
(ahv)® and hv and this linear portion of Tauc’s plot was extrapolated to the ordinate as to be
equal to 3.54 eV. The band gap energies of CI" -doped ZnO were evaluated as 3.42, 3.32, 3.24,
and 3.16 eV for 5%, 10%, 15% and 20% CI" -ZnO, respectively. The band gap energy follows
slightly decreasing order owing to density of defects between the conduction band and valence
band of CI" -ZnO, which possibly arises from the CI doping into ZnO. Thus, the non-metal (Cl)
doped ZnO causes decrease in optical band gap energy, which indicates the potential of CI" -ZnO
nanostructures under UV light irradiation. The extrapolations in their insets represent 3.42, 3.32,
3.24, and 3.16 eV for 5%, 10%, 15%, and 20% CI" -ZnO, respectively

3.2. Photodegradation activity of CI" doped ZnO nanostructures
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The photodegradation of (MB) using pristine ZnO and Cl’-doped ZnO nanostructures was
performed by irradiating UV light. The UV-Vis spectra of MB in aqueous solution at different
pH values were recorded at different irradiation time intervals of 25 min for pure ZnO and 15
min for CI" -ZnO as presented in Figures 6(a, b). Photodegradation activity of Cl-doped ZnO
nanostructures samples were inspected by pseudo-first order and linearly fitted graph Ln (C,/C;)

versus time showing degradation rate as enclosed in Figures 6(c, d), respectively.

1.4

— 144
e V1B . Pristine ZnO Py Pristine Zno
12425 min PH 5 25 min pH 11
Rl |F— i 1.2 1 [r—
50 min e 50 M
= =75 min o 75 min
= = i — o
E 1.0 s 100 min 5 1.0 100 min
s .—125m!n A =125 min
E 0.8 150 m!n 8 084 | 150 min
2 {—175min & e 175 min
2 0.6{=200min 2 0.6 =200 min
=1
< 2
0.4+ < 0.4
0.24 0294
520 50 500 540 550 720 520 560 600 640 680 720
(a) Wavelength (nm) (b) Wavelength (nm)
0.000011 12.3
| PristineZnO |==pH 5 B pH5 Pristine Zno
0.000010 - (=@=pH 11 ® pH11
ey = 0,0016 X + 11.45 R?=0.98
y =0.0036 X + 11.55
0.000009 120 ]
o’ i $)
£0.000008 &
c
0.000007 - 3
11.7 ie0.97
0.000006 4 '
0.000005 -
' r . . r ! 11.4 r r . r r
() © 40 80 120 160 200 F 40 80 120 160 200
Irradiation Time (min) d) Irrdaiation Time (min)

Figure 6 (a, b) UV-Vis absorbance spectrum of MB at certain intervals for pristine ZnO at pH 5
and pH 11 (c) depicts Ci/C, versus time (d) linearly fitted graph Ln (C,/C;) versus time showing
degradation rate

The maximum absorbance peak in the spectra was measured at 664 nm. The decreasing height of
the absorbance peak at 664 nm is a function of irradiation time as shown in Figures 7 and 8,

thereby reflecting the degradation of MB dye at pH 5 and 11.
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The illumination of UV light on the surface area of ZnO and Cl’-doped ZnO nanostructures
causes photogeneration of electron—hole pairs between conduction and valence bands, which is
generally responsible for the ignition of photocatalytic decomposition process leading to
degradation of dye pollutant. The photo-exited electron goes to CB where it offers high oxidation
potential to allow direct oxidation of MB in reaction medium. Furthermore, the photogenerated
species in VB and in CB limits the recombination rate of electron and hole by following the
oxidation reaction with either H,O, OH" or O adsorbed on ZnO and CI doped ZnO to produce
the hydroxyl radicals through the following reactions [50, 51]

Cl—Zn0 +hv > egg + hip 4)
ecg + Oz(aasorveay = 03 = 2057 + HY - H,0°™ + 03 (5)
his + H,0 » H* + HO® (6)
ecg + hip = Cl—Zn0O + Heat (7
H,0, + ezy — HO® + OH™ 8)
H,0,+ 05~ — HO* + OH™ + 0, 9)
H,0, + hv - 2HO® (10)

Finally, the hydroxyl radicals are used as the scavengers to decompose MB dye pollutant through
following reactions [51].

Dye + (05~ — HO® + HO;) — Intermediate — Product (11)
Figure 6 (a, b) schematically depicts the slow decreasing of the MB with time of 200 min at pH
5 and 11, whereas in case of CI" -doped ZnO the decrease in the height of the absorbance peak
occurs much faster with almost complete degradation of MB within irradiation time of 90 min at

pH 5 and 11 as illustrated in Figures 7 (a-d) and 8 (a-d), respectively.
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Figure 7(a-d) UV-Vis absorbance spectra monitoring the concentration of MB after 15
intervals of time for 5%, 10%, 15% and 20% CI" -ZnO at pH 5, respectively.
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Figure 8 (a-d) UV-Vis absorbance spectra monitoring the concentration of MB after 15 min
intervals of time for 5%, 10%, 15% and 20% CI-doped ZnO at pH 11, respectively.

The photocatalytic degradation activity may also be affected by various factors such as amount
of catalysts, pH value, and concentration of MB, radiation of energy as well as the irradiation
time. The effect of concentration of ClI" as a dopant into ZnO on the photodegradation of MB
dye was investigated using different samples of CI" -doped ZnO photocatalyst. For this study,
percentile of CI" as a dopant was varied from 5% to 20% of ZnO to optimize the performance of
the photocatalysts. The 0.1 mM concentration of MB dye was kept constant for all samples to
evaluate the effect of dopant concentration on the degradation process. The obtained data reveals
that photocatalytic degradation efficiency for MB with pristine ZnO was about 57.75% and
75.78% over 200 min at pH of 5 and 11, respectively, as shown in Figure 9(a). Whereas, the
performance with 5%, 10%, 15%, and 20% CI" -doped ZnO over a period of 90 min was
calculated to be 64.47%, 71.35%, 80.03% and 89.91%, respectively at pH 5 (see Fig. 9(b)).
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These values are markedly enhanced upon increasing the pH to 11, where under the same
reaction time (90 min) about 75.20%, 81.19%, 88.67% and 99.45% were achieved as shown in
Fig.9(c). In view of these results, it is clearly established that with 20% CI" concentration in ZnO
the best photocatalytic activity for MB degradation with efficiency of ~89.91% and 99.47%
within 90 min was attained at pH values of 5 and 11, respectively as represented in Fig.9 (b, c).
This improved photocatalytic performance with 20% CI" -dopant ZnO could be attributed to the
presence of surface- active sites and reduction in the optical band gap ®2. Thus, it can be
concluded that 20% CI" -doped ZnO is giving maximum degradation efficiency and hence it may
be considered as a promising photocatalyst for wastewater treatment..

It is widely accepted that the pH of a stock solution can be considered as a main factor and plays
a vital role in driving the photosensitivity of material through the surface charges %4, For this
purpose, we studied the effect of pH on the photosensitivity of as-prepared ClI doped ZnO
materials towards the degradation of MB at pH 5 and 11. The pH value was set with help of 0.1
M HCI and 0.1 M NaOH. The MB concentration of 0.1 mM was kept constant. In this study, we
found that the photocatalytic efficiency of pure ZnO (without CI” doping) is ~50% and 55% at
pH 5 and 11, respectively. The degradation efficiency of pristine n-type semiconductor ZnO was
evaluated to be 57.75% and 75.78% over the time intervals of 200 min at pH 5 and 11,
respectively as shown in Fig: 9(a). Whereas, Figure 9(b) shows under same time and same
condition the 20% CI" -doped ZnO could degrade 89.91% at pH of 5 indicating degradation
efficiency at pH 5 is less than pH 11. On other hand, with 20% Cl'-doped ZnO, the
photocatalytic efficiency reached maximum at pH of 11 with degradation efficiency of 99.47%
of MB over 90 min for 20% CI" -doped ZnO as represented in Figure 9(c). On the basis of this
finding, it is evident that the degradation reaction is highly accelerated in alkaline media
compared to acidic; this might be due to the greater electrostatic attraction between MB and the
nanocomposites [55, 56]. The minimum efficiency was observed at pH 5 and 11 for 5% CI" -
doped ZnO with degradation efficiency of 64.92% and 75.23%, respectively as presented in
Figure 9(b, c). The obtained results of degradation efficiency are very close to the previous

studies.

Figure 9: (a) Degradation efficiency of pristine ZnO at pH 5 and 11 (b) Degradation efficiency

of CI-ZnO nanostructures at pH 5 (c) Photodegradation Efficiency of CI -ZnO nanostructures at
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pH 11 (d) Degradation rate eeefficient with CI" increasing percentile concentration with ZnO at
pH5and 11

research work [56]. The role of pH on the photosensitivity of material is complicated and could
be understood through the related reported works [57]. Additionally, S. Sunitha et al, [58], Iraj
Kazeminezhad et al, [59] have proposed that both the acidic and basic features on the surface of
the metal oxides as well as the density of zero-point charge (zpc) can be considered as the main
factors for producing lower photocatalytic degradation performance at lower pH values and

higher degradation efficiency at higher pH values.

The photocatalytic activity of pristine ZnO and CI-doped ZnO for the degradation of MB
solution was evaluated under UV light. The evaluation in terms of quantifying the differences in
degradation rates and obtaining the pseudo first-order kinetic constants was accomplished via
using MB solution. Moreover, the rate of photocatalytic reaction and MB photo-decolorization
rate constants have been performed using pseudo first order kinetics as shown in the following
equation.

Lni—‘;=Kt (12)
Where, C, concentration of MB before degradation, C; concentration of MB after degradation of
at time (t), k shows Pseudo-first order rate constant. The degradation rate coefficient was
obtained through the linear fitting of Ln (Co/C,) as a function of time. The degradation rate was

highly enhanced with successive addition of CI" concentration into ZnO. Figure 5d shows the

[

linearly fitted kinetic plot between Ln(é— and time interval (min) yielding the degradation rate
t

coefficient for pristine ZnO at pH 5 and 11. The linearly fitted kinetic plot follows the pseudo

first order kinetics model and operating the slope may yield the degradation rate constant of

0.004 min™* and 0.006 min* at pH 5 and 11, respectively as shown in Figure 6(d). Whereas in

the case of CI" -doped ZnO, a better degradation rates for MB at pH 5 and 11 were attained.
Co

Figure 10 (b and d) depicts the linearly fitted graph between an_ and time (min) revealing the
t

degradation rate constants are function of CI" ion concentration with respect to ZnO at pH 5 and

11, respectively.
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Figure 10 (a and c) Depicted graph Ci/C, versus time, indicating decreasing trend for 5%, 10%,
15% and 20% CI" -doped ZnO at pH 5 andl11, whereas Figure 10 (b and d) represented the
linearly fitted graph Ln (C,/C; ) versus time and showing increasing degradation rate for 5%,

10%, 15% and 20% CI" -doped ZnO at pH 5 and 11, respectively.
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As more Cl ions appears on the surface of ZnO, it causes slower recombination rate which
ultimately leads to a faster degradation rate at both pH 5 and 11 [60]. Moreover, the doping of
ClI into solid ZnO may increase the escaping of number of electrons/holes pairs to the surface of
ZnO nanostructures and therefore enhanced photodegradation rate and efficiency of the CI'-
doped ZnO. The estimation parameters such as degradation rate, pH value, degradation
efficiency, time, optical band gap and regression coefficient (R?) are listed in Table 2.

Table 2: shows time for degradation, degradation efficiency, R?and rate constant at pH 5 and 11.

Band pH5 pH 11
Samples Gap . Deg: Rate . Deg: Rate
(eV) ;rr::;]e) Eff: | R? | constant ;I'r:]r::]e) Eff: | R?® | constant
(%) (min1) (%) (min’1)
Pristine
Zn0 3.54 200 5756 0.99 0.004 200 75.78 0.97 0.006
5%CIl/ZnO 3.42 90 64.47 0.98 0.010 90 75.20 0.97 0.012
10%ClIl/ZnO 3.32 90 71.35 0.97 0.014 90 81.19 0.98 0.015
15%CI/ZnO 3.24 90 80.03 0.95 0.018 90 88.67 0.97 0.018

20%Cl/Zn0O 3.16 90 89.91 093 0.021° 90 9945 091 0.041

It is worth mentioning here that the increase in the CI" as a dopant concentration, from 5 to 20%,
has caused a gradual change in degradation rate, from 0.010 to 0.021 min* at pH 5, whereas at
pH 11 it increases from 0.012 to 0.041 min™* as shown in Figure 9(d).

The maximum photocatalytic activity was measured at 20% Cl-doped ZnO over pH 5, with a
degradation rate five times larger than that of pristine ZnO. On the other hand, with 20% CI -
doped ZnO, it appeared six times larger than that of pristine ZnO at pH 11. Thus, the two-fold
approaches were reported for the cause of the improved photocatalytic performance. First, it
might be assigned to the combinational effect of CI" and ZnO. It was noticed by the reduction of
size and optical band gap of prepared CI" doped ZnO samples, which consequently led to the
suppression of the recombination of electrons/holes pairs [49]. In other words, in a particular
system, the rate of interfacial charge transfer may be increased by decrease in particle size,

which consequently increases the number of active surface sites. In this case, hydroxyl and
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superoxide radicals are formed when the photogenerated charge carriers react with absorbed
molecules. However, our findings revealed that the decrease in the particle size might not sole
responsible for the improved photocatalytic activity. The rate of degradation of MB might be
affected by the amplification in the rate of recombination process, thus sufficiently small particle
in size is proportionally raising the activity [61]. In addition, the degradation rates for Cl’-doped
ZnO follows an order of 20% CI-doped ZnO > 15% CI’-doped ZnO > 10% CI-doped ZnO > 5%
Cl'-doped ZnO at both pH values of 5 and 11.

Additionally, pH 11 yields the optimum photo degradation activity giving rise to a degradation
rate of 0.041 min*. Significantly, the maximum values at pH 5 and 11 are in good agreement
with the reported literature and the obtained results are justified with the dynamic approach in
which increasing the pH of the medium may cause creation of more available active sites and
thereby yielding more hydroxyl radicals onto the catalyst surface [61]. Besides, the decreasing
trend in band gap energy influences the photocatalytic performance for waste water treatment.
Our findings regarding band gap appeared in decreasing order, from 3.54 to 3.16, with increasing
CI" concentration into ZnO. As band gap findings suggest that a decrease in the band gap energy
can produce enhanced performance of Cl-doped ZnO at both pH 5 and 11. The peak
performance obtained with 20% CI-doped ZnO was 89.91% and 99.45% at pH 5 and 11,
respectively as shown in Figure 9(b, c). Significantly, the prepared Cl-doped ZnO
nanostructures, in this investigation, showed a much greater efficiency in the degradation process
of MB upon exposure to UV light than previous studies as summarized in Table 2. The
degradation efficiency of the synthesized pristine ZnO and CI-doped ZnO for removal of MB
over pH 5 and 11 is as follows: ZnO < 5% CI-doped ZnO < 10% CI'- doped ZnO < 15% CI -
doped ZnO < 20% CI'- doped ZnO. Thus, the 20% CI-doped ZnO might be considered as the
optimum value for a promising photocatalysts [62]. }

Furthermore, this observation may be also explained as that introducing of various concentration
of CI" ions as dopant into ZnO nanostructures may lead to large plasmonic effect that produces
significant impact on reaction kinetics and degradation efficiency. The degradation efficiency of
proposed study at pH 5 and 11 was compared with the published works [63-70] as given in Table
3. It is obvious that the our CI doped ZnO material has either equal or superior degradation
efficiency in highly alkaline conditions. The possible reason of higher performance in high

alkaline pH of dye solution could be related to the high density of hydroxyl groups which
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potentially improved the degradation reaction kinetics of MB in aqueous solution, consequently

higher degradation efficiency was observed.

Table 3: Shows the comparison of degradation efficiency of the 20% Cl'doped ZnO

photocatalyst at pH 5 and 11 with the reported results.

Light

Catalyst

Degradation

Name of Material SoUrce Dye pH Dose Time Efficiency Ref
ZnO UVliight | MB | 11 | ... 240 min 81% [63]
W-ZnO UV light | MB 11 20mg 90 min 89% [64]
ZnO UV light | MB 11 0.05g 240 min 81% [56]
Mn-ZnO UV light | MB 05 0.30g/L 120 min 41% [65]
WO3/Si02 UVlight | MB | 11 0.1 g/L 120 min 91% [66]
ZnS:CdS UV light | MB 10 0.1g/L 360 73% [67]
Zno/ SAS)C_)L'J:’"‘ AC-| suntight | mB | 6 1g/L 150 min 95.7% [68]
Ag/ZnO UV light | MB 8 3g/L 180 min 100% [69]
ZnO/BW0MNIO | (s jight | MB | 10 | 003g/L | 150 min 08 [70]
Cl-doped ZnO UV light | MB 05 0.1g/L 90 min 89.91%
Present Work
Cl’-doped ZnO UV light | MB 11 0.1g/L 90 min 99.45%

4. Conclusions
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In summary, we have successfully synthesized four new Cl-doped ZnO samples having 5, 10, 15,
and 20% concentrations of CI” ion and compared its photocatalytic degradation efficiency
towards MB at acidic (pH = 5) and basic (pH=11) media to that of pristine ZnO. The effect of
pH on degradation of MB as well as the role of different concentration of CI" as dopant into ZnO
was investigated. The obtained results for the band gap energy of all Cl-doped sampled were
found in decreasing trend whereas the efficiency of photocatalytic degradation of MB was
observed in increasing trend. The doping of Cl- ion induced the reduction of optical band gap of
ZnO, created defects in the crystal structure and consequently enhanced photocatalytic activity
towards the degradation of MB in alkaline conditions was observed. The obtained maximum
degradation constants were (0.021 min?), (0.041 min™), five and six times larger than that of
pristine ZnO, at pH 5 and 11, respectively for the 20% CI-dopedZnQO. Upon irradiation for ~200
min, the degradation efficiency of pristine ZnO was found to be 57.75% and 75.78% at pH 5 and
11, respectively, whereas much higher values of 89.91% and 99.45% were obtained for he 20%
Cl'-doped ZnO after irradiating with UV light for only 90 min. The photocatalytic efficiency
upon using Cl™-doped ZnO nanostructures for degradation of MB was observed in the order (20%
Cl'-doped ZnO > 15% CI'- doped ZnO > 10% CI'- doped ZnO > 5% CI'- doped ZnO > pristine
Zn0). The obtained results confirm that the CI" doped ZnO nanostructures may be considered as
a promising and alternative photocatalysts for wastewater treatment and other related

environmental applications.
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