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ABSTRACT

Carbon microspheres were successfully synthesized using glucose, urea, and zinc salt as raw mate-
rials at low temperatures. Carbon microspheres were soaked in silver nitrate solution and cal-
cined at 500°C for 3 h to obtain Ag/ZnO microspheres. The samples obtained were characterized
using X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy.
Dichloromethane degradation was investigated under visible light by using Ag/ZnO microspheres
as photocatalysts. Results showed that the Ag/ZnO-3 microspheres had improved photocatalytic
effects on dichloromethane. Ion chromatography and conductivity methods were used to measure
the varied photocatalytic time data of dichloromethane solution, and their results were compared.
The conductivity of the dichloromethane solution increased from 14 to 32 ps cm™ after photocatalysis
for 180 min with Ag/ZnO-3 microspheres. *OH played a major role in the degradation process, and
the steady-state concentration of *OH was 1.54 x 107® mol L™ in the composite microspheres was
prepared by soaking with 0.05 M Ag photocatalyst. Liquid chromatography was used to analyze the
valid photocatalytic reaction time of the liquid chromatogram. Results suggested that in the photo-
catalytic reaction, dichloromethane was dechlorinated into carbon dioxide and hydrogen chloride.

Keywords: Ag/ZnO microspheres; Photocatalysis; Dichloromethane

1. Introduction

As a common pollutant in drinking water, dichloro-
methane (CH,CL,) usually comes from industrial pollution
or harmful components from the chlorination of water [1,2].
Dichloromethane contributes to the pollution of soil, water
bodies, and air; the decay of the stratospheric ozone layer;
and smog formation and generates harmful odors, lead-
ing to chronic toxicity in humans, animals, and vegetation
[3-6]. Therefore, dichloromethane is an important indica-
tor, and waterworks must be monitored. CH,Cl, should
be eliminated before discarding the wastewater into the
environment.

* Corresponding author.

Photocatalysts have attracted a lot of attention in energy
conversion and pollution purification in recent years.
Among various photocatalysts, semiconductor photoca-
talysts are one of the best choices because of their good
stabilities, adjustable band gaps, and high activity [7-10].
ZnO nanoparticles are widely used as traditional functional
materials in solar energy, catalysts, medicine, and cosmetic
substances. Substantial research is devoted to the prepara-
tion and the performance of ZnO nanoparticles and their
compounds and the preparation of different kinds of mor-
phological ZnO nanoparticles and their compounds [11-15].
Compared with particle materials, ZnO nanoparticles
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and their compounds have gained considerable attention
because of their special structure, specific surface area, and
a wide range of applicability [16-18]. Aside from the struc-
tural design, the decoration of a noble metal can improve
the photocatalytic activity of conventional photocata-
lysts [19,20]. The Ag nanoparticles in Ag/ZnO compounds
are the key to enhance the catalytic performance [21-24].
Ag has attracted attention due to its low cost, nontoxicity,
and high electrical and thermal conductivities. A series
of Ag/ZnO nanocomposites with different morphologies
(such as nanoparticles, nanofiber, hollow microspheres,
microrods, and cauliflowers and pompon-, dendrite-,
and flower-like ZnO microstructures [25-31]) is prepared
through various methods. Moreover, these composites have
received much attraction in many photofunctional appli-
cations including solar cell, photocatalytic water splitting,
purification of water and air, and bacterial inactivation [32].

Herein, we present a facile and practical method to
fabricate new structural Ag/ZnO compounds. In accor-
dance with previous studies and experiments, the carbon
microspheres are synthesized using glucose, urea, and zinc
nitrate in an autoclave at low temperature [33]. Carbon
microspheres serve as templates to prepare ZnO and Ag/
ZnO microspheres. The effects of Ag content on the struc-
tural properties of ZnO are studied. In addition, the mor-
phologies, structures, and photoelectric properties of Ag/
ZnO nanocomposites are investigated. The photoactivity
of the prepared nanocomposites is assessed based on the
dichloromethane photodegradation.

2. Experimental
2.1. Experimental material

Glucose (CH,,O,H,0O, analytically pure), zinc nitrate
(Zn[NQ,],-6H,0, 99.0%, analytically pure), silver nitrate
(AgNO,, 99.8%, analytically pure), dichloromethane (CH,Cl,,
99.5%), and urea (CO[NH,],, 99.0%, chemically pure) were
purchased from Sinopharm-China. All reagents were used
without further purification. Deionized water was used
throughout this study.

2.2. Preparation of ZnO and Ag/ZnO microsphere photocatalysts

Initially, 6.0 g glucose and 1.0 g urea were added to
40 mL deionized water. The mixture was stirred for 10 min,
added with 2.0 g zinc nitrate, and stirred for 10 min. The
solution was hydrothermally treated in Teflon-line auto-
clave (50 mL) at 135°C and 150°C subsequently for 3 h
each. The solution was kept at room temperature, and the
black precipitate was filtered. The product was rinsed thor-
oughly with deionized water and dried at 80°C for 5 h,
and carbon microspheres were obtained.

The impregnation method was used to prepare Ag/
ZnO microspheres. The prepared carbon microspheres
(2.0 g) were immersed in 20 mL silver nitrate solution for
2 h, and the concentrations of the silver nitrate solution
were 0.005, 0.025, 0.05, and 0.1 M. After drying at 80°C,
carbon microspheres were placed in a muffle furnace at
500°C for 3 h. Finally, Ag/ZnO microspheres were obtained
through the calcination of carbon microspheres and kept

at room temperature. Samples were labeled as Ag/ZnO-1,
Ag/ZnO-2, Ag/ZnO-3, and Ag/ZnO-4.

2.3. Characterization of Ag/ZnO microspheres

The powder X-ray diffraction (XRD) was carried out
using the XRD-6000 (SHIMADZU, Japan) with the cop-
per target, and the Ko radiation was used for the phase
identification. Diffracted X-ray intensities were recorded
as a function of 20. Scanning electron microscopy (SEM)
was conducted using the S-4700 (Hitachi, Japan) instru-
ment and the LED 1530VP SEM. Energy-dispersive X-ray
spectroscopy (EDS) was performed using the OXFORD
EDS(UK). The specific surface areas and the pore struc-
tures of the samples were determined using a nitrogen
adsorption apparatus (BELSORPmini, BEL, Japan). The ele-
ments of each sample were determined through ICP-OES
measurements (Agilent 720-ES instrument, USA), and the
samples were digested in a mixture of sulfuric and nitric
acids. The bandgap of Ag/ZnO microspheres were ana-
lyzed via UV-vis absorption using PE lambda 7505 (USA)
in the spectral range 300 to 700 nm.

2.4. Measurement of the photocatalytic activity

Dichloromethane (CH,Cl,) was used as a model organic
compound to investigate the photocatalytic activity of
Ag/ZnO microspheres. The catalyst (25 mg) and CH,CI,
(0.1 mL) were added into 50 mL purified water, and the
mixture was stirred in the dark. The conductivity of the
chloride ion concentration in the CH,Cl, solution was
tested. The solution was stirred under irradiation of two
36 W fluorescent lamps, and the conductivity of the chlo-
ride ion concentration was tested every 30 min. The effect
of the CH,Cl, photocatalytic dechlorination was analyzed
through the changes in the conductivity of the chloride ion
concentration in the dichloromethane solution. Ion chro-
matography (IC) was conducted using the DIONEX ICS-
100, whereas liquid chromatography (LC) was conducted
using the SHIMADZU LC-10Atvp, SPD-10Avp ultraviolet-
visible photometric detector, Rheo-dyne 7725 sample valve,
and Chiang’s chromatography workstation (using C18
chromatogram column).

2.5. Determination of the free radical (*OH) concentration

The concentration of hydroxyl radicals (*OH) is an
essential factor in the photocatalytic process and has a pos-
itive relationship with the oxidation ability. The salicylic
acid method was used to determine the concentration of
*OH. The theoretical basis for this method was that sali-
cylic acid captured *OH to generate 2,3-dihydroxy benzoic
and 2,5-dihydroxy benzoic. The reactants had a maximum
optical absorption peak at 510 nm. The type 722 spectro-
photometer, which was purchased from Shanghai Precision
Scientific Instrument Co., Ltd. (China), was used to deter-
mine the *OH concentration.

The concentration of hydroxyl radicals was calculated
in accordance with Eq. (1):

['OHL = II; (1)
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where [*OH] is the steady-state *‘OH concentration in
10 mol L7, K, is the pseudo-first-order reaction rate
constant in s, and K, is the second-order rate constant
(2.7 x 10 mol* L s [34].

3. Results and discussion
3.1. Photocatalytic activity of Ag/ZnO microspheres

The photocatalytic activity of Ag/ZnO microspheres
was conducted using two 36 W fluorescent lamps as the
irradiation source. The catalyst (25 mg) was added to the
dichloromethane solution for a photocatalytic reaction.
The changes in the conductivity of the solution under
varied photocatalytic times in the photocatalytic process
are shown in Fig. 1.

Fig. 1 shows the changes in the solution conductivity
of the photocatalytic reaction under the effect of Ag/ZnO
series catalysts. When Ag/ZnO microsphere photocata-
lysts were added into the dichloromethane solution, the
dichloromethane degradation improved evidently. Among
the Ag/ZnO catalysts, Ag/ZnO-3 exhibited the most ideal
catalytic effect. The dichloromethane solution conduc-
tivity increased from 14 to 32 ps em™ after photocatalysis
for 180 min. At low Ag content, the photocatalytic perfor-
mance of ZnO was not promoted. However, the excess Ag
was deposited on the surface of ZnO, which hindered the
photocatalytic reaction. This phenomenon reduced the
photocatalytic activity of the catalyst, which mainly due
to the addition of Ag beyond the optimum concentration
will decrease the degradation rate due to the excess Ag on
ZnO surface blocking UV light [35].

Additionally, IC was used to measure the chloride ion
concentration at various time points, such as before add-
ing catalysts, adsorption in the dark for 30 min, and varied
times of photocatalysis by using Ag/ZnO-3 microspheres as
catalysts. This step was done to determine the conductivity

35
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Fig. 1. Effect of Ag/ZnO microspheres on dichloromethane

(a) without catalyst, (b) Ag/ZnO-1, (c) Ag/ZnO-2, (d) Ag/ZnO-4,
and (e) Ag/ZnO-3.

of the dichloromethane solution and investigate whether
it could reflect the photocatalytic degradation of dichloro-
methane. The chloride ion concentration and the conduc-
tivity of the dichloromethane solution at varied time points
are shown in Table 1.

The electrical conductivity and the chloride ion
concentration of the dichloromethane solution of the
experimental and the control groups were compared. The
change in the conductivity of dichloromethane in the aque-
ous solution was consistent with the change in chloride
ion concentration (R* = 0.9065, P < 0.05), and the photocat-
alytic dechlorination effect of dichloromethane in water
could be better reflected by measuring the conductivity
of the aqueous solution.

3.2. Photocatalytic mechanism
3.2.1. XRD pattern of Ag/ZnO-3 microspheres

The XRD patterns of Ag/ZnO-3 are presented in Fig. 2.
The sample diffraction peaks at 31.9°, 34.6°, 36.4°, 47.7°, 56.8°,
63.1°, 66.6°, 68.2°, and 69.3° were consistent with the peaks of
ZnO [36], whereas the peaks at 38.1°, 44.3°, and 64.5° were
consistent with the peaks of Ag [37]. This result suggested
that the high-temperature roasted samples were compounds
of Ag/ZnO.

Table 1
Comparison of two methods for the
dichloromethane solution

determination of

Time (min) Ion chromatography Conductivity
(mg/L) (us/cm)
Before absorbtion 0.07 2.0
After absorbtion 0.11 14
30 0.18 21
60 0.35 23
90 0.48 26
120 0.56 28
150 0.61 30
180 0.64 32
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Fig. 2. XRD pattern of Ag/ZnO-3 microspheres.
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Fig. 3. SEM images of (a and b) Ag/ZnO-3, (c) ZnO microspheres, and EDS spectrum (d) Ag/ZnO-3 microspheres.

3.2.2. SEM and EDS of Ag/ZnO-3 microspheres

Figs. 3a and b show the SEM images of the overall
appearance and the surface structure of Ag/ZnO-3 micro-
spheres. The diameters of Ag/ZnO-3 microspheres ranged
from 8 to 15 um. An SEM image of ZnO (c) alone has been
given, it could be found that the diameters of the Ag/ZnO-3

microspheres were larger than those of ZnO. The micro-
spheres comprised ZnO particles and silver nanoparticles,
the overall structures were loose. The microsphere structure
could present a superior performance in the photocatalytic
reaction because of their low density, high surface area, easy
settlement, good delivering ability, and surface permeability
[24,38,39].
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The EDS method was used to analyze the presence of
Ag in the prepared ZnO microsphere. The spectrum showed
that the surface of Ag/ZnO-3 microspheres had Ag, Zn,
and O elements without impurities (Fig. 3d).

3.2.3. Specific surface area of Ag/ZnO microspheres

The nitrogen adsorption and desorption of Ag/ZnO-1,
Ag/ZnO-2, Ag/ZnO-3, and Ag/ZnO-4 samples obtained
using high-temperature roasting were studied. The BET
specific surface areas of each sample are shown in Table 2.
Results showed that with increasing amount of Ag added
in the preparation process, the specific surface area of Ag/
ZnO microspheres prepared using high-temperature
roasting decreased gradually. When the concentration of
AgNOQO, increased from 0.005 to 0.05 M for Ag/ZnO micro-
sphere preparation, the specific surface area decreased to
2.48 m? g. Further increase sharply reduced the specific
surface area, which may lead to the poor photocatalytic
activity of the catalyst, and this finding was consistent with
the degradation results.

3.2.4. Elemental analysis of Ag/ZnO microspheres

The chemical compositions of Ag/ZnO-1, Ag/ZnO-2, Ag/
ZnO-3, and Ag/ZnO-4 samples were analyzed using ICP-
OES. The ICP-OES results of the elements of each sample are
summarized in Table 3.

In Table 3, when the initial concentration of AgNO,
increased from 0.005 to 0.1 M for Ag/ZnO microsphere
preparation, the mass fraction of Ag in Ag/ZnO increased
from 2.4% to 34.03%, and the optimum content of Ag in
Ag/ZnO composite was 17.73%.

3.2.5. Optical property

The bandgap energy of semiconductor-based photo-
catalyst material plays a dynamic role in deciding the

Table 2
Surface area data for Ag/ZnO microspheres

Sample Sypr (M?/g)
Ag/ZnO-1 5.36
Ag/ZnO-2 2.56
Ag/ZnO-3 2.48
Ag/ZnO-4 0.72

Table 3

ICP-OES results for Ag/ZnO microspheres
Sample Ag (%) Zn (%)
Ag/ZnO-1 24 79.19
Ag/ZnO-2 9.73 71.48
Ag/Zn0O-3 17.73 66.14
Ag/ZnO-4 34.03 52.62

photocatalytic activity under light irradiation [40]. The Ag/
ZnO-3 microsphere was analyzed via UV-vis absorption,
the photoluminescence spectra (PL) of Ag/ZnO-3 micro-
sphere is shown in Fig. 4. From the raw data obtained in
UV-vis absorption, the band-gap is calculated using Tauc’s
formula [39], as shown in Eq. (2). The band-gap of Ag/ZnO-3
microsphere comes out to be approximately 2.89 eV, lower
than the band-gap of ZnO, which is favorable for improved
photocatalytic activity due to modification in bandgap
energy [11]. Moreover, ZnO photocatalyst modified by
Ag will improve its photocatalytic activity and impose the
photostability of ZnO [41,42].

(ahv)z =hv— Eg )

wherein o, &, and v represented absorption coefficient,
Planck constant, and light frequency, respectively [43].

3.2.6. Free radical (*OH) concentration

Hydroxyl radical ("OH) was generated during photoca-
talysis, which plays a leading role for the removal of resis-
tant organic pollutants from water [11,19]. The catalytic
performance of microspheres could be evaluated by deter-
mining the concentration of *OH. In this study, the salicylic
acid method was used to determine the concentration of
*OH. Results are shown in Fig. 5. The absorbance of exper-
imental groups increased with time. The group soaked with
0.05 M Ag showed the largest increase, suggesting that the
production of *OH was more than that of the other groups.
Large amounts of *OH could effectively oxidize the pollut-
ants in water, which was consistent with the experimental
results above.

In accordance with the formula [*OH]_ = K/K, [44],
the experimental results were obtained (Table 4). After
60 min of photocatalysis, the steady-state concentration of
*‘OH could be concluded as 1.54 x 10® mol L™ in the com-
posite microspheres prepared by soaking with 0.05 M Ag
photocatalyst, and this value was higher than those in

(ahv)?

0 T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Energy (eV)

Fig. 4. Tauc’s plot for Ag/ZnO-3 microsphere.



Z. Xu et al. | Desalination and Water Treatment 216 (2021) 162-169 167

0.18

—0— C(Ag)=0.05M
—0— C(Ag)=0.1M
——C(Ag)=0.025M
—— C(Ag)=0.005M

0.16 4

0.14 H

0.12 4

0.10

0.08 4

Absorbance

0.06 4

0.04

0.02 1

0.00

T (min)

Fig. 5. Absorbancy of *OH concentration with different
Ag/ZnO Catalyst.

other composite microspheres. Therefore, for the composite
microspheres prepared by soaking with different concen-
trations of Ag, when the concentration of Ag was 0.05 M,
increased *OH could be produced in the photocatalytic
process of the prepared composite microspheres.

3.2.7. Analysis of the degradation process

LC was used to analyze the dichloromethane solu-
tion after 1 and 4 h of photocatalytic reaction by using Ag/
ZnO-3 microspheres as catalysts. The mobile phase of the
liquid chromatograph comprised methyl alcohol and water
(volume ratio of 55:45). The flow rate was 1 mL min, and the
determined wavelength was 218 nm. The liquid chromato-
gram of the dichloromethane solution after photocatalysis
for 1 and 4 h are shown in Fig. 6.

The liquid chromatograms of the dichloromethane pho-
tocatalytic degradation after 1 and 4 h were compared in
the figures above. The dichloromethane solution after 1 h of
photocatalysis still showed undecomposed dichlorometh-
ane chromatographic peaks (retention time is 5.208 min).

1.0 0.20
0.18 |-
08} (a) 5218 o161 (b)
0.14
E 06 - 012
=< E 0.10 |-
> 04 | N r
> 0081 5208
0.06 -
02 L
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Time /min Time /min
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>
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>
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Fig. 6. Liquid chromatogram of dichloromethane solution (a) control, (b) after photocatalysis for 1 h, and (c) after pho-

tocatalysis for 4 h.
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Table 4
Radical concentration of different Ag/ZnO microspheres

C (Ag) (mol/L) n (sample points) R? K, (10° min™) [*OH]_, (107 mol/L)
0.1 6 0.9434 1.8 1.11
0.05 6 0.9451 2.5 1.54
0.025 6 0.9239 14 0.86
0.005 6 0.9443 0.6 0.37

After 8 h of photocatalytic process, the solution showed no
dichloromethane chromatographic peak and other mid-
decomposition products. This result suggested that dich-
loromethane was decomposed into carbon dioxide and
hydrogen chloride directly through photocatalysis.

3.2.8. Photocatalytic mechanism summary

The response ability of composite microspheres to vis-
ible light was enhanced due to the Ag particles attached
to the surface of microspheres. Ag/ZnO microspheres can
adsorb more dichloromethane molecules because of their
large specific surface area, thereby promoting the reaction
between dichloromethane molecules and hydroxyl radi-
cals in the system. The electrons of Ag/ZnO microspheres
were transferred from the valence band to the conduction
band by absorbing photons, and positively charged holes
were formed in the valence band at the same time. Then,
*‘OH was produced with the reaction between H,O mol-
ecules and holes, and dichloromethane was decomposed
into CO,, H*, and CI- with the oxidation of *OH (Fig. 7).
Ag is considered as one of most promising electrocata-
lysts for the oxygen reduction reaction [45], indicating that
photogenerated electrons can reduce O, into the superox-
ide radical easily on the Ag particles in the photocatalytic
progress [46,26]. More superoxide radicals are generated,
enhancing the photocatalytic activity.

4. Conclusion

Doping appropriate Ag onto the Ag/ZnO microspheres
is effective in improving the photocatalytic performance.
The effect of the catalyst on dichloromethane can be ana-
lyzed using the conductivity of the dichloromethane solu-
tion. The conductivity increased from 14 to 32 pus cm™ after
photocatalysis with Ag/ZnO-3 microspheres for 180 min.
*‘OH was proven to play a major role in the degradation
process, and the steady-state concentration of *OH was

Visible light eeeeee

H:0

) OH
+

CH:C1;

b COL+H*CT

[ I XN KT

Ag/Zn0
microsphere

Fig. 7. Possible photocatalytic degradation mechanism of
CH,CI, under visible light irradiation.

1.54 x 10" mol L in the composite microspheres prepared
by soaking with 0.05 M Ag photocatalyst. The results of LC
suggested that in the photocatalytic reaction, CH,CI, was
dechlorinated into carbon dioxide and hydrogen chloride.
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