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Abstract—A novel ceramsite coated with micro-cuprous oxide (Cu,O) catalyst was prepared and its photocatalytic
activity was investigated by determining the degradation of methylene blue (MB) in aqueous solutions under Xe light.
The results showed that the catalyst had many outstanding characteristics, such as higher BET specific surface area,
larger pore size and stronger visible-light adsorption capacity, suggesting that it is a promising photocatalytic material.
Under experimental conditions the initial concentration was 15 mg/L, pH was 3 and photocatalyst dosage was 0.5 g,
and the degradation rate of MB reached 93.31% after Xe light was irradiated for 75 min. The photocatalytic degrada-
tion of MB followed the pseudo-first-order kinetics model, with high correlation coefficient values (R*>0.95). Some
major degradation intermediates and desired products were identified by GC-MS and IC, respectively. Finally, the deg-
radation pathways of MB by the catalyst under Xe light were proposed.
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INTRODUCTION

Photocatalysis has been extensively studied for the treatment of
contaminated water [1-4]. The technology belongs to advanced
oxidation process (AOP), which can decompose pollutants in the
presence of nano/micro-meter semiconductor catalyst and ultravi-
olet or visible-light illumination, without adding any oxidation agents.
Among various nano/micro-meter semiconductors [5-7], nano/
micro-Cu,O is one of the first known p-type semiconductors with
a narrow direct band gap of 2.0-2.2 eV [8,9]. Micro-Cu,O has been
considered as a potential practical candidate in environmental pol-
lution control, because it is found naturally in abundance, low-cost
production processing, nontoxic nature, decomposition of water
into O, and H, molecules, degradation of organic pollutants and
sensing gas under visible-light irradiation (1<620 nm) [10-13]. Many
researchers have suggested that nano/micro-particles are difficult
to recycle and reuse, especially in the field of wastewater treatment,
because they are too small and tend to aggregate [14]. On the other
hand, the stability of nano/micro-particles is a serious issue in oxi-
dation-reduction reactions [15]. The problems have hindered the
implementation of the particles in the full-scale treatment of sew-
age. Previously, reports have demonstrated that nano/micro-parti-
cle coating is an available method to resolve the above problems
[16,17].

Ceramsite, with high total porosity, large specific surface area,
low bulk and apparent density, has been widely used as building
material [18],as well as filter media in wastewater treatment [19].
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Commonly, raw materials used for production of ceramsite are
mainly dependent on non-renewable natural resources, such as
clay [20] and shale [21], which may threaten sustainable develop-
ment of nature in the long run. For the protection of natural
resources, it is very significant to find an appropriate substitute for
natural resources. Fortunately, due to similar mineral content, more
and more municipal solid wastes have been selected as a potential
substitute to replace natural resources for production of ceramsite
[22,23]. Ceramsite exhibits many prominent properties, such as
chemical stability and mechanical properties, versatility of structural
properties, and it has functional groups on the surface [24-26]. With
the increase in demand for multi-functional composite ceramsite
materials, they are being fabricated through coupling technique,
surface modification technology or coating method, such as bio-
ceramsite was fabricated by Citrobacter freundii (C. freundii) immo-
bilization on the ceramsite [27], porous ceramsite was modified using
a magnetic material (pure Fe;O,) [28], ceramic microfilters coated
with colloidal zirconia [29], nano-TiO, thin film coated on porous
ceramic filter media (PCFM) by sol-gel process [30] and a new nano-
composite for water disinfection was prepared by self-aggregation
of silver nanoparticles on the surface of ceramsite [31].
Referencing the above discussion, the present study was con-
ducted as follows. First, micro-Cu,O was prepared by a liquid-phase
reduction method; simultaneously, ceramsite coated with micro-
Cu,0 catalyst was prepared via dipcoating method. Second, the
catalyst was characterized by XRD, SEM, BET and UV-vis. Third,
the photocatalytic activity of the catalyst was assessed by the deg-
radation of MB in aqueous solution under visible-light irradiation,
and then the photocatalytic degradation kinetics was analyzed.
Finally, the degradation products were identified by GC-MS and
IC, and then the degradation pathway of MB during the photocat-
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alytic degradation process was proposed.
EXPERIMENTAL

1. Materials and Chemicals

The dewatered sewage sludge (DSS), coal fly ash (CFA) and river
sediment were obtained from Shanghai Songjiang Sewage Treat-
ment Plant, Shanghai Waigaogiao Power Generation Co. Ltd. and
Songjiang Campus of Donghua University;, China, respectively. Ana-
lytical grade of copper (II) sulfate pentahydrate (CuSO,-5H,0), hy-
drazine hydrate (N,H,-H,O), sodium hydroxide (NaOH), dodecyl
trimethyl ammonium bromide (DTAB), perchloric acid (HCIO,)
and MB were purchased from Sinopharm Chemical Reagent Co.,
Ltd., China. All chemicals were used as received without further
purification. Deionized water was used in all experiments.

2. Preparation
2-1. Ceramsite

The ceramsite (about 10-mm-diameter) used in this study was
obtained from DSS, CFA and river sediment, without using any
natural resources, and it was prepared by a high-temperature sin-
tering process. The results of the composition of DSS, CFA and river
sediment, the preparation procedure, the temperature control of
high-temperature sintering, the physical properties and heavy metal
leaching toxicity of ceramsite were presented in our previous re-
searches [32,33]. To be specific, compared with natural resources,
such as shale and clay, the composition of raw materials, such as
SiO,, ALO;, Fe,0s;, CaO, MgO, Na,O and K,O, was basically the
same. The physical properties of ceramsite, such as breaking and
wear rate (0.2%), solubility in hydrochloric acid (0.01%), silt carry-
ing capacity (0.2%), void fraction (71.1%) and BET specific sur-
face area (0.75x10" cm?/g), met with the China’s industrial standard
of Artificial Ceramsite Filter Material for Water Treatment (CJ/T
299-2008). The lixiviation tests results demonstrated that only few
heavy metals (such as Cr, Zn and Cu) were found in the lixivium,
with the content much lower than the national threshold of Identi-
fication Standards for Hazardous Wastes-Identification for Extraction
Toxicity (GB 5085.3-2007, China). In brief, the results demonstrate
that the lab-made ceramsite is safe, reliable and can be further stud-
ied and applied as filter media, adsorbent or other media/materi-
als in wastewater treatment.

Prior to the application, the as-prepared ceramsite was crushed
down and sieved to a diameter of about 1 mm. Consequently; it
was etched in HCIO, (50%, V/V) for approximately 10 min under
mechanical agitating, to remove any impurities, and then rinsed
with water and dried at 80 °C for 180 min.

2-2. Ceramsite Coated with Micro-Cu,O

The micro-Cu,O was synthesized using CuSO,-5H,O and N,H,-
H,O as copper source and reductant, respectively. The synthesis
mechanism of micro-Cu,O is described as follows:

CuSO,-5H,0+2NaOH=Cu(OH),+Na,SO,+5H,0 1)
4Cu(OH),+N2H,-H,0=2Cu,0+N, T +7H,0 )

Based on Egs. (1) and (2), the optimal molar ratio of CuSO,-
5H,0, NaOH and N,H,-H,O was 1:2:0.25. In addition, the mass
ratio of CuSO,-5H,0 and ceramsite was selected 5 : 1. Briefly, cer-
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amsite was dissolved in the mixture of 90 mL deionized water,
CuSO,-5H,0 and DTAB with electromagnetic stirring at 60 °C for
20 min. Subsequently; in total 8 g of NaOH was added to the mix-
ture in small amounts in equal intervals. After stirring at 60 °C for
20 min, 10 mL N,H,-H,O solution (2.5 mol/L) was added by drip-
ping slowly and stirring continued at 70 °C for 150 min. After this,
the ceramsite was coated with micro-Cu,O of which a Cu,O con-
tent of about 10-15% (wt) was obtained after being centrifuged and
dried in vacuum drying oven at 50 °C for over 10 h. The reaction
mixture underwent a series of color changes from blue, dark green
and finally to orange yellow.

3. Photocatalytic Activity

500 mg/L stock solution was prepared by dissolving an appro-
priate quantity of MB in deionized water. 50 mL volume simulated
wastewater in different concentrations of MB in the range of 5-30
mg/L was prepared by stepwise dilution of the stock solution.

The ceramsite coated with micro-Cu,O catalyst was irradiated
under an adjustable-type Xe lamp (XQ350W, Shanhai blue Sheng
Electronic Co., Ltd., China) at room temperature of 25+5°C to
study the photocatalytic activity. The schematic diagram for the
degradation of MB was illustrated in Fig. 1. Typically;, a 50 mL solu-
tion of MB was placed in glass beaker, after initial pH of the solu-
tion was adjusted with 0.1 M NaOH or 0.1 M HCI to obtain the
designated value; 0.5 g ceramsite coated with micro-Cu,O catalyst
was added in this solution. Then, the glass beaker was magneti-
cally stirred under the protection from light condition, to establish
an adsorption/desorption equilibrium between MB molecules and
the surface of the photocatalyst [34]. After absorption for 20 min,
the glass beaker was illuminated by the Xe lamp (1>420 nm). At
given time intervals, the MB concentration in filtrate was moni-
tored. All the degradation experiments were performed twice under
the same conditions and an averaged value was used.

4. Analysis

Crystalline phases of samples were characterized by X-ray dif-
fraction (XRD, D/max-2550 PC, Shimadzu Corporation, Japan)
with CuK radiation (1=0.1548 nm) at 40 kV and 40 mA. A scan-
ning electron microscope (SEM, Quanta-250, Fei Instrument, Czech)
was used to observe the surface morphology of samples with an ac-
celerating voltage of 13kV. Before measurement, the surface of sam-
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Fig. 1. Schematic diagram for the degradation of MB.
1. MB solution 4. Magnetic stirrer
2. Ceramsite coated with 5. Cover
micro-Cu,O catalyst 6. Xe lamp
3. Stir bar
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ples was sputtered with gold layer to improve the quality of the
images. The Brunauer-Emmett-Teller (BET) specific surface area,
Sper> was calculated from N, adsorption and desorption measure-
ments obtained using fully automatic specific and micro pore size
analyzer (AUTOSORB-IQ2-MP, USA). Pore size distribution over
the mesopore range was generated by the Barrett-Joyner-Halenda
(BJH) analysis of the desorption branches, and the values for the
average pore size were calculated. The ultraviolet-visible transmis-
sion spectra of samples were determined with a spectrophotome-
ter (UV-vis, UV-3600, PerkinElmer, USA). Degradation intermediates
of MB were identified by gas chromatography-mass spectrometry
(GC-MS) analyses. The GC-MS was performed on Shimadzu GC-
MS QP 2010 instrument (DB-5 ms, 30 mx0.25 mmx0.25 um)
with column flow-1.0 mL/min, 40-280 °C at 10 °/min rise. Accord-
ing to the previous studies [35], the concentration of negative inor-
ganic ions, such as sulfate (SO;~) and nitrate (NO;) in the filtrate,
was determined by an ICS-90 ion chromatography system (IC,
Dionex, USA) equipped with an Ionpac AG14 guard column and an
Tonpac AS14 analytical column. The MB concentration was meas-
ured by UV-vis spectrophotometry (UV754N, INESA analytical
instrument Co., Ltd., China) at its maximum wavelength (4,,,,) of
664 nm. The degradation rate was calculated by the following equa-
tion:

C,-C
D=——""x100% 3)
Co
where D is the degradation rate of MB, %; C, and C, are the con-
centrations of MB at ‘0‘and ‘€ min, respectively, mg/L.

RESULTS AND DISCUSSION

1. Characterization
1-1. Crystalline Phases

Crystalline phase analyses of samples were elucidated by XRD,
and the results listed in Fig. 2. As shown in Fig. 2(a), the chemical
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Fig. 2. XRD patterns of (a) ceramsite (1: Hematite, 2: Quartz-SiO,,
3: Albite, Ca-rich; 4: Labradorite-Ca,,Nay ;5(Al, Si,3,05); 5:
Albite low-Na(AlSi;Oy); 6: Anorthite-Ca(ALSi,O;); 7: Chro-
mium vanadium oxide) and (b) ceramsite coated with micro-
Cu,O catalyst.

compositions of ceramsite were metal oxides and metal compounds,
such as syn-Fe,O,, Quartz-SiO,, Chromium Vanadium Oxide, Albite,
Labradorite and Anorthite, that were mainly attributed to the raw
materials composition. Compared with the crystalline phases of
ceramsite, on the crystalline phases of ceramsite coated with micro-
Cu,0 catalyst appeared five obvious characteristic peaks at 26 val-
ues of 29.46°, 36.56°, 42.42°, 61.52° and 73.6° (Fig. 2(b)), which
corresponds to the crystal planes of {110}, {111}, {200}, {220} and
{311}, respectively [36]. The XRD pattern confirmed that the for-
mation of micro-Cu,O and the obtained results agree with the
standard crystal of Cu,0 (JCPDS No. 05-0667). According to the
previous studies [37], these characteristic peaks belong to the Cu-
O vibration of Cu,0 crystals. Hence, the ceramsite coated with
micro-Cu,O catalyst has photocatalytic activity. This activity was
determined by the characteristics of their crystal structure; for in-
stance, the photocatalytic activity with different crystal planes fol-
lowed the order {111}>{110} [38]. Thus, we can draw a conclusion
that novel ceramsite coated with micro-Cu,O catalyst can be ob-
tained under the experimental conditions.
1-2. Surface Morphology

The surface morphology of samples was observed by SEM, and
the results presented in Fig. 3. The rough surface and porous struc-
ture were extremely obvious (shown in Fig. 3(a) and (b)). There
were many impurities dispersed on the surface and pores of the
ceramsite before pretreatment (Fig. 3(a)). However, almost all the
impurities disappeared after pretreatment, and the surface and
pores of the ceramsite became quite smooth and highly polished
(Fig. 3(b)). The main purpose of pretreatment is to increase pore
size of ceramsite and gain additional active sites of ceramsite, con-
tributing to coating with more micro-Cu,O. Micro-Cu,O was ob-
tained with particle diameter of 200-400 nm, as displayed in Fig.
3(c). A high-resolution image of micro-Cu,O is shown in Fig. 3(d);
we found that the micro-Cu,O shows elliptic and flat, which cor-
responds to the results obtained by low-magnification SEM result.
The surface and pores of the ceramsite became rough again and
the apparent delamination phenomenon appeared (depicted in
Fig. 3(e) and (f)). It indicated that there were vast quantities of
deposits on the surface and pores of the ceramsite. According to
the results of Fig. 2, we firmly believe that the sediments were micro-
Cu,0. Micro-analysis illustrated that a multiplex porous structure,
associated with a large amount of micro-Cu,O, was developed on
the surface and pores of ceramsite after the coating treatment (seen
Fig. 3(f)). Fig. 3(e) and f show that micro-Cu,0O was deposited not
only on the surface of ceramsite, but also on the pores of ceram-
site, and the latter was superior to the former, because the latter
did not easily fall off. Therefore, it is not difficult to sum up that
micro-Cu,0 coating on ceramsite was just a physical combina-
tion and the chemical stability, reactive activity and treatment effi-
ciency were confirmed by many factors.
1-3. Pore Size Distribution

Typical N, adsorption-desorption isotherms of samples were
investigated, and the results presented in Fig. 4. The adsorption-de-
sorption patterns of the two samples belong to the typical [UPAC
IV-type with the H,-type hysteresis loop, which characterizes mes-
oporous solids. The hysteresis loop, of H,-type, can be explained as
the distribution of pore sizes and pore shapes are not well defined
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Fig. 3. SEM images of (a) before pretreatment of ceramsite, (b) pretreated ceramsite, (c), (d) as-prepared micro-Cu,O and (e), (f) ceramsite
coated with micro-Cu,O catalyst.
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Fig. 4. N, adsorption-desorption isotherms and pore size distribution (inset) of samples.
(a) Ceramsite, (b) Nanocomposite ceramsite material

or are irregular [39], which is commonly attributed to slit-shaped Fig. 4, it is evident that both of the two samples show type IV iso-
pores generated by the aggregation of plate-like particles [40]. From therms with hysteresis loop at P/P;=0.45 to 0.95, and the isotherms
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Table 1. Textural properties of samples from N, adsorption-desorp-

tion isotherms
Samples Sger Pore volume Pore size
P (m%g) (m¥g)  (nm)
Ceramsite 0.63 0.003 16.97
Micro-Cu,O 15.39 0.091 1189

Ceramsite coated with micro-Cu,O 10.37 0.086 166.1

show high absorption at high relative pressure P/Py=0.99. More-
over, each sample exhibits a similar type of hysteresis loop, sug-
gesting that pore size and shape are basically the same in these
samples. The pore size distribution patterns of the samples are shown
in the inset of Fig. 4. Ceramsite coated with micro-Cu,O catalyst
shows a narrower pore size distribution than that of ceramsite. This
is probably because the micro-Cu,O was deposited on the pores of
ceramsite, reducing its pore size (seen Fig. 3(e) and (f)).

The textural properties of samples from N, adsorption-desorp-
tion isotherms are tabulated in Table 1. The Sz, pore volume and
size of micro-Cu,O are 24.43, 30.33 and 7.01-times more than that
of ceramsite only; respectively. Additionally; after being coated with
micro-Cu,0O, the Sggr, pore volume and size of ceramsite increased
by 93.92%, 96.51% and 89.78%, respectively. The results demon-
strate that the textural properties of ceramsite coated with micro-
Cu,O catalyst are much better than ceramsite only.

1-4. UV-vis Adsorption

The UV-vis adsorption spectra of samples were measured, and
the results shown in Fig. 5. Absorption peaks of the ceramsite coated
with micro-Cu,O catalyst appear around 420 nm and 550 nm. By
contrast, the absorption spectrum of ceramsite was slightly changed
throughout the whole investigation. The wavelength confirmed
that ceramsite was insensitive to illumination variation. Fig. 5 also
reflected that the catalyst had much larger absorption range and
stronger adsorption intensity in visible-light than ceramsite. This
may be attributed to the fact that when micro-Cu,O was coated
on ceramsite, it improved the adsorption capacity of visible-light.
Furthermore, the surface morphology of ceramsite and crystalline
phases of micro-Cu,0 would be greatly affecting UV-vis absorp-
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Fig. 5. UV-vis adsorption spectra of (a) ceramsite coated with micro-
Cu,O catalyst and (b) ceramsite.

tion [41]. Thus, the test results show that the ceramsite coated with
micro-Cu,O catalyst has high utilization efficiency of visible-light,
and is consistent with the previously published results [42], indi-
cating that it may be a preferable photocatalytic material for waste-
water treatment.
2. Photocatalytic Activity
2-1. Effect of Initial pH

The variation of initial pH should be considered in the treat-
ment of dye wastewater by means of photo-catalyzed oxidation,
for the following reasons. One is that dye wastewater which is dis-
charged from industries has a wide range of pH values. The other
is that the generation of hydroxyl radicals is affected by pH condi-
tions [43]. So, the effect of initial pH was investigated on the effi-
ciency of the degradation process in the pH range of 3-11, and the
results collected in Fig. 6(a). After 20 min adsorption equilibrium,
the removal rates of MB under acidic (pH=3), neutral (pH=7) and
alkaline conditions (pH=11) were 61.65%, 28.24% and 50.32%,
respectively, suggesting that under acidic or alkaline conditions, the
ceramsite coated with micro-Cu,O catalyst had a good adsorp-
tion efficiency for MB. However, under neutral condition, the
adsorption efficiency of the catalyst for MB decreased dramatically.
Fig. 6(a) also shows that when initial pH was 3, 7 and 11, the deg-
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Fig. 6. (a) Effect of initial pH on the degradation of MB by ceram-
site coated with micro-Cu,O catalyst and (b) pseudo-first-
order plot for the photocatalytic degradation of MB by the
catalyst under Xe light with different initial pH (experimen-
tal conditions: initial concentration of MB was 15 mg/L and
stirring time was 95 min).
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radation rates of MB increased rapidly along with irradiation time
and reached about 93.13%, 61.99% and 80.25%, respectively, after
Xe light illuminated for 75 min.

We discovered that the adsorption process was essential before
the photocatalytic degradation process, mainly because the ceram-
site coated with micro-Cu,O catalyst has enrichment impact on
MB, due to its high BET specific surface area and developed porous
structure. MB is more easily photocatalytically degraded by valence
band holes, conduction band electrons or -OH, when a certain
amount of MB was adsorbed onto the surface and pores of the
catalyst. Also, the degradation rate of MB under acidic condition
was much higher than that of under neutral pH condition; simi-
lar results were also obtained by Sahin et al. [44]. This may be
because under neutral condition, the photocatalytic activity of micro-
Cu,0 was inhibited by means of Cu(I) capture of the conduction
band (e ¢p) to form lower valence state Cu(0) or was oxidized by
O, in the solution to higher valence state Cu(II) [45].

2-2. Effect of Initial Concentration

The effect of initial concentration of MB on the photocatalytic
degradation efficiency was studied over the initial concentration
range of 5-30 mg/L, and the results listed in Fig. 7(a). The results
illustrate that after 20 min adsorption equilibrium, the removal
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Fig. 7. (a) Effect of initial concentration on the degradation of MB
by ceramsite coated with micro-Cu,O catalyst and (b) pseudo-
first-order plot for the photocatalytic degradation of MB by
the catalyst under Xe light with different initial concentra-
tions (experimental conditions: initial pH was 3 and stirring
time was 95 min).
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rates for the initial concentrations of 5, 15 and 30 mg/L were 79.67%,
61.65% and 46.16%, respectively. The observed removal rates de-
creased along with adsorption time at higher initial concentration,
probably due to the rapid exhaustion of the sorption sites of adsor-
bent [46]. During the photocatalytic degradation process, the deg-
radation rate of MB also decreased with increasing the initial con-
centration. After Xe light irradiated for 75 min, the degradation
rate of MB for the initial concentration of 5 mg/L was higher than
that of 30 mg/L, about 10%. Because of higher concentration of
MB in the solution, the photons would be absorbed by the MB
molecules before they could reach the catalyst surface. This in turn
reduced absorption of photons by the catalyst and consequently
the discoloration efficiency [47].
3. Kinetics Analysis

To further investigate the photocatalytic performance, the deg-
radation kinetics of MB by ceramsite coated with micro-Cu,O cat-
alyst under Xe light was analyzed. Some studies reported that at
low initial concentration of MB, the photocatalytic degradation fit-
ted with the pseudo-first-order kinetics [48,49], evaluated by using
the following equation:

ln(%) —kt @
where k is the pseudo-first-order rate constant, min™".

The pseudo-first-order kinetics model of photocatalytic degra-
dation for MB with different initial pH and concentration is pre-
sented in Fig. 6(b) and Fig. 7(b), respectively. As Table 2 and Fig.
6(b) detail, under acidic and alkaline conditions, the photocatalytic
degradation of MB could be well described by pseudo-first-order
kinetics, according to the correlation coefficients (R*>0.95). How-
ever, under neutral condition, the photocatalytic degradation of
MB could not be accurately described by the kinetics, because the
correlation coefficient is relatively low (R’<0.95). Furthermore, the
effect of initial pH on pseudo-first-order rate constant, ‘K was espe-
cially significant. When initial pH was raised from 3 to 7, the k was
reduced by 2.64 times, implying that acidic or alkaline condition
was propitious to photocatalytic degradation reaction.

As Table 2 and Fig, 7(b) show; the linearity of the plot with regres-
sion coefficient, R*>0.95, indicates that the photocatalytic degrada-
tion of MB obeyed the pseudo-first-order kinetics model for all
initial concentrations. With the increase of initial concentration, the

Table 2. Pseudo-first-order rate constants (k) for different initial pH
and concentrations of MB

Experimental conditions kx107* (min™") R’
Initial pH
3 24 0.985
7 9.1 0.943
11 13.2 0.964
Initial concentrations
5 23.7 0.956
15 239 0.985
30 18.4 0.968

Note: R is the correlation coefficient
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change of the k was not obvious. In brief, compared with initial
concentration, the effect of initial pH on the photocatalytic activity
of the ceramsite coated with micro-Cu,O catalyst is more remark-
able.
4. Degradation Mechanism

A possible photocatalytic degradation mechanism of MB by the
ceramsite coated with micro-Cu,O catalyst was discussed. When
micro-Cu,0O was irradiated with a photon of energy greater than
its band gap energy, photogenerated electron-hole pairs were formed
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Fig. 8. GC-MS spectra of MB degradation intermediates using cer-
amsite coated with micro-Cu,O catalyst under Xe light irra-
diated for 10, 20 and 40 min (experimental conditions: initial
concentration of MB was 15 mg/L and pH was 3).

in the conduction band (e ) and valence band (h'yz), as shown
in Eq. (5) [50]. The photogenerated e ¢z and h'y; oxidized MB into
inorganic or nontoxic materials directly, as listed in Eqs. (6) and
(8). With micro-Cu,O coating on ceramsite, more photo-generated
€ ¢ could be captured by adsorbed O, on the surface of ceramsite
to yield H,O, (Eq. (7)), which directly degraded MB (seen Egs.
(10) and (11)). The photo-generated h*y; react with the OH"
derived from Eq. (8) and form -OH, seen in Eq. (9). The forma-
tion of oxidative intermediate -OH is very reactive due to its unsta-
ble form and acts as a strong oxidizing agent [51], and thus it oxidizes
MB into CO, and H,0, as presented in Eq. (10).

Cu,O+hv—>Cu,O(e z+h'yp) (5)
Cu,O(e” o) +MB—>Products 6
Cu,0O(e ¢)+2H,0+0,—->H,0,+20H" )
Cu,Oh'*y5)+MB—>Products 8)
Cu,O(h'y5)+OH —Cu,0+-OH ©)
‘OH+MB—CO,+H,0 (10)
H,0,+MB—Products (11)

5. Degradation Pathway

To determine the products, as mentioned in Egs. (6), (8) and
(11), GC-MS and IC apparatuses were used to identify photocata-
lytic degradation products of MB by ceramsite coated with micro-
Cu,0 catalyst under Xe light. As Fig. 8 displays, there were two
main characteristic peaks in each investigation. The characteristic
peaks at the retention times of 13.41 and 16.33 min after being
illuminated for 10 min, the degradation intermediates were made
up primarily of 2,4-Di-tert-butylphenol and diisobutyl phthalate,
respectively. After being irradiated for 20 min, the degradation inter-
mediates were mainly composed of &caprolactone and butyl meth-
acrylate, the characteristic peaks at the retention times of 16.28
and 17.15min, respectively. Similarly, at the retention times of
1340 min and 19.75min irradiating for 40 min, N, N-dimethyl-

NO; SO*
A K Standard
f\ A /\ Sample

0 5 10 15 20
Retention time/ min

Conductivity/ ps

Fig. 9. IC spectra of MB degradation products using ceramsite co-
ated with micro-Cu,O catalyst under visible-light irradiated
for 75 min (experimental conditions: initial pH was 3 and
concentration of MB was 15 mg/L).
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Fig. 10. Degradation pathways of MB by ceramsite coated with mi-
cro-Cu,O catalyst under Xe light.

dodecanamide and N, N-dimethyldodecylamine were the major
degradation intermediates, respectively. Besides, we have inferred
that with the increase of irradiation time, the species and amount
of the degradation intermediates were declining, because the num-
ber of peaks were decreasing with the irradiation time increased
from 10 min to 40 min, except for characteristic peaks. Based on
the analysis of GC-MS, we deduced that in the photocatalytic deg-
radation process, the degradation intermediates of MB were mainly
composed of phenols, esters and amines. Moreover, as Fig. 9 indi-
cates, compared with the standard IC spectrum, negative inorganic
ions generated in the degradation of MB in the filtrate were SO}
and NOj, and may also have been sulfite (SO3") and nitrite (NO).

Finally, based on the results of Fig. 8 and Fig. 9, the degrada-
tion pathways of MB during the photocatalytic degradation pro-
cess were proposed. As Fig. 10 details, MB was determined to be
degraded through two different pathways in the photocatalytic
degradation process. The first degradation pathway was that the
desulfurization reaction occurred first and then amination reac-
tion took place, and finally MB depredated into CO,, H,O, and
other inorganic compounds. The other degradation pathway was
that after desulfurization reaction, denitrification and opening-ring
reactions successively followed, and finally MB was degraded to
CO, and H,O. The degradation pathway of MB during the photo-
catalytic degradation process in the present study was in line with
previous researches [52,53].

CONCLUSIONS

A novel ceramsite coated with micro-Cu,O catalyst, with excel-
lent photocatalytic activity, can be obtained by micro-Cu,0O coat-
ing on ceramsite via dipcoating method, and does not require
special reagents, expensive equipment or harsh condition. Hence,
the coating method can be considered as a facile and green syn-
thesis route.

The high degradation efficiency of the ceramsite coated with
micro-Cu,0 catalyst for MB in aqueous solution under visible-
light irradiation may be attributed to the synergistic effect of cer-
amsite and micro-Cu,O. The former has the advantage of good
mass transfer effect, and the latter exhibits strong visible-light ad-
sorption capacity. Besides, GC-MS and IC results clearly demon-

April, 2017

strated that phenols, esters and amines were produced as degrada-
tion intermediates, and SO;~ and NOj were generated as the de-
sired products. The degradation pathways of MB were proposed
during the photocatalytic degradation process, containing two dif-
ferent ways that occurred simultaneously.
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