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Abstract

This paper addresses the photocatalytic treatment of sulfide-rich liming bath wastewater from tanneries in an oxygen-
free atmosphere. The photoactivity assessment of composites obtained from cadmium sulfide (CdS) and zinc oxide (ZnO)
hybridization as well the influence of reduced graphene oxide (RGO) on the photocatalytic activity to generate hydrogen
and mitigate sulfide was performed under visible-light irradiation. The results of the X-ray diffraction analysis allowed us
to identify the crystalline phases in each synthesized sample. The photocatalysts RGO/(CdS), /(Zn0O), , and RGO/(CdS), o/
(Zn0),53/(ZnS), s, showed the best performances for hydrogen production of 1.6 mmol gz}, h™" and 1.4 mmol g_J, h™',
respectively, with mitigation of 80-90% of the sulfide content in the tannery wastewater. Long-term reaction tests indi-
cated that the photocatalysts are active for a period of 24 h, and they retain the photoactivity after three photocatalytic
cycles. The materials have demonstrated great potential for application in energy recovery from tannery wastewater with
simultaneous sulfide abatement, especially the photocatalyst RGO/(CdS), ,/(Zn0), ,3/(ZnS), 57, which is more eco-friendly
because of its lower cadmium content and minimal leaching of this toxic metal ion during photocatalytic treatment.
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1 Introduction

Hazardous tannery effluents are responsible for many
negative environmental impacts. They can be divided into
three types based on the operations carried out in the dif-
ferent sections [1]. One is the liming bath wastewater that
accounts for 45% of the effluent volume and contributes
to 30% of the overall biological oxygen demand (BOD) and
chemical oxygen demand (COD). The other two types are
tanning wastewater with high salinity and high chrome
levels and retanning, dyeing, and fat liquoring wastewater
that accounts for ~20% of the total COD [1].

The liming bath treatment eliminates components from
skins that are not transformed into leather [1, 2]. This oper-
ation involves treatment using lime and sodium sulfide
as the primary chemicals to dissolve hair and destroy the
epidermis by breaking the cysteine-disulfide bridges (ker-
atolysis) via reductive division [3]. This type of wastewater
is highly alkaline (pH 10-12), with a high sodium sulfide
content that is responsible for H,S evolution [4], which is
fatal even in concentrations as low as 200 ppm [5, 6].

The removal of pollutants from liquid effluents is cur-
rently considered a major challenge. Several strategies are
employed to remove pollutants from wastewater depend-
ing on their nature. Adsorption processes using porous
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materials with various functional groups for target ion
separation have demonstrated high efficiency for toxic ion
removal from water solutions [7-19], whereas degradation
processes are mostly employed in remediation of a large
number of organic and inorganic pollutants [20-26]. Thus,
the use of new environmentally friendly technologies is
necessary to mitigate the effects caused by hazardous
tannery effluents. Chemical coagulation, electrocoagula-
tion, flocculation, membrane filtration (MF) and advanced
oxidation processes (AOPs) are the main solutions pro-
posed and used in the treatment of tannery wastewater
[2,26-28].

Photocatalysis is one type of AOP considered a green
technique that offers the potential for complete elimina-
tion of toxic chemicals in the environment through its effi-
ciency and broad applicability, and sunlight can be used as
an energy source. On the other hand, this process has been
applied for solar energy photoconversion to hydrogen and
hydrocarbons [29]. Many works [30-34] have shown that
the photocatalytic treatment of organic and inorganic spe-
cies, such as alcohols and sulfide ions, in an oxygen-free
atmosphere occurs with simultaneous hydrogen evolution
over irradiated semiconductor photocatalyst suspensions.
In this context, we recently demonstrated the feasibility
of hydrogen generation through photocatalytic treat-
ment of tannery sludge, rich in sulfide ions, using solar
power [34]. The process is based on light-driven water
splitting in the presence of a sacrificial reactant. Sulfide
ions in aqueous solutions act as efficient hole scavengers
when metal sulfide-based photocatalysts are employed
at high pH [33]. In our previous work [34], the photocata-
lytic treatment of liming bath wastewater using CdS as a
photocatalyst reached a maximum hydrogen production
of 294.38 umol g~ ' cat h™" at pH 13. Despite the high pho-
tocatalytic activity under visible light, which accounts for
43% of sunlight, pure CdS, a narrow bandgap semicon-
ductor (Eg=2.41 eV), can leach during the photoreaction,
increasing the cadmium content in the treated effluent
[35], which is a major drawback.

Although TiO, is the most commonly used photocat-
alyst for the degradation of tannery wastewaters with
UV irradiation [21-23], in recent years, ZnO has gained
more attention due to its ease of crystallization, nontox-
icity, high charge mobility and simplicity in morphology
adaptation [36], in addition to its high performance in the
photocatalytic removal of environmental pollutants [24,
25].Zn0Ois a wide bandgap semiconductor (Eg=3.37 eV),
which limits its application as an efficient photocatalyst
under sunlight irradiation. Additionally, photogenerated
charge carriers have a short lifetime. However, its hybridi-
zation with CdS in a CdS/ZnO heterostructure can extend
the sensitivity of the composite toward the visible-light
region and promote effective charge separation through
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a type Il heterojunction [37, 38]. Due to these properties,
the CdS/ZnO heterostructure has been successfully used
in photoconversion applications [36, 39-42]. In the present
work, we prepared (CdS),/(ZnO), composites for hydrogen
production from liming bath wastewater rich in sulfide
ions that act as sacrificial reactants to improve the photo-
catalytic activity with solar power.

In general, platinum is used as a cocatalyst for hydro-
gen reduction. When attached on a photocatalyst,
platinum nanoparticles can form a Schottky junction,
building a barrier that prevents charge recombination
[43-45]. In our previous work, an experimental design
was performed to evaluate the influence of the platinum
precursor (H,[PtCl;]-6H,0) concentration on the photo-
catalytic hydrogen production from liming wastewater.
We concluded that the precursor concentration was not
a significant factor due to the deposition of Pt'S on the
CdS surface instead of Pt(0) during irradiation, which was
confirmed by X-ray analysis [34]. Recently, we evaluated
the role of graphene oxide (GO) in a hybrid photocatalyst
with CdS for hydrogen production using sulfide ions as
sacrificial reactants [46]. Our findings demonstrated that
reduced graphene oxide (RGO), which is produced during
the photoreaction, acts as an efficient electron trap. The
trapped electrons can be transferred to adsorbed water
molecules on the surface that promote the reduction in
water to H,, and the photogenerated holes can oxidize
sulfide ions to polysulfides and sulfate on the CdS surface.
In the present work, we evaluated the photoactivity of
RGO/(CdS),/(Zn0), as bifunctional photocatalysts in the
treatment of liming bath wastewater to mitigate pollut-
ants with simultaneous hydrogen production.

2 Experimental details
2.1 Materials and chemicals

The chemicals used in the synthesis, photocatalytic tests
and wastewater analyses were of analytical grade, and all
of them were used as purchased. Graphite, potassium per-
manganate, sodium sulfide nonahydrate, ethylene glycol
and 30% hydrogen peroxide solution were purchased from
Sigma-Aldrich. Sulfuric acid was purchased from Qhemis,
while citric acid, cadmium chloride monohydrate and zinc
nitrate hexahydrate were purchased from Merck.

2.2 Photocatalyst preparation

The binary composites (CdS)X/(ZnO)y were prepared by
the Pechini method, followed by sulfurization via ion
exchange in a sodium sulfide solution. The precursors
used here were CdCl,-H,0 and Zn(NO;),-6H,0 with molar
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ratios y/x=0,0.2,0.4,0.6, 1.5 and 4.0. Briefly, the procedure
consisted of dissolution of an appropriate amount of the
precursors in 50 mL of water. This solution was added to
an EG/CA solution prepared with 10 mL of ethylene gly-
col and 7.0 g of citric acid in 50 mL of water. The mixture
was kept at 80 °C to obtain the metal-citrate complex;
then, the temperature was raised to 120 °C to form a gel,
which was polymerized at 300 °C for 4 h and calcined at
500 °C for 4 h. The solids were grounded and suspended
in a sodium sulfide solution (0.5 mol L™") for 12 h to pro-
mote ion exchange (IE) and then filtered and dried at 60 °C
for 12 h. The samples were labeled Zn/Cd0.0, Zn/Cd0.2,
Zn/Cd0.4, Zn/Cd0.6, Zn/Cd1.5 and Zn/Cd4.0 before ion
exchange and Zn/Cd0.0-IE, Zn/Cd0.2-1E, Zn/Cd0.4-IE, Zn/
Cd0.6-1E, Zn/Cd1.5I-E and Zn/Cd4.0-IE after ion exchange.

The ternary composites RGO/(CdS)X/(ZnO)y were pre-
pared by mechanical mixing of binary composites (CdS),/
(Zn0), with graphite oxide (2% w/w) obtained by the Hum-
mers’method [47, 48]. The mixture was placed in a photo-
reactor with an appropriate amount of tannery wastewater
and exposed to high-intensity ultrasound irradiation using
an ultrasonic wave source (R2D091109, Unique) under
ambient air for 15 min with the power adjusted at 80 W
to promote the exfoliation of graphite oxide to produced
graphene oxide (GO). The photoreduction of GO to RGO
occurred in situ during hydrogen generation.

2.3 Photocatalyst characterization

The synthesized materials were analyzed as powders by
XRD (Shimadzu XRD6000) using CuKa, Ni-filtered radia-
tion, and a scanning rate of 2° 20 min~' in a 20 range of
5°-80°, at 35 kV and 15 mA. The chemical composition of
the samples was determined by energy-dispersive X-ray
fluorescence (Shimadzu EDX720). UV-Vis diffuse reflec-
tance spectra were recorded on a Thermo Scientific Evo-
lution 600 UV-Vis spectrometer using a praying mantis
accessory. Selected samples were analyzed before and
after irradiation by Raman spectroscopy using a disper-
sive Raman spectrometer, Jasco NRS-5100, with 0.4 cm™!
resolution. SEM images were taken by a JSM-6610LV scan-
ning electron microscope (JEOL) operated at 20 kV after
gold metallization.

2.4 Sacrificial reactant

The target effluent used as a sacrificial reactant was col-
lected from a tannery located in Petrolina-PE, Brazil. All
details about the effluent are described elsewhere [34].
To prepare the aqueous solutions used in the photo-
catalytic tests, first, the wastewater as collected was cen-
trifuged to remove the solid materials and then diluted
to 50% V/V with distilled water. Total sulfide, before and

after irradiation, was also determined by the iodometric
method of analysis using sodium thiosulfate, following
the procedure described in [49]. Sulfate was quantified
by a standard gravimetric method with precipitation as
BaSO, in the presence of HCl by the addition of BaCl,. Bio-
logical demand of oxygen (BDO) and chemical demand
of oxygen (CDO) were determined by Standard Methods
for the Examination of Water and Wastewater 5210 B and
5220 A/C, respectively. Cadmium was quantified using a
FAAS Agilent Technologies 200 Series AA—Model 240FS
AA and an analytical curve in the concentration range of
0.5-25mgL™".

2.5 Photocatalytic reactions

For each photocatalytic test, 60 mg of a given binary com-
posite was mechanically mixed with 1.2 mg of graphite
oxide, weighed in a Mettler Toledo microbalance, model
MX5, d=1 ug, and dispersed in 60 mL of diluted tannery
sludge (50% V/V) with the pH adjusted to 13 by the addi-
tion of a NaOH solution. The mixture was sonicated for
15 min to promote graphite oxide exfoliation. Then, the
photocatalytic cell was purged with argon for 30 min to
eliminate oxygen gas. The collimated light beam from a
high-pressure 500 W Hg—Xe arc lamp was passed through
an IR filter, and a 420-nm cutoff filter before reaching the
flat window of the photocatalytic cell that was maintained
at a constant temperature by air cooling. The photocata-
lytic cell was equipped with argon gas inlet/outlet tubes
to collect and transfer gaseous products to the analyti-
cal system. Hydrogen gas evolution was measured by gas
chromatography (SHIMADZU, GC2014) with a thermal
conductivity detector (TCD) and argon as the carrier gas.
Aliquots of 1 mL of the gas phase were injected in the GC
system in intervals of 1 h. To quantify the hydrogen pro-
duced during the reaction, a 5% H, standard diluted in
argon was injected before each experiment. For compari-
son, all tests were also performed without GO as well as
with CdS obtained by the thermal method [33]. The experi-
ments were performed in triplicate.

3 Results and discussion

The XRD patterns for the samples prepared by the Pechini
method before (Zn/Cd0.0, Zn/Cd0.2, Zn/Cd0.4, Zn/CdO0.6,
Zn/Cd1.5 and Zn/Cd4.0) and after (Zn/Cd0.0-IE, Zn/Cd0.2-
IE, Zn/Cd0.4-IE, Zn/CdO0.6-IE, Zn/Cd1.5-IE and Zn/Cd4.0-
IE) ion exchange are shown in Fig. 1. In general, samples
before the ion exchange process are crystalline. ZnO and
CdCl,-H,0 were the predominant phases, except for sam-
ple Zn/Cd0.0 (no zinc), for which the XRD pattern showed
low crystallinity and CdCl,-H,O as a single phase (Fig. 1a).
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Fig. 1 XRD patterns for the
samples before (a) and after (b)
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After ion exchange (Fig. 1b), the CdCl,-H,0O in sample
Zn/Cd0.0 was virtually converted into CdS, with a cad-
mium residue as Cd;Cl,0,. For samples Zn/Cd0.2-IE, Zn/
Cd0.4-1E and Zn/Cd0.6-IE, the ZnO phase was preserved
and CdCl,-H,0O disappeared to give rise to the CdS cubic
phase with residues of the CAOHCI phase and a lamellar
compound not identified in samples Zn/Cd0.2-IE and Zn/
Cd0.6-IE. For samples Zn/Cd1.5-IE and Zn/Cd4.0-IE, the ZnS
cubic phase was identified.

The EDX analysis provided the zinc, cadmium and sul-
fur contents used to calculate the y/x experimental ratio
in the general formula (CdS),/(ZnO), and nCd/nS experi-
mental molar ratio (Table 1). The experimental values of
y/x are larger than the nominal values, suggesting that
cadmium is lixiviated during the ion exchange process,
except for sample Zn/Cd0.4-IE, where the experimental
and nominal values are the same. On the other hand, the
nCd/nS molar ratio gives the ion exchange index to form
CdS. Samples Zn/Cd0.0-IE and Zn/Cd0.4-IE have values
of approximately 1, which means that all cadmium is
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virtually converted into CdS. The ratios for samples Zn/
Cd0.2-IE and Zn/CdO0.6-IE are larger than 1.0, indicating
that cadmium is not completely present as CdS, which
is in accordance with the XRD analysis that identified
CdOHCl as a segregated phase in both samples. Samples
Zn/Cd1.5-IE and Zn/Cd4.0-IE, with low cadmium con-
tents, have an ion exchange index less than 1.0 due to
zinc sulfide formation, as identified in the XRD patterns
of these samples (Fig. 1b).

The diffuse reflectance spectra of the samples after ion
exchange show two absorption structures related to CdS
and ZnO (Fig. 2). The ZnO-related absorption at approxi-
mately 400 nm increases due to the increasing content of
Zn in the composites. The absorption edges for all samples
are compatible with the CdS spectrum, but the presence of
cadmium compound segregated phases and ZnS results
in a blueshift. According to the UV-Vis spectra, one can
classify the samples into three groups: (i) samples without
segregated phases of cadmium compounds, Zn/Cd0.0-IE
and Zn/Cd0.4-IE; (ii) samples with segregated phases of

Table 1 EDX elemental analysis

(% wt/wt), y/x ratio for the Sample Elemental analysis (% wt/wt) y/x (mol/mol) ?nfgf/?:on

general formula (CdS),/(ZnO), cd Zn S Nominal Experimental

and nCd/nS ratio (mol/mol)

obtained from EDX results Zn/Cd0.0-IE 78.1 219 0.0 0 0 1.01
Zn/Cd0.2-IE 55.9 12.5 16.0 0.2 0.5 127
Zn/Cd0.4-IE 60.1 18.3 14.9 0.4 0.4 0.94
Zn/Cd0.6-IE 51.51 10.8 214 0.6 0.7 1.36
Zn/Cd1.5-IE 41.7 16.8 30.7 15 1.3 0.43
Zn/Cd4.0-1IE 19.7 8.9 56.9 4.0 5.0 0.63
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Fig.2 UV-Vis spectra of the samples after ion exchange: (i) samples
without segregated phases of cadmium compounds, (ii) samples
with segregated phases of cadmium compounds, and (iii) samples
with ZnS phase

Table 2 The optical bandgap

‘ Sample Eg (eV)

energies of the samples

determined by a geometrical Zn/Cd0.0-IE 2.4

method Zn/Cd0.2-IE 238
Zn/Cd0.4-1E 2.28
Zn/Cd0.6-1E 2.39
Zn/Cd1.5-1E 2.50
Zn/Cd4.0-IE 2.46

cadmium compounds, Zn/Cd0.2-IE and Zn/Cd0.6-IE; and
(iif) samples with ZnS phase, Zn/Cd1.5-IE and Zn/Cd4.0-IE.

The bandgap energies were obtained from the UV-Vis
spectral data by geometrical method [50]. The values were
determined using equation Ihv=A(hv—Eg)"? considering
the direct gap transition, where [ is the absorption inten-
sity, Ais a coefficient, and hv is the photon energy. The val-
ues of Eg were obtained by extrapolation of the best linear
fit for (lhv)? and hv up to the point where the fit crosses the
ordinate axis and are summarized in Table 2.

The bandgap energy values are quite similar for each
group. For group i, samples Zn/Cd0.0-IE and Zn/Cd0.4-IE,
the bandgap energies are 2.24 eV and 2.28 eV, respec-
tively. For group ii, samples Zn/Cd0.2-IE and Zn/Cd0.6-IE,
the bandgap energies are 2.38 eV and 2.39 eV, respec-
tively. However, for these two groups, the experimental
bandgap energies are less than those reported in the lit-
erature for CdS (Eg=2.41 eV). Finally, for group iii, sam-
ples Zn/Cd1.5-IE and Zn/Cd4.0-IE, the bandgap energies
are 2.50 eV and 2.46 eV, respectively, which are greater
than that of CdS due to the presence of ZnS (Eg=3.7 eV)
in these composites.

SEM images of the samples after ion exchange (Zn/
Cd0.0-IE, Zn/Cd0.2-1E, Zn/Cd0.4-1E, Zn/CdO0.6-IE, Zn/
Cd1.5-1E and Zn/Cd4.0-IE) are depicted in Fig. 3. Micro-
graphs show an irregular morphology for all samples,
and plaques are predominant in the low zinc content
samples and small rods in the high zinc content samples.
A spongy aspect is also observed, which suggests the
presence of nanoparticles.

All samples after ion exchange were tested as pho-
tocatalysts in the treatment of liming bath wastewa-
ter in an oxygen-free atmosphere under visible-light
irradiation (A >420 nm). Figure 4 shows the hydrogen
production profiles for the composites without RGO (a)
and with 2% RGO (b) and compares the performance of
CdS obtained by the thermal method in the same pho-
tocatalytic system. All photocatalysts evaluated were
photoactive for hydrogen production under visible-
light irradiation. In general, the composites presented
better performances than pure CdS (Zn/Cd0.0-IE and
CdS obtained by the thermal method), and the pres-
ence of RGO contributed to improving the photocata-
lytic activity. The sample with the best performance was
RGO/(Zn/Cd0.4-IE), with a hydrogen production rate of
1.6 mmol g}, h™', which is a fourfold enhancement in
the photocatalytic activity compared to RGO/CdS and
more than fivefold compared to pure CdS. It is followed
by RGO/(Zn/Cd1.5-IE) with a hydrogen production rate
of 1.4mmol gz} h™".

The XRD and EDX elemental analyses have shown that
the Zn/Cd0.4-IE sample is the composite (CdS), o/(Zn0), 4
(experimental y/x=0.4) without any other segregated
phases, while the Zn/Cd1.5-IE sample has a ZnS phase in
addition to CdS and ZnO with a composition of (CdS), o/
(Zn0)y 73/(ZNnS)y 5, (experimental y/x=1.3) (Fig. 1 and
Table 1).To confirm a heterojunction effect, we performed
the same photocatalytic tests with mechanical mixtures
of the individual components. The photocatalysts with
the best performance, Zn/Cd0.4-IE and Zn/Cd1.5-IE, were
selected to prepare mechanical mixtures according to the
elemental analysis, called Zn/Cd0.4-MM and Zn/Cd1.5-
MM, respectively. Appropriate amounts of ZnO, obtained
by the Pechini method, and CdS and/or ZnS, obtained by
the precipitation method, and GrO were placed in a photo-
reactor containing the wastewater. The profile of hydrogen
production under visible-light irradiation as a function of
time for such photocatalysts as well as a test with pure
RGO is shown in Fig. 5.

The amount of hydrogen produced using composites
as photocatalysts in both cases is much higher than that
obtained from the mechanical mixtures of the individual
components, reflecting the heterojunction effect on the
composites RGO/(CdS), o/(Zn0O), 4, (labeled RGO/(Zn/Cd0.4-
[E)) and RGO/(CdS), o/(Zn0O), 5/(ZnS), 5, (labeled RGO/(Zn/
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Fig.3 SEM images of the samples after ion exchange: Zn/Cd0.0-IE, Zn/Cd0.2-IE, Zn/Cd0.4-IE, Zn/Cd0.6-IE, Zn/Cd1.5I-E and Zn/Cd4.0-1E

Cd1.5-IE)) obtained by the Pechini method followed by
sulfurization.

All photocatalysts were collected after the photoreac-
tion, washed and dried at room temperature. The powders
were analyzed by X-ray diffraction and Raman spectros-
copy to identify all components in the composites and
mechanical mixtures after irradiation and to prove the
reduction in GO to RGO (Fig. 6).

According to the XRD results, there is no significant
difference between samples before (Fig. 6a) and after
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(Fig. 6b) irradiation. However, for sample RGO/(Zn/Cd1.5-
IE), additional peaks appeared. Due to the small amount of
RGO component (2%) in the composites and mechanical
mixtures, we could identify only a small shoulder around
20° (26) in the samples RGO/(Zn/Cd0.4-IE) and RGO/(Zn/
Cd1.5-IE), indicating a small stacking degree of RGO in the
photocatalysts with the best performance.

Raman spectroscopy has been applied extensively to
monitor graphitic materials [51]. In this work, it was used to
confirm the graphene oxide reduction and to identify the
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Fig. 4 Hydrogen production rate of different photocatalysts under
visible-light irradiation (A>420 nm): a photocatalysts without RGO
and b photocatalysts with RGO

components in the composites and mechanical mixtures
before and after irradiation (Fig. 7). From the comparison
among the Raman spectra of individual components (CdS,
ZnS and ZnO) (Fig. 8a), composites (Zn/Cd0.4-IE and Zn/
Cd1.5-IE) and mechanical mixtures (Zn/Cd0.4-MM and Zn/
Cd1.5-MM) (Fig. 8b), one can see peaks related to CdS and
ZnOin all evaluated samples. However, for the samples Zn/
Cd1.5-IE and Zn/Cd1.5-MM, which contain ZnS as one of
the components, the intense peaks of CdS hide the ZnS-
related peaks. The peaks related to CdS can be observed
at approximately 302 cm™' (LO), 603 cm™" (2-LO) and
899 cm™' (3-LO) [52], all of which are assigned to optical
phonon modes (LO, first and second overtones). The first
two, which are strong and narrow, imply good crystallinity
and an ordered structure [53]. Near the main CdS peak, a
small but constant peak located at 348 cm™' (multiphonon
process) is also attributed to CdS [54, 55]. Finally, the other
peaks located at 420 cm™' (E2 mode) and 578 cm™' (A1-LO
mode) are related to the ZnO structure [56].

The behavior of the two well-known prominent peaks
related to graphene, the D band and G band, in the Raman

7004 = RGO
—8— RGO/(Zn/Cd0.4-IE)
Zn/Cd0.4-IE
—A— RGO/(Zn/Cd1.5-IE)
600 —%— Zn/Cd1.5-1E
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C
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Fig. 5 Hydrogen production as a function of time for different com-
posites and mechanical mixtures as well as pure RGO under visible-
light irradiation (A>420 nm)

measurements (Fig. 7c) confirms the reduction in GO to
RGO [57]. In addition to the increasing ratio I/l compared
to the ratio for GO [58], a sp®/sp? ratio reflex, it is possible
to observe a small redshift in the G band, from 1599 to
1582 cm™, especially for the highest performance photo-
catalysts, RGO/(Zn/Cd0.4-IE) and RGO/(Zn/Cd1.5-IE). This
result is indicative of the restoration of the C=C sp? bond
[59, 60], as found in the graphene hexagonal lattice.

Reduced oxide graphene (RGO) plays an important role
in the charge transfer process in photocatalytic reactions
since it promotes spatial separation of charges and pre-
vents recombination processes [61-73]. In addition, RGO
can transfer electrons to adsorbed water molecules on its
surface to produce hydrogen. Thus, a possible mechanism
for this process is based on the oxidation of sulfide ions
from tannery sludge by photogenerated holes on the ZnO
surface, while molecular hydrogen is formed from the
reduction in water on the RGO surface. Cadmium sulfide
is the component responsible for generating charge car-
riers upon visible-light absorption. The scheme in Fig. 8
illustrates the proposed generation and charge transfer
through the RGO/CdS/ZnO heterojunction.
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Fig.6 XRD patterns of the composites and mechanical mixture samples before (a) and after (b) irradiation

The photocatalyst RGO/(CdS), o/(Zn0)g53/(ZNnS), 57
exhibits slightly lower photocatalytic activity than the pho-
tocatalyst RGO/(CdS), (/(Zn0O), 4 for hydrogen production
(Figs. 4 and 5), which implies that the presence of a ZnS
segregated phase, inactive under visible-light irradiation,
decreases the number of visible-light-absorption centers
that contribute to the photocatalytic activity.

To evaluate the photocatalyst deactivation and the effi-
ciency of mitigating sulfide and organic matter, a long-
term reaction was performed over 30 h for both RGO/
(CdS), o/(Zn0), , and RGO/(CdS), o/(ZnO), 75/(ZNS), 57 The
residual liquid phase was analyzed after tannery sludge
treatment with each photocatalyst and compared with the
wastewater before photocatalytic treatment. The total loss
of photocatalytic activity was identified after 24 h of irradi-
ation (Fig. 9), reaching a maximum amount of hydrogen of
1.2 mmol for RGO/(CdS), 4/(Zn0), , and 1.0 mmol for RGO/
(CdS), ¢/(Zn0), 75/(ZNnS), 57. The characterization results of
the liming bath wastewater before and after photocata-
lytic treatment are shown in Table 3.

The sulfide content in the liming bath wastewater
decreased sharply after photocatalytic treatment from
55.0 g L' in the untreated wastewater to 5.4 g L™ when
treated with RGO/(CdS), ,/(Zn0),, and 8.9 g L' when
treated with RGO/(CdS), (/(Zn0), ;3/(ZnS)y 57. The sulfide is
partially converted into sulfate, and its content increased
from 3.8 g L' in the untreated wastewater to 7.0 g L™
when the photocatalyst used in the treatment was RGO/
(CdS), ¢/(Zn0), , and 6.4 g L' when the photocatalyst was
RGO/(CdS), o/(Zn0), 75/(ZnS)y57. These photocatalysts play
a bifunctional role in the photocatalytic treatment of tan-
nery wastewater in an oxygen-free atmosphere, mitigating
80-90% of the sulfide content with simultaneous hydrogen
production. Because the photocatalytic treatment of the tan-
nery sludge was conducted in an oxygen-free atmosphere
to recover the energy contained in the waste, much of the
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organic matter remains in the liquid. Although a decrease in
both BOD and COD has been observed, this treatment is not
sufficient for total abatement of the organic matter present
in the residue.

The characterization of the liming bath wastewater before
and after photocatalytic treatment allowed the evaluation of
the photocatalyst stability with respect to cadmium leaching
(Tabela 3). Despite the slightly higher photocatalytic activity
of the photocatalyst RGO/(CdS), o/(ZnO), 4, the photocatalyst
RGO/(CdS), ¢/(Zn0), 75/(ZnS), 57 is more eco-friendly because
its cadmium content is lower and there is virtually no loss
of this metal by leaching during photocatalytic treatment.

To evaluate the reuse of the photocatalysts, three
photocatalytic cycles were performed over 24 h using
the same photocatalyst, RGO/(CdS), ,/(ZnO), , and RGO/
(CdS), o/(Zn0O)y 75/(ZNS), 57, and fresh tannery sludge for
each cycle. In the first photocatalytic cycle, fresh photo-
catalyst was used, collected after irradiation, washed with
deionized water and subsequently used in the second
photocatalytic cycle. The procedure was repeated for the
third photocatalytic cycle. The results are shown in Fig. 10,
noting that the hydrogen production profiles for both
photocatalysts are identical for the three cycles.

Itis possible to conclude that the photocatalysts do not
lose activity for at least three photocatalytic cycles. In this
way, the halt in hydrogen production after 24 h of irradia-
tion in the long-term reaction (Fig. 9) must be associated
with the consumption of the sacrificial reagent (sulfide)
instead of photocatalyst deactivation.

4 Conclusions

The results revealed that this synthesis procedure is capa-
ble of obtaining (CdS)X/(ZnO)y composites and that GO
reduction takes place in situ during the photoreaction to
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Fig.8 Primary steps of charge transfer through the RGO/CdS/ZnO
heterojunction in the photocatalysts to promote the redox reac-
tion: a RGO/(CdS), ¢/(Zn0O), 4 and b RGO/(CdS); o/(Zn0), ;3/(ZNnS)y 57
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Fig.9 Hydrogen production profile in a long-term reaction for
tannery sludge treatment with the photocatalysts RGO/(CdS), o/
(Zn0), 4 and RGO/(CdS), o/(Zn0), ;3/(ZNnS)y 57
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Table 3 Characterization of
the liming bath wastewater
before and after photocatalytic
treatment with RGO/(CdS), o/
(Zn0),, and RGO/(CdS), o/

(Zn0) 75/(ZnS), 57

Sulfide Sulfate cDbo? BDOP cd
Liming bath wastewater _1 glL! »1 _1 B
before photocatalytic gL gL gL mg L
treatment 55.0 38 4.99 214 082
Liming bath wastewater after photocatalytic treatment
Sulfide Sulfate cbo? BDOP cd
Photocatalyst
gL’ gl’ gl’ gl’ mg L
(CdS)10/(Zn0) 04 54 7.0 3.52 1.32 1.20
(CdS)1.0/(Zn0)o73/(ZNS)o57 8.9 6.4 3.97 1.70 0.88

2Chemical demand of oxygen
PBiological demand of oxygen

Fig. 10 Recycle tests using the
photocatalysts RGO/(CdS), o/
(Zn0), 4 and RGO/(CdS), o/
(Zn0)q75/(ZNnS)g 57
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produce composites such as RGO/(CdS)X/(ZnO)y. Among all
photocatalysts tested in this work, the composite named
Zn/Cd0.4-IE, with the empirical formula (CdS), ¢/(ZnO)g 4
in the presence of RGO was the most active in the treat-
ment of liming bath wastewater from tanneries to produce
hydrogen with simultaneous sulfide abatement. The best
activity can be associated with the absence of segregated
phases and the narrower bandgap energy, covering a
large portion of the visible-light range. The presence of
ZnS as a segregated phase in sample Zn/Cd1.5-IE, with
the empirical formula (CdS), ,/(Zn0O), ;3/(ZNnS), 57, resulted
in a slight decrease in the photocatalytic activity relative
to (CdS), o/(Zn0), 4, but this photocatalyst has the advan-
tage of a lower cadmium content and does not suffer from
leaching during photocatalytic treatment. In both cases,
there is no loss in the photocatalytic activity over three
photocatalytic cycles, demonstrating great potential for
application in energy recovery from tanning waste with
simultaneous abatement of sulfide, one of the main pol-
lutants from leather processing.
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