Est. 1984

ORIENTAL JOURNAL OF CHEMISTRY

An International Open Access, Peer Reviewed Research Journal

www.orientjchem.org

ISSN: 0970-020 X
CODEN: OJCHEG
2019, Vol. 35, No.(3):
Pg. 1037-1044

Cadmium Sulfide Loaded Activated Carbon: An Efficient, Solar
Light Driven Photocatalyst for Rhodamine B Dye Degradation

SAGAR KANDE', UDHAV GHOSHIR', JAYSHREE KHEDKAR? and ANIL GAMBHIRE®**

'Department of Chemistry, New Arts, Commerce and Science College, Ahmednagar,
Maharashtra, 414001, India.
2Department of Chemistry, New Arts, Commerce and Science College, Shevgaon,
Dist. Ahmednagar, Maharashtra, 414502, India.
SDepartment of Chemistry, Shri Anand College, Pathardi, Dist. Ahmednagar,
Maharashtra, 414102, India.
*Corresponding author E-mail : abg_chem@ymail.com

http://dx.doi.org/10.13005/0jc/350316

(Received: March 24, 2019; Accepted: May 07, 2019)

ABSTRACT

A series of novel photocatalyst with CdS loaded on activated carbon (xAC/CdS) were
successfully synthesized by a simple hydrothermal method. The activated carbon content was varied
between 0-7 wt.%. The prepared photocatalysts were characterized by X-ray diffraction, scanning
electron microscopy with EDX, transmission electron microscopy, X-ray photoelectron spectroscopy,
UV-Vis diffuse reflectance spectroscopy, N, adsorption-desorption analysis and photoluminescence
spectroscopy. The photocatalytic activity of as-synthesized photocatalysts was studied for RhB dye
degradation under natural sunlight irradiation. XRD analysis assigned both cubic and hexagonal
morphology for xAC/CdS photocatalysts. The UV-Vis DRS studies showed that loading of CdS on
activated carbon enhances its visible light absorption with decrease in band gap energy. The lowest
photoinduced e/h pair recombination rate in 3wt% AC/CdS results in optimum photocatalytic activity
as revealed by photoluminescence study. The enhancement in dye degradation ability (~ 11 times)
of prepared photocatalysts can be attributed to synergistic effect of CdS and activated carbon.
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INTRODUCTION

During last few decades waste water
released from textile industries containing dyes as
contaminants has been emerged as a challenging
environmental issue. The natural degradation of
these contaminants however is a difficult task.
Several research groups have been highly engaged

in efforts to deal with this issue’. Accordingly,
semiconductor photocatalysts have attracted
significant attention of researchers for natural
degradation of the contaminants present in water??.
Among such semiconductor photocatalysts, TiO,,
ZnO and SnO, are commonly used due to their low
toxicity, high photocatalytic activity and stability. In
spite of these properties a large band gap of these
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metal oxides have so far been limited their activity
only in ultra-violet (UV) region*®. It is well known
that CdS is a highly activated photocatalyst with
band gap energy of 2.4 eV that matches closely with
the spectral range in the visible region. However,
the photocorrosion effect in aqueous medium and
high e-h pair recombination rate in CdS restricts its
photocatalytic activity. To overcome these problems
with CdS, different strategies such as doping with
metals®, coupling with metal oxides™ and loading
on carbon based materials have been developed.
The loading of CdS on carbon based materials like
carbon nanotubes (CNTs)," reduced graphene
oxides', fullerene (C60)'3, carbon spheres' have
shown an enhancement in its photocatalytic activity.
Nevertheless, commercialization of loaded CdS is
not possible due to the high market cost of these
supporting materials. Amongst carbon based materials,
activated carbon (AC) has been potentially applied
in many fields owing to its high surface area, good
chemical stability, superior light response ability and
excellent electronic properties. Due to the high surface
area and low cost it has widely been used as a support
for semiconductor photocatalyst'>'6. The loading on AC
brings significant enhancement in the surface area as
well as dye degradation efficiency of photocatalyst'”.

Huang et al., studied photodegradation of
Rhodamine B over biomass derived activated carbon
supported CdS nanomaterials. The synthesized
CdS@SAC-800 exhibit higher photocatalytic
activity, however the reusability of this photocatalyst
is observed to be less'. Guo et al., successfully
prepared CdS loaded coal based activated carbon
nanofibers with high surface area due to microporous
carbonaceous support'. Similarly Hu et al., studied
the coating of colloidal carbon sphere with CdS
nanoparticles by microwave assisted synthesis®.
However in both cases the commercialization of
these photocatalysts is difficult due to the costly
supporting materials. In the present work we
successfully loaded CdS crystals on the activated
carbon by using simple hydrothermal method
and have the advantages of less particle size,
uniform distribution and high purity?'?2. In general,
photocatalysts exhibit agglomeration in aqueous
medium which reduces their surface area, whereas
loading on activated carbon gives uniform distribution
without agglomeration. In addition to this, high
adsorption capacity of AC increases the contact
between organic contaminants and photocatalyst
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that renders enhanced photocatalytic activity.
Furthermore, the used photocatalyst can be easily
recovered by simple filtration process.

Herein, we develop a simple, efficient and
low cost method for the synthesis of CdS loaded
on activated carbon (xAC/CdS, x =0, 1, 3, 5 and
7wt% AC) by hydrothermal method. The present
work probes synergism between CdS and AC and
thereby concomitant enhancement in photocatalytic
dye degradation efficiency.

EXPERIMENTAL

Materials

Activated carbon was purchased from
Sigma Aldrich, Germany, Cadmium acetate
(Cd(OAc),).2H,0, thiourea (H,NCSNH,), ethylene
-diamine (H,NCH,CH,NH,) were obtained from
Merck & Co. All the chemicals were analytical grade
and used without further purification. DI water is used
throughout the experiment.

Preparation of xAC/CdS photocatalysts

Hydrothermal method was used to
synthesize xAC/CdS photocatalysts. 0.2 M cadmium
acetate (2.76 g in 40 ml DI water) and 0.2 M thiourea
(1.67 g in 40 ml DI water) were mixed with constant
stirring for 30 minutes. Further, the above mixture
was added with 2.6 ml ethylenediammine. Different
weight percentage of activated carbon (0, 1, 3, 5
and 7 wt%) were added in above mixture to get
different nanocomposites as pure CdS, 1AC/CdS,
3AC/CdS, 5AC/CdS and 7AC/CdS, respectively.
The obtained mixture was vigorously stirred for
2 h and then transferred in Teflon coated stainless
steel autoclave and kept at 180°C for 12 hours. After
completion of reaction, autoclave was cooled to room
temperature. The obtained olive colored powder was
dried in vacuum at 70°C followed by fine crushing
and labeling. The codes of prepared photocatalysts
are displayed in Table 1.

Table 1: Sample content and sample
codes of prepared samples

Sr. No Sample name Sample code
1 Pure CdS Cds
2 1wt % AC/ CdS 1AC/ CdS
3 3wt % AC/ CdS 3AC/ CdS
4 5wt % AC/ CdS 5AC/ CdS
5 7wt % AC/ CdS 7AC/ CdS
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Sample characterization

Powder X-ray diffraction pattern of
synthesized photocatalysts was obtained from
Brucker D8 Advance diffractometer using CuKa
radiation source at 40kV, 30mA over 20 range of
10-80°. Raman spectra were obtained from Renishaw
InVia raman spectrometer. The morphology of the
prepared photocatalyst was studied by scanning
electron microscopy (SEM) on Nova NanoSEM
450 with EDX on Bruker XFlash 6130. The high
resolution transmission electron microscope
(HRTEM) and selected area electron diffraction
(SAED) images are obtained from FEI Tecnai F30
TEM. The binding energy and chemical state were
analyzed by ESCA-3000, VG Microtech, Uckfield,
UK. Photoluminescence (PL) spectra were recorded
on SCINCO FluoroMate FS-2. Diffuse reflectance
spectra were obtained using PE LAMBDA35
spectrophotometer. The Brunauer-Emmett-Teller
(BET) specific surface area measurement was
carried out by N, adsorption/desorption at 77K using
Micrometrics ASAP 2020 systems.

Measurement of photocatalytic activity

The photocatalytic activity of the prepared
photocatalyst was evaluated by the degradation
of Rhodamine B (RhB) under natural sunlight
irradiation. The dye degradation experiment was
carried out in the month of May 2018 between
1-2 p.m. To overcome the variation of intensity
of sunlight the experiments were run in sets
simultaneously. The intensity of solar light was
recorded using lux meter (Ix-101a) and it was found
in average 91000 Lux. The intensity was measured
at the interval of every 15 min and remains constant
throughout the experiment. 20 mg of prepared
photocatalyst (pure CdS or xAC/CdS) was dispersed
into 100 ml (2 mg L") RhB solution in quartz vessel.
In order to establish equilibrium between adsorption
and desorption the mixture was stirred for 2 h in
dark. Further, this mixture was exposed to natural
sunlight. During irradiation small quantity of mixture
was withdrawn periodically after every 5 minute. The
concentration of mixture was analyzed using UV-Vis
spectrophotometer (UV-1900) after centrifugation at
wavelength 552 nm. The dye degradation efficiency
(%) was estimated using the following equation:
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Degradation Efficiency (% )= %
0

Where, C, and C, are the concentration of

RhB after time 0 and t, respectively during irradiation.

BET surface area of prepared samples is displayed
in Table 2.

Table 2: BET surface area of prepared

samples
Sr. No. Sample Surface area (SBET)(m2g")a
1 AC 1003
2 Pure CdS 27.5
3 1AC/CdS 69.4
4 3AC/CdS 115.3
5 5AC/CdS 156.7
6 7AC/CdS 192.4

aBET technique was used to study surface area of
xAC/CdS photocatalysts

RESULTS AND DISCUSSION

XRD analysis

The crystallinity and phase structure of the
prepared samples were studied by X-ray diffraction
(XRD) technique. Fig. 1 depicts the XRD pattern of
pure AC, pure CdS and xAC/CdS photocatalysts. A
shallow broad diffraction peak (0 0 2) of carbon is
obtained at 25.9°%4. Three diffraction peaks for 1AC/
CdS, 3AC/CdS, 5AC/CdS, and 7AC/CdS at 26.7°
(111),43.8°(220) and 52.2° (3 1 1) indicates cubic
phase of CdS (JCPDS card No. (80-0019). Also the
hexagonal phase of CdS is evident from the peaks
located at 24.8° (1 0 0),28.2°(1 0 1) and 47.9° (10
3) (JCPDS card No. 41-1049)?. The observed similar
XRD pattern in CdS and xAC/CdS reveals that
loading of CdS on AC does not alter its crystalline
phase. The disappearance of weak diffraction peak
of carbon in xAC/CdS points the low concentration
of activated carbon in prepared photocatalyst?. The
crystal sizes of prepared samples were measured
by using Scherrer formula.

_ K&
B cosB

Where, D-average crystalline size (A°),
K-Scherrer’s constant, A-wavelength (nm), - FWHM
and 6-Bragg’s angle. The average crystal size of CdS
loaded on AC is observed to be about 2.3 nm.
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Fig. 1. XRD pattern of prepared photocatalysts a) Pure AC, b)
Pure CdS, c) 1AC/CdS, d) 3AC/CdS, d) 5AC/CdS, e) 7AC/CdS
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TEM analysis

The surface morphology of AC, pure
CdS and 3AC/CdS was studied by TEM and
the corresponding images are displayed in Fig. 2. Fig.
2b depicts the agglomerated spherical crystals of
pure CdS within the size range of 3.9 to 4.3 nm. This
obtained size is higher than the crystal size determined
using XRD. Such increased crystal size may be due to
the aggregation of small primary crystals (2.3 nm) with
large surface energy?”. The TEM and HRTEM image of
3AC/CdS (Fig. 2(c-d) shows the successful anchoring
of CdS nanocrystals on the surface of activated carbon
without agglomeration. Even after sonication the CdS
nanocrystals were attached to the surface of activated
carbon which indicates the strong interaction between
CdS and activated carbon?.

Fig. 2. TEM images of (a) Pure AC (b) Pure CdS,
(c) 3AC/CdS and (d) HRTEM image of 3AC/CdS

XPS analysis

XPS study details the chemical composition
and electronic structure of the prepared 3AC/CdS
photocatalyst (Fig. 3(a-d). XPS survey spectrum of
3AC/CdS shown in Fig. 3a indicates the presence
of Cd, S and C. The asymmetric peak of C1s shown
in Fig. 3b can be deconvoluted into two peaks.
The strong peak at 284.5 eV can be assigned to
adventitious carbon from AC. In addition to this
the appearance of the weak peak at 288.6 eV is
observed, indicates the formation of O=C— Obond29
The binding energies of Cd3d,, and Cd3d,, of
3AC/CdS at405.7 eV and 412.4 eV, respectively could
be assigned to Cd** of CdS (Fig. 3¢c)*. The observed
S2p peaks at 162.1eV and 163.3eV clearly show the
presence of sulphide (S*) in CdS (Fig. 3d)3'.
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Fig. 3 a) XPS general survey of 3AC/CdS sample. High resolution XPS spectrum of b) C1s, ¢) Cd3d and d) S2p from 3AC/
CdS sample
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Photoluminescence spectra analysis

The xAC/CdS photocatalysts under
natural sunlight irradiation undergo photoexcitation
with generation of e/h pairs. The recombination of
e/h pairs in excited state accompanied with the
liberation of energy is known as fluorescence.
The interaction of CdS with activated carbon and
their synergistic effect can be well correlated
using fluorescence quenching. It is well known
that the high PL intensity is the result of increased
e/h pair recombination®. In the present study, all
the prepared samples upon excitation at 381 nm
show a fluorescence emission peak at 465 nm. As
shown in Fig. 4 the fluorescence peak intensity of
xAC/CdS samples is much lower than pure CdS. This
indicates that the loading of CdS on AC results in
quenching of fluorescence intensity. The formation
of interface between the surface of activated carbon
and CdS separates the photogenerated e/h pairs
and quenches their fluorescence®. Thus, the lowest
PL intensity in 3AC/CdS could be attributed to the
highest e/h pair separation rate.

Pure CdS
465 7AC/CdS
5AC/CdS
1AC/CdS
3AC/CdS

Intensity (a.u.)

420 430 440 450 460 470 480 490 500 510 520
Wavelength (nm)
Fig. 4. PL spectra for a) Pure CdS, b) 7AC/CdS, c) 5AC/CdS,
d) 1AC/CdS, e) 3AC/CdS

UV-Vis DR spectral analysis

Optical properties of pure CdS and xAC/
CdS samples were studied by UV-Vis diffuse
reflectance spectroscopy. A comparative graph in
Fig. 5 shows the absorption of pure CdS at about
520 nm which is in accordance with its reported band
gap of 2.4 eV™. An enhanced absorption in visible
light region was noticed for 1AC/CdS, 3AC/CdS and
5AC/CdS. The Cd-C bond formation between CdS
molecules and activated carbon shifts the absorption
(~23 nm) at higher wavelength3-.
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Fig. 5. UV-Vis diffuse reflectance spectra for xAC/CdS
photocatalysts

Photocatalytic activity

Figure 6 displays the RhB dye degradation
activity under natural solar light irradiation for series
of xAC/CdS samples. The photocatalytic activity
of prepared samples was recorded under dark
and light control i.e. in dark and without adding
photocatalyst, respectively. In both the experiments
no RhB dye degradation was observed. Therefore,
it can be inferred that the reaction does not proceed
in dark as well as by self photocatalysis. It is worth
to note that dye degradation activity of photocatalyst
is strongly dependent on the activated carbon
content and optimum distribution of CdS crystals
on AC. Accordingly 3wt% AC/CdS gives the highest
degradation (95% in 60 min), whereas pure CdS was
recorded with the minimum (24% in 60 minute). The
calculated rate constant (k) of photocatalytic RhB dye
degradation using pseudo first order model shows
the ~11 times higher photocatalytic dye degradation
rate 4.99x102 min' for 3AC/CdS compared to pure
CdS 4.57x10% min' 3. The photocatalytic dye
degradation rate follows the order: 3AC/CdS > 1AC/
CdS > 5AC/CdS > 7AC/CdS > pure CdS which is in
line with the studied fluorescence.

Mechanism of the enhanced photocatalytic
activity and synergistic effect

Generally, the photocatalytic activity of
semiconductor photocatalyst can be increased by
doping, coupling, mixing and structure alteration
or modification. Adsorption of pollutant on the
surface of photocatalyst is very crucial step in
photocatalytic process. The contact of CdS with
activated carbon can form semiconductor/Nom-
metal material heterojunction, which can reduce
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the photogenerated e/h pair recombination®. The
large surface area, good adsorptive nature and
porous structure of activated carbon mark it as a
good support and adsorbent for semiconductor
photocatalyst. In the present work, we observed
that the loading of CdS on activated carbon results
in enhanced RhB dye degradation efficiency. Even
though activated carbon itself is photocatalytically
inactivated, it brings significant enhancement in the
photocatalytic activity of CdS due to the formation
of heterojunction. The organic molecules initially
get adsorbed on the surface of activated carbon
with CdS-AC heterojunction. The xAC/CdS samples
with high surface area provide more adsorption
sites for RhB dye as compared to pure CdS. The
CdS molecules after solar light irradiation act
as a photoactivated centre due to generation of
e/h pair. These photogenerated e/h pairs further
create activated species i.e. radicals. Subsequently,
these strong oxidizing hydroxyl radicals demineralize
the organic molecules those adsorbed on both the
surface of AC and in contact with CdS. A mechanism
for this synergistic effect is depicted in Fig. 7. The
highest photocatalytic activity in 3AC/CdS inferred
that the successful formation of heterojunction and
the optimum distribution of CdS on activated carbon
results in efficient collision between RhB dye and
CdS molecules. However, the high adsorption of
organic molecules may results in the decreased
photocatalytic activity. Thus, the high activated
carbon content in the photocatalyst (5wt% and
7wt%) increases its adsorption which in turn reduces
effective collision of RhB molecules with CdS. This
reduced collision results in decreased photocatalytic
efficiency of 5AC/CdS and 7AC/CdS.

(In dark with 3AC/CdS

(In solar light without photocatalyst)

\’K\;« (pure CdS)
T g

0.2+ \
“ 3AC/CdS
\(A\ )
0.0 ]
T T T T T T
o 10 20 30 40 50 60

Irradiation time (min)

Fig. 6. Photocatalytic RhB dye degradation a) In dark with
photocatalyst, b) In solar light without photocatalyst, c)
pure CdS, d) 7AC/CdS, e) 5AC/CdS f) 1AC/CdS and g)
3AC/CdS under solar light irradiation
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Fig. 7. Mechanism of degradation of RhB using AC/CdS
photocatalyst

In order to confirm the practical applicability
of as prepared photocatalysts, the recyclability
and stability was studied under similar conditions.
The cycling runs in the solar photocatalytic RhB
dye degradation using 3AC/CdS is shown in Fig.
8. For five successive cycles the degradation rates
after 60 min were 95%, 94.7%, 94.3%, 92.1% and
90.4%, respectively. The marginal decrease in
the photocatalytic efficiency is due to the loss of
photocatalyst during washing process. It is noteworthy
that, after recycling the AC/CdS photocatalyst still
maintains its stability and photocatalytic activity.
These stability results indicate the successful loading
of CdS on AC and also demonstrate AC/CdS as
very feasible photocatalyst for solar photocatalytic
wastewater treatment.

100

80

60

% of RhB dye degradation

5

3
Number of cycles

Fig. 8. Recyclability study of 3AC/CdS photocatalyst for
photodegradation of RhB dye

CONCLUSION

Herein, we report a highly activated
and stable xAC/CdS photocatalysts successfully
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synthesized by facile one pot hydrothermal method.
The RhB dye degradation efficiency of prepared
photocatalyst was studied under natural sunlight
irradiation. The prepared xAC/CdS photocatalysts
show enhanced photocatalytic activity by shifting
absorption towards the visible light region. The 3wt%
of activated carbon was found to be the optimum
mass ratio for the highest photocatalytic activity. The
dye degradation efficiency of 3AC/CdS reaches 95%
within 30 min i.e. the rate is 11 times higher than pure
CdS. This remarkable enhancement in photocatalytic
activity of prepared photocatalyst is attributed to
the synergistic effect of natural sunlight absorption,
decreased band gap energy, high adsorption and
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increased surface area. We believe that the present
work, using activated carbon as a support should
serve as an important step in the field of band gap
engineering.
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