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KEYWORDS Abstract Photoreduction of hexavalent chromium, Cr(VI), identified as carcinogenic and muta-
Cu$ nanostructures; genic element, to Cr(I1I), believed to be an essential element, using copper sulfide nanostructures
Cr(VL); (CuS NSs) as photocatalyst was investigated under visible light irradiation (A > 420 nm). The
Photoreduction; CuS NSs were synthesized at low temperature using a wet chemical route and fully characterized
Visible light; using various techniques such as scanning electron microscopy, transmission electron microscopy,
Lake water X-ray diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy and UV-vis spectropho-

tometry. The photocatalytic reduction of Cr(VI) using visible light irradiation was assessed by UV—
vis by following the decrease of the characteristic absorbance at ~352 nm in the presence of CuS
NSs. While CuS NSs promoted Cr(VI) full reduction within 60 min, addition of adipic acid or for-
mic acid accelerated significantly the photocatalytic reduction process. Under optimized conditions,
CuS NSs rapidly (12 min) reduced Cr(VI) in presence of 0.5 mM adipic acid. Similarly, Cu NSs
were found to be efficient for Cr(VI) reduction dissolved in water from a local lake. Stability studies
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showed that the photocatalyst could be recycled up to four times without any apparent decrease of

its catalytic performance.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cr(VI) is widely used in industrial activities such as mining,
metal plating, leather tanning, stain steel welding, water cool-
ing, and power generation facilities. Waste streams from these
industrial sites contain often Cr ions among other metal ions at
concentrations above local discharge limits, and groundwater
around these sites is frequently contaminated by these metal
ions. However, Cr(VI) is shown to be toxic, mutagenic, and
carcinogenic to humans. Indeed, several studies have demon-
strated that Cr(VI) is carcinogenic to humans (Voitkun
et al., 1998) and genotoxic even at non-cytotoxic concentra-
tions (Depault et al., 2006).

To meet environmental regulations, effluents or water con-
taminated with Cr(VI) must be treated before discharge. Var-
ious chemical and physical techniques such as chemical
precipitation, electrochemical means, mechanical filtration,
ion exchange, membrane filtration, and adsorption are among
the conventional methods commonly used for removal of Cr
(VD) from the waste streams (Barrera-Diaz et al., 2012, Jin
et al., 2016, Owlad et al., 2009, Sen and Ghosh Dastidar,
2010, Wang and Ren, 2014, Wang et al., 2017a, 2017b, Wen
et al., 2016, 2017).

The Cr water solubility and its toxicity are directly related
to its oxidation degree even though Cr(VI) and Cr(III) are
the most stable ions found in the environment. While Cr(VI)
is highly soluble in water and toxic, Cr(III) is much less soluble
in water and precipitates in form of hydroxides in absence of
complexing ligands. Moreover, Cr(III) is an important element
for living organisms to function properly. Therefore, Cr(VI)
transformation to Cr(III) under controlled conditions is an
appealing method to remediate Cr(VI) contamination.

Cr(VI) chemical reduction to Cr(III) followed by precipita-
tion is the common method to remediate wastewaters contam-
inated with Cr(VI). Reduced iron and reduced sulfur
compounds are the common reducing agents for this transfor-
mation (Gheju, 2011). However, such processes generate large
amounts of residual sludge, which are difficult in managing
and final disposal as well as associated costs (Barrera-Diaz
et al., 2012). Organic acids are also able to promote Cr(VI)
reduction (Deng and Stone, 1996). Moreover, combined with
metal nanoparticles, formic acid exhibits high efficiency for
Cr(VI) reduction. Unlike other monocarboxylic acids, formic
acid in the presence of palladium nanoparticles is fully miner-
alized to CO, and H,, and the liberated H, is able to reduce Cr
(VI) with faster rates (Celebi et al., 2016, Dandapat et al., 2011,
Omole et al., 2007). More recently, the combination of organic
acids and photocatalysis was successfully applied for efficient
Cr(VI) reduction (Fellahi et al., 2016, Marinho et al., 2016).

The present study is focused on the performance of a new
visible light active photocatalyst, copper sulfide nanostructures
(CuS NSs), for the effective Cr(VI) photocatalytic reduction to
Cr(IIl) and the influence of organic acids on the reaction
kinetics.

Indeed, semiconductor chalcogenide nanostructures have
generated huge interest owing to their exceptional optical
and electronic properties, and their potential applications in
different fields, including energy conversion devices, photo-
catalysis, photovoltaics, biosensors, etc... Of particular inter-
est, copper chalcogenides, e.g. copper sulfide (CuS)
represents an interesting class of materials because of its low
toxicity, low cost, a wide range compositions and crystal struc-
tures, and diverse applications in various fields (Goel et al.,
2014, Van Der Stam et al., 2016, Zhao and Burda, 2012).
The narrow band gap (1.2-2.2eV), which is dependent on
the CuS crystalline phase, permits to harvest efficiently pho-
tons in the visible absorption window and thus makes it an
interesting semiconductor for photocatalytic processes. The
visible or solar light photocatalytic performance of CuS nanos-
tructures has been evaluated for several organic pollutants
such as rhodamine B (Estrada et al., 2016, Hai et al., 2013,
Srinivas et al., 2015), methylene blue (Gupta et al., 2012, Hu
et al., 2016, Pal et al., 2015), 2,4-dichlorophenol (Meng
et al., 2013), nitrobenzene and nitrophenol (Saranya et al.,
2015). Even though the photocatalytic properties of CuS
nanostructures have been examined for various organic pollu-
tants, to the best of our knowledge, the performance of this
semiconductor for Cr(VI) photo-reduction has not been yet
investigated.

In this paper, we studied the visible light photocatalytic per-
formance of CuS nanostructures for Cr(VI) reduction to Cr
(III) in Milli-Q or simulated water. The influence of organic
acids such as formic acid or adipic acid on the degradation rate
was also evaluated. The results clearly showed enhanced pho-
tocatalytic performance of the CuS NSs in presence of organic
acids. In addition to the high photocatalytic activity, the CuS
NSs photocatalyst exhibited good stability after several runs,
which makes it reusable for this catalytic transformation.

2. Experimental part

2.1. Materials and methods

All chemicals and reagents were of analytical grade and used
without any purification. Copper(II) chloride (CuCl,), cop-
per(Il) sulfate pentahydrate (CuSOy4-5H>0), triethanolamine
(TEA), ammonium hydroxide (NH,OH, 28-30%), sodium
hydroxide (NaOH), sodium thiosulfate (NaS,0s3), thiourea,
potassium dichromate (K,Cr,O-), ethanol, formic acid, and
adipic acid were obtained from Sigma-Aldrich (France).

A stock solution of Cr(VI) (107" M) was prepared from
K,»Cr,05 in Milli-Q water. The solution was diluted to 10~*
M of Cr(VI). The pH of the initial working solution was 6.9.

2.2. Catalyst preparation

Copper sulfide nanostructures (CuS NSs) were prepared
according to Pal et al. (2015) by using CuCl, as copper precur-
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sor, thiourea as sulfur precursor and triethanolamine as a com-
plexing agent. Briefly, a mixture of 15 mL of CuCl, (0.5 M), 5
mL of TEA, 10 mL of NH4OH, 10 mL of NaOH (1 M), 15 mL
of thiourea (0.5 M), and 45 mL of deionized water was heated
at 50 °C for 1 h under magnetic stirring, after which a precip-
itate was formed. The formed precipitate was separated by
centrifugation, rinsed with Milli-Q water, ethanol, and then
dried overnight at room temperature to give approximately
800 mg of CuS NSs as a dark greenish powder.

Highly crystalline pure covellite (CuS) phase was prepared
by hydrothermal method. Briefly, 160 mg (32 mM) of CuSOy4-
-5H,0 and 100 mg (32 mM) of NaS,0; were dissolved in 20
mL of water and sonicated (35kHz) for 2 h. The solution
was then transferred into a Teflon-lined stainless steel auto-
clave (40 mL capacity) and kept at 90 °C for 24 h. Then the
autoclave was cooled to ambient temperature. The resulting
precipitate was washed repeatedly with deionized water and
ethanol, and finally dried at 40 °C for 4 h.

2.3. Photocatalytic reduction of Cr(VI)

The visible light photocatalytic reduction of Cr(VI) was per-
formed in a 1 cm spectrometric quartz cuvette at room temper-
ature. In short, a 2 mL aqueous solution of Cr(VI) (10~* M)
and CuS NSs was irradiated under stirring at A > 420 nm
(0.41 W) using a visible fiber lamp (Spot Light Source 400—
700 nm, 1.9566-03, Hamamatsu, Japan). The performance of
the CuS NSs photocatalyst was assessed by monitoring the
decay of the characteristic absorption band of Cr(VI) at 352
nm as a function of irradiation time. All experiments were real-
ized in triplicate.

The visible light photocatalytic performance of CuS NSs
for Cr(VI) reduction in presence of formic or adipic acid was
carried out by addition of 100 pL of 107!, 1072 or 107> M of
the acid into 1 cm spectrometric quartz cuvette containing 2
mL aqueous solution of K,Cr,O7 (10™* M).

2.4. Photocatalytic reduction of Cr(VI) in simulated water

To check the practical applicability of CuS NSs, a water from
a local lake (lac du Héron, Villeneuve d’Ascq, France) was
used to dissolve K,Cr,O;. The visible light (A > 420 nm)
photo-reduction of 107*M Cr(VI) was examined in absence
and presence of adipic acid (0.5 or 1 mM) at room tempera-
ture. The reduction process was assessed by the decay of the
characteristic absorption band of Cr(VI) at 352 nm using
UV-vis spectrometry. All experiments were realized in
triplicate.

2.5. Characterization

The CuS NSs crystal phase was analyzed by X-ray diffraction
(XRD) at room temperature using Rigaku Smartlab rotated
anode diffractometer, equipped with a copper anode Cu Ka
radiation (A = 1.5406 A) and P = 9 kW. The 20 ranged from
15° to 80° and the scanning speed was 0.5°/min at a step of
0.01°.

The CuS NSs morphology was examined using scanning
electron microscopy (ULTRA 55, Zeiss) equipped with an
X-ray energy dispersive analysis device (EDX analysis) (Bruket
AXS), and transmission electron microscopy (Philips CM30

microscope operating at 300kV). The microscope was
equipped with a Gatan SS CCD camera and a Digital Micro-
graph software for the acquisition of electron diffraction pat-
terns, bright field and high-resolution imaging.

The optical properties of CuS NSs were recorded using a
Perkin Elmer Lambda UV-Vis 950 spectrophotometer
equipped with an Angle Absolute Universal Reflectance
Accessory (URA).

The chemical composition of CuS NSs was analyzed using
X-ray photoelectron spectroscopy (XPS) (ESCALAB 220 XL
spectrometer from Vacuum Generators featuring a monochro-
matic Al Ko X-ray source at 1486.6 eV).

3. Results and discussion

The CuS NSs were synthesized according to Pal et al. (2015).
Their crystalline phase was examined by X-ray diffraction
(XRD). Fig. 1 depicts the XRD pattern of the as-prepared
CuS NSs. It comprises peaks at 20 values of 27.89°, 29.26°,
31.93°, 33.26°, and 48.08° due to diffraction of the (10 1), (1
02), (103),(006), and (1 10) planes, respectively; the minor
peaks at 20 values of 38.95°, 42.2°, 52.59°, and 59.2° could be
indexed to (105), (106), (108), and (11 6) planes, respec-
tively. All the diffraction peaks could be readily indexed to
the hexagonal phase of CuS (JCPDS No. 06-0464), in good
agreement with reported data (Meng et al., 2013, Pal et al.,
2015). It is worth to notice the presence of small diffraction
peaks at 22.78°, 35.63°, 36.50°, 39.76°, 41.28°, and 61.58°
due to CuySO4(OH)g. Halder-Wagner method (Halder and
Wagner, 1966) was used to study the individual contributions
of the crystallite size and lattice micro-strain to isotropic line
broadening of all the reflection peaks of CuS NSs, as imple-
mented in the PDXL2 software (2012). It follows a value of
crystallite size of 7nm with a negligible microstrain
contribution.

The morphology of the synthesized CuS NSs was investi-
gated by scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and selected area electron diffrac-
tion (SAED). SEM imaging indicates the formation of parti-
cles in aggregated form with a flower-like geometry (Fig. 2).
Fig. 3a,b exhibits typical TEM images of the CuS NSs showing
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Fig. 1 X-ray diffraction pattern of as-prepared CuS NSs.
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Fig. 2 Scanning electron microscopy (SEM) images of as-prepared CuS NSs.

sheet-like structures of about 50 nm in size. From the corre-
sponding high resolution TEM image (Fig. 3c), a lattice inter-
planar spacing of 3.04 A is measured, which is consistent with
the d spacing for the (1 0 2) crystal plane of hexagonal phase of
CuS (Meng et al., 2013). The selected area electron diffraction
(SAED) pattern reveals the polycrystalline nature of as-
prepared CuS NSs (Fig. 3d). The results are in good agreement
with XRD analysis.

The optical properties of CuS NSs were studied by using
UV-Vis spectrophotometry. It is worth to notice that CuS
NSs absorption occurs in the visible light region, which makes
the material a promising photocatalyst. The UV-vis spectrum
of CuS NSs (Fig. 4a) exhibits a maximum absorption at ~ 450
nm and an extended absorption in the near infrared (NIR)
region, characteristic of CuS covellite (Jia et al., 2013). From
the plot of (oxmhv)? versus hv (where, oy is the absorption
coefficient obtained from equation 1 using Kubelka-Munk for-
malism (Jia et al., 2013) and hv is the photon energy), the opti-
cal band gap E, of CuS NSs was determined using the Tauc
plot method (Fig. 4b):

axy = (1 — Ry)*/2Ry (1)

where R is the reflectance of an infinitely thick sample with
respect to a reference at each wavelength.

The optical gap is extracted from the x-intercept of the
extension of the linear part of the plot (o hv)? versus hv
(Zbao and Fendler, 1991). According to Tauc, the photon
energy dependence of the absorption coefficient ‘ax,,” can be
described by the following Eq. (2):

ogm(hv) = A (hv— E,)" (2)

where A is a constant, E, the optical band, a gy is the optical
absorption coefficient, /v is the photon energy gap, h the
Plank’s constant and the exponent n is characteristic of the
nature of the electron transition.

The exponent n depends on the type of band gap of
the semiconductor and for a direct gap n = 1/2; thus the plot
of (OCKth)2 versus hv is linear over a certain energy range
and the intercept with the x-axis is precisely the value of the

optical gap. For indirect band gap n = 2; in this case,
(ozKth)l/ % is plotted versus (hv) and the value of the gap is
determined similarly from the x-intercept. Assuming a direct
transition, the relation (2) becomes:

(axahv)’ = A (hv — Ey) (3)

According to Eq. (3), a band gap of 2.07 eV was determined
for the CuS NSs, in accordance with values reported for CuS
NSs produced using a similar solution phase approach (Pal
et al., 2015) or a hydrothermal route (Jia et al., 2013).

Furthermore, we have determined the potentials of the con-
duction band (CB) and valence band (VB) edges of CuS NSs
using the well-known Mulliken electronegativity theory, by
taking Cu,Sy as an example (Mondal et al., 2015):

1
ECB:X_Ee_EEg§ Eyp=Ecp+ E,

X = {xg, x x§}

1

XCu - E(ACu +ICM)7

1
X5 =

(A s+ 1 5)7

where Ecp is the conduction band potential, X (5.27 eV for
CuS) corresponds to the electronegativity of the semiconduc-
tor, E, is the energy of free electrons on the hydrogen scale,
which is 4.5 eV, E, represents the band gap of the semiconduc-
tor (2.07 eV determined from the Tauc plot), 4 is the electron
affinity energy, and I is the ionization energy.

Thus, from the Mulliken electronegativity equations, the
top of the VB and the bottom of the CB of CuS NSs are esti-
mated to be +1.81 eV and —0.25 eV, respectively (Scheme 1).

The chemical composition of the synthesized CuS NSs was
characterized using energy dispersive X-ray spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS). EDS
analysis revealed atomic percentages of 55.91% and 44.09%
for Cu and S, respectively (Fig. S1, Table S1). The result indi-
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(a and b) Typical TEM images, (c) HRTEM image showing lattice planes, and (d) selected area electron diffraction (SAED)

pattern of CuS NSs, dotted pattern confirmed the crystalline nature of CuS NSs.

cates sulfur deficiency, which is characteristic of covellite
phase. The other peaks in the EDS spectrum originate from
the substrate used: Ni and C from the grid, Si and O from
the detector.

The high resolution Cus, XPS spectrum of CuS NSs com-
prises two main peaks at 932.5 and 952.1 eV due to Cu2ps;
and Cul2p;p, respectively with an atomic percentage of
37.84% (Fig. S5a). The occurrence of a shakeup peak at
944.0 eV indicates the presence of Cu(Il) species. The high res-
olution XPS spectrum of S,, in Fig. 5b is characterized by a
pair of peaks at 162.2 and 163.2 eV due to S2p3/, and S2p»,
respectively with an atomic percentage of 39.65% (Meng
et al., 2013). The peak at 168.6 eV is most likely due to oxi-
dized sulfur in the CuySO4(OH)s. The atomic percentage ratio
of Cu and S (Cu/S) is 0.95, close to a stoichiometric CuS
material.

The Raman spectrum of the CuS NSs consists of a main
peak at 469 cm™! ascribed to S-S stretching vibration and a
weaker peak at 264cm™! assigned to A, TO mode

(Fig. S2), suggesting the formation of the covellite phase of
CuS (Munce et al., 2007, Pal et al., 2015).

The visible light photocatalytic performance of the CuS
NSs was evaluated for the Cr(VI) reduction to Cr(III) using
UV-vis spectrophotometry. The progress of the photocatalytic
process was assessed by recording the decrease of the charac-
teristic absorption peak of Cr(VI) at ~352nm over time
(Fig. S3). The effect of the CuS NSs photocatalyst loading
was investigated for the reduction of 10~* M K,Cr,0- at room
temperature (Fig. 6a). Increasing the mass loading from 1 to 3
mg had a significant effect on the reduction process with a pho-
tocatalyst loading of 3 mg exhibiting a full reduction after 60
min. This contrasts with a reduction efficiency of ~95%
achieved using 1 and 2 mg of photocatalyst after 210 and
130 min irradiation, respectively. The result accounts for the
presence of more active sites at higher photocatalyst dosage.

The Langmuir-Hinshelwood (L-H) kinetic model, initially
developed to describe quantitatively gaseous—solid reactions,
was recently employed to describe Cr(VI) photoreduction over
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Fig. 4 (a) Optical absorption spectrum of CuS NSs (1 mg in 4
mL H,0) and (b) plot of the square of absorbance (oin hv)?
versus photon energy hv.

metal oxide nanoparticles (Idris et al., 2011). In this model, the
rate of reaction (r) is proportional to the fraction of surface
covered by the substrate (0). The rate of reaction (r) for low
concentrations of substrate is given by:

dc k,.KC

po9C_ ,,:m:kwc (4)

dt
For low Cr(VI) concentrations, the photoreduction of Cr(VI)
follows pseudo-first order kinetics and the rate constant can
be determined by the following relation (Idris et al., 2011):

C
—In (FO) = k(l[}p-[ (5)

where C, is the initial concentration of Cr(VI), C is the concen-
tration of Cr(VI) at time 7, 7 is the irradiation time and k,, is
the rate constant (min~').

Using this model, the apparent pseudo first-order rate con-
stant k,, is deduced from the slope of the line (Fig. 6b). A k,,,

-1.0
Conduction band
(CB)
-0.5
0.25 eV
Y S . JS— Zero level
0.5
E, = 2.07 eV
1.0
.......................... E® =Cr,077/Cr3*t =13 eV
1.5
2.0 v
181eV Valence band
B
25 B}
Scheme 1  Diagram of the energy band structure of CuS NSs.

value of 0.076 min~' was obtained for CuS NSs loading of 3
mg, which is much higher than 0.017 min~' determined for
I mg (Table S2). This loading was used for further
experiments.

Finally, the effect of organic acids (adipic or formic acid)
on the visible light photoreduction of Cr(VI) using CuS NSs
as photocatalyst was investigated. Fig. 7a depicts the influence
of adipic acid concentration on the photoreduction of an aque-
ous solution of 10™* M Cr(VI) in presence of 3 mg CuS NSs.
The result clearly indicates that increasing the adipic acid con-
centration from 0.05mM to 0.5mM induced a significant
decrease of the reduction time from 27 to 12 min, as compared
to 60 min required for full Cr(VI) photoreduction in absence of
adipic acid. The reaction kinetics can be fitted with a pseudo-
first order model (Fig. 7b) and k,,, values of 0.144 and 0.316
min~! were obtained for 0.05mM to 0.5 mM adipic acid,
respectively (Table S3).

Similarly, the influence of formic acid on the photocatalytic
reduction of Cr(VI) using CuS NSs as photocatalyst was exam-
ined. Fig. 8a displays the influence of formic acid concentra-
tion on the photoreduction of a 107*M Cr(VI) aqueous
solution in the presence of 3 mg of CuS NSs. Although addi-
tion of formic acid at 0.5 mM led to a significant reduction
of the photocatalytic time to 25 min to achieve full reduction
of Cr(VI), the effect was less important than that observed
upon addition of adipic acid. It is worth noting that the pH
of the solution was not the main reason for this difference in
the reduction rate. Indeed, comparable pH values have been
reached upon addition of adipic acid or formic acid. By fitting
the data with a pseudo-first order model (Fig. 8b), k,,, values
of 0.101 and 0.248 min~" were recorded for 0.05 mM to 0.5
mM formic acid, respectively (Table S4).

In a control experiment, we have examined the effect of for-
mic acid on the Cr(VI) reduction in absence of CuS NSs. The
results showed that, under dark conditions and in absence of
CuS NSs, no reduction occurred upon addition of 0.5 mM for-
mic acid to 10~* M Cr(VI) aqueous solution even after 60 min
exposure at room temperature (Fig. S4). The result clearly sug-
gests that the presence of CuS NSs photocatalyst was manda-
tory to achieve Cr(VI) reduction.
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Fig. 5 (a) Cuyp and (b) Sy, high resolution X-ray photoelectron
spectroscopy (XPS) of CuS NSs.

To study the influence of the CuySO4(OH)s phase on the
photocatalytic reduction of Cr(VI), we have prepared a pure
phase of CuS through a hydrothermal process (see experimen-
tal part). XRD diffraction pattern of the prepared CuS clearly
shows the formation of the highly crystalline phase pure covel-
lite (Fig. S5). The peaks at 20 values of 27.57°, 29.24°, 31.75°,
32.86°, 47.92°, 52.67°, and 59.22° could be indexed to the (10
1), (102), (103), (006), (110), (108), and (1 1 6) planes,
respectively.

The pure CuS phase was then investigated for the photore-
duction of Cr(VI) under otherwise identical experimental con-
ditions (Fig. S6). The pure CuS phase is slightly more active
than the CuS NSs for the low catalyst loadings (1 and 2 mg)

110
F —&— 1mg CuS
100 A —0—2mg CuS
90 —A—3mg CuS
80
70
QO 60 i
O 50

0- 1 1 1 1 1 1 1
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Time (mn)
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Fig. 6 Photocatalytic reduction of 1074 M K,Cr,O, aqueous
solution in the presence of CuS NSs (1, 2 and 3 mg) under visible
light irradiation (a) and the corresponding degradation kinetics
with first order linearity of — In(C/Cy) = kt (b).

and almost comparable for a catalyst loading of 3 mg. The
results clearly indicate that the CuySO4(OH)s phase does not
influence the photocatalytic reduction of C(VI). The slightly
lower activity of CuS NSs compared to pure CuS may be
attributed to the difference in the content of active CuS phase
in both catalysts.

The photocatalytic activity of Cu NSs was further tested
using simulated water (water from a local lake, Fig. 9a).
K,Cr,0, was dissolved at an initial concentration of 107* M
and irradiated using visible light. As can be seen in Fig. 9b,
in absence of adipic acid, a saturation was attained after 30
min irradiation with 60% reduction of Cr(VI). Further irradi-
ation did not improve the photocatalytic reduction process.
Addition of 0.5 mM adipic acid improved slightly the photo-
catalytic process with a total Cr(VI) removal of 72% after
30 min irradiation, and reached 80% after 240 min. Increasing
adipic acid concentration to 1 mM accelerated significantly the
reduction rate of Cr(VI), reaching 100% after 50 min irradia-
tion. The results are in accordance with those obtained using
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Fig. 7 Photocatalytic reduction of 107*M K,Cr,0; aqueous
solution using 3 mg of CuS NSs in the presence of adipic acid 0
mM (pH = 6.9), 0.05mM (pH = 6.3) and 0.5 mM (pH = 4.5)
under visible light irradiation (a) and the corresponding degrada-
tion kinetics with first order linearity of — In(C/Cy) = kt (b).

Milli-Q water for dissolving Cr(VI), indicating the positive
effect of adipic acid on the photocatalytic process.

The stability of the photocatalyst was investigated by
recording seven consecutive photoreduction runs of a 10~
M Cr(VI) aqueous solution in presence of 1 mg of pure CuS
phase and 0.1 mM adipic acid under visible light irradiation
(Fig. S7). The photocatalyst exhibited a good stability in the
first 4 cycles with full Cr(VI) reduction to Cr(III) after 8§ min
visible light irradiation. However, the reduction time increased
thereafter to reach 16, 24 and 60 min to achieve full reduction
after the 5th, 6th and 7th cycle, respectively.

The deactivation of the CuS photocatalyst after the 4™
cycle is most likely due to Cr(III) adsorption on the surface
of the photocatalyst. Indeed, XPS analysis of the sample after
photocatalysis indicates the presence of Cr on the surface.
More interestingly, the Cry, high resolution XPS spectrum
(Fig. S6) consists of reduced forms of Cr namely Cr(III).
The binding energies at 577.2 and 587.4eV assigned to

Time (min)

sl b
4+
S
e
j 2 Formic acid
® 05 mM
O 0.05mM
1 A0 mM
0 L L L 1 L 1 L 1 L 1
0 10 20 30 40 50 60

Time (min)

Fig. 8 Photocatalytic reduction of 107*M K,Cr,0; aqueous
solution using 3 mg of CuS NSs in the presence of formic acid 0
mM (pH = 6.9), 0.05mM (pH = 6.16) and 0.5 mM (pH = 4.12)
under visible light irradiation (a) and the corresponding degrada-
tion kinetics with first order linearity of — In(C/Cy) = kt (b).

Cr2p3p, and Cr2p; ), respectively confirm that the adsorbed
Cr is in the form of Cr(IIl). Cr(VI) is generally characterized
by higher binding energies at around 580 and 589 eV for
Cr2ps> and Cr2p, 5, respectively (Park et al., 2008).

A plausible mechanism can be proposed based on the opti-
cal characteristics of the CuS photocatalyst. With an optical
band gap of 2.07 eV, CuS absorbs visible light to generate an
electron-hole pair (Eq. (6)). Reaction of the photoexcited hole
with surface adsorbed H,O molecule on the photocatalyst sur-
face leads to the formation of HO- radicals (Eq. (8)). A re-
oxidation of Cr(IIl) to Cr(VI) is possible upon reaction of
Cr(IIT) with holes and HO" (Eq. (9)).

CuS+hv — hj, +egp (6)
Cr,07 + 14H" + 6e~ — 2Cr*" + TH,0 (7
H,0 + h* — HO" + H* (8)
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Fig. 9 Photo of the lake (a); Photocatalytic reduction of 107 M

K,Cr,0; dissolved in water from a local lake using 3 mg of CuS

NSs in the presence of adipic acid 0 mM (pH = 8.31), 0.5 mM

(pH = 6.74) and 1 mM (pH = 6.42) under visible light irradiation

(b).

Cr** + 2h* + HO" — Cr®" + HO™ )
HO' + organic acid — ... — CO, + H,O (10)
h* + organic acid — ... — CO, + H,O (11)

Although Cr(VI) reduction was promoted by CuS NSs alone
under visible light irradiation, addition of organic acids
enhanced the reduction rate. Organic acids are suspected to
scavenge the photogenerated holes directly (Eq. (11)) or indi-
rectly through the reaction with HO" (Eq. (10)), generated by
reaction with adsorbed water molecules (Eq. (8)). In both
cases, hole consumption prevents electron-hole recombination
therefore enhances Cr(VI) reduction (Eq. (7)). The difference
in the efficiency of the two investigated organic acids i.e. adipic
acid and formic acid is related to their electronic/structural
properties (Fellahi et al., 2016, Prairie et al., 1999). It has been
suggested that organic acids able to transfer electrons directly
to the photocatalyst valence band are more efficient than those
that are oxidized only by HO" radicals. In the former case,
electron-hole recombination is minimized because electrons

Cr(VI) +3e"—Cr(lll)

H,0

$

Scheme 2 Plausible mechanism of Cr(VI) reduction using CuS
NSs photocatalyst under visible light irradiation.

HO*

generated from the organic acid will fill rapidly valence band
holes, making more conduction band electrons available for
Cr(VI) reduction (Eq. (7)). For organic acids reacting with
HO' radicals (Eq. (10)), Cr(VI) reduction is indirectly affected;
the holes are only filled by the formation of HO' radicals, lead-
ing to a slow photoreduction rate.

Additionally, we studied the effect of O, and H,O; on the
photocatalytic reduction of Cr(VI) under visible light irradia-
tion (Fig. S9). The role of oxygen on the photocatalytic reduc-
tion of Cr(VI) was pointed out previously (Hu et al., 2014).
Indeed, it was suggested that O, can capture the conduction
band electrons to generate O3 (Eq. (12)) able to reduce Cr
(VI) to Cr(V) (Eq. (13)). To illustrate the effect of O, on the
photoreduction of Cr(VI), the solution was degassed with N,
(Fig. S9). The results indicate that the Cr(VI) reduction is
slightly lower in absence of O,, suggesting that O3 is not the
dominant species in the photocatalytic process. Similarly,
H,O, alone (in absence of CuS NSs) was not efficient for the
reduction of Cr(VI) either in the dark or under photo-
illumination (Fig. S9). In the presence of CuS NSs, H,O,
had a negligible effect in the dark, while the Cr(VI) photore-
duction was slightly enhanced under visible light irradiation.
The results indicate that H,O, contribution in the Cr(VI)
reduction is not significant.

02 + e — 02'_ (12)

Cr(VI) + Oy~ — Cr(V) + O, (13)

Taken together, Cr(VI) reduction is believed to occur domi-
nantly according to Scheme 2.

4. Conclusion

We have successfully applied CuS nanostructures, synthesized
by a wet chemical approach, as an efficient visible light photo-
catalyst for Cr(VI) reduction to Cr(III). The photocatalytic
efficiency was enhanced by addition of adipic acid or formic
acid. The results indicated that the electronic and structural
characteristics of these organic compounds are important fac-
tors for Cr(VI) photoreduction. Under optimized conditions,
addition of adipic acid led to full Cr(VI) reduction within only
12 min at room temperature, as compared to 60 min that are
necessary to attain the same reduction degree using CuS NSs
alone. While these organic species are believed to act as hole
scavengers thus improving charge separation in the photocat-
alytic process, the difference in their impact on the reduction
rate is not very clear. The efficacy of CuS NSs or the photore-
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duction of Cr(VI) dissolved in water from a local lake was fur-
ther demonstrated. Future work will focus on hybridization of
the CuS nanostructures with carbon supports such as carbon
dots or graphene with the aim to improve the charge separa-
tion and increase their absorption in the visible range.
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