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An effective and environmental-friendly method was adopted to enhance the Cr(VI) adsorption and pho-
tocatalytic reduction activity of g-C3N4, which was prepared by thermal condensation of melamine.
The enhancement was realized by hydrothermal treatment of g-C3N4 in 1.9-7.6 mol/L HNO; aque-
ous solutions at 80-120°C for 3-12 h. The compositions, structures and physiochemical properties of
the hydrothermally treated g-C3N4 were characterized by X-ray diffraction, X-ray photoelectron spec-
troscopy, Fourier transform infrared spectroscopy, scanning electron microscopy, transmission electron
microscopy, N, adsorption/desorption isotherms, Zeta potential analysis, UV-vis diffuse reflectance
spectroscopy and photocurrent measurement, and their dark adsorption and visible-light (wavelength
>420nm)-driven photocatalytic reduction of Cr(VI) in aqueous solution were tested. It was found that
the hydrothermally treated g-CsN4 exhibited significantly enhanced Cr(VI) adsorption and photocat-
alytic reduction activity than g-C3N,4. Moreover, larger concentration of HNO3; aqueous solution, higher
hydrothermal temperature or longer treatment time resulted in higher Cr(VI) adsorption and photocat-
alytic reduction activity of the hydrothermally treated g-CsN4. The reasons accounting for the enhanced
Cr(VI) adsorption and photocatalytic reduction activity of the hydrothermally treated g-CsN4 were dis-
cussed, and the different mechanisms for the photocatalytic reduction of Cr(VI) over g-C3N4 and the
hydrothermally treated g-C3N4 were also proposed.
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method for treating Cr(VI) contaminated wastewaters, because
this treatment method has many distinguished characteristics
[7-14]: (i) effectiveness (the Cr(VI) concentration after photocat-

1. Introduction

Hexavalent chromium (Cr(VI)) is a troublesome pollutant in

the effluents from chromate-related industries, such as mining,
chromate production, electroplating, leather tanning, pigment, and
wood preservation. Cr(VI) has high toxicity and high solubility
and mobility in water, and can do great harm to the environ-
ment and human health [ 1-3]. Therefore, it is necessary to explore
effective, economical, and environmental-friendly methods for
the treatment of wastewater contaminated with Cr(VI) [4-6].
Semiconductor mediated photocatalytic reduction is a promising
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alytic reduction can be reduced up to the detection limit of the
diphenylcarbazide colorimetric method, 0.005 mg/L [14], which is
much lower than the allowable limit of Cr(VI) in drinking water
proposed by the World Health Organization, 0.05 mg/L), (ii) good
ability to directly utilize solar energy, (iii) no secondary pollu-
tion, and less release of sludge than the traditional iron and
FeSO,4 reduction methods, (iv) reusability, (v) low cost, and (vi)
the reduced product, Cr(Ill) has only about one percent toxicity
of that of Cr(VI), and is easy to be precipitated in aqueous solu-
tion (Ksp¥(Cr(OH)3)=6.3 x 10-31) and disposed as a sludge [14].
Nonetheless, for the practical application of photocatalysis tech-
nology in treating Cr(VI) contaminated wastewaters, it should be a
premise to research for efficient visible-light-active photocatalysts.
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Graphite-like carbon nitride (g-C3Ny4) is a metal-free polymer
semiconductor, having a medium bandgap of approximately 2.7 eV
[15].1tis nontoxic and has good chemical stability, and can be easily
synthesized from abundant and cheap CN-containing precursors
[16-20]. Moreover, it has been proved to possess visible-light-
driven photocatalytic activity for many chemical reactions [21-28].
Thus, g-C3N4 holds great promise as a visible-light-active photocat-
alyst for industrial applications. However, the g-C3N4 synthesized
via the traditional thermal condensation methods exhibited low
photocatalytic activity, because of its large particles size, severe
aggregation, and small specific surface area [29-43]. Hence, many
researchers have now turned to devise various modification strate-
gies to improve the photocatalytic activity of g-C3N4 [29-43]. The
effective modification methods developed for g-C3N4 photocata-
lyst included copolymerization [29], doping [30,31], texturization
[32-35], supermolecular assembly [36], surface heterojunction
[37-39], and acid treatment [40-43], etc.

Acid treatment is a simple and effective way for improv-
ing the multiple performance of g-C3N4 [40-43]. For example,
Zhang et al. reported that the protonation of g-C3N4 with HCl
can not only enhance its ionic conductivity and photoconduc-
tion, but also enable the preparation of other promising g-C3Ny4
based hybrid composites by counteranion exchange [40]. Zhang
et al. reported that the chemical protonation of graphitic carbon
nitride (CN) solids with strong oxidizing HNO3 was efficient in
the sol processing of a stable CN colloidal suspension, which can
be converted to thin films with enhanced photo-electrochemical
performance by dip/disperse-coating techniques [41]. Xu et al.
reported that the single atomic layer g-C3N4 nanosheets pro-
duced via sonicated chemical exfoliation of bulk g-C3Ny4 in H,SO4
aqueous solution exhibited higher photocatalytic activity in H, pro-
duction and pollutant decomposition [42]. We also reported that
the photocatalytic activity of g-C3N4 in the reduction of aqueous
Cr(VI) under visible-light (wavelength >420nm) irradiation can
be improved simply by soaking g-C3N4 in 5mol/L HNO3 or HCl
aqueous solution for 2 h at room temperature [43]. However, the
improvement in the photocatalytic activity of g-C3N4 was only
small, and the underlying mechanism was not comprehensively
expounded in the preliminary study [43]. Furthermore, HNO3 or
HCl was prone to volatilize during the acid treatment process in
air.

Herein, for the sake of further enhancing the photocatalytic
activity of g-C3N4 and also avoiding the volatilization of HNO3 dur-
ing the acid treatment process, we conducted the HNO3 treatment
of g-C3Ny4 in the sealed autoclave under hydrothermal conditions.
The effects of the HNO3 concentration, hydrothermal temperature
and treatment time on the Cr (VI) adsorption and photocat-
alytic reduction activity of the hydrothermally treated g-C3N4
were investigated. The reasons accounting for the enhanced Cr(VI)
adsorption and photocatalytic reduction activity of the hydrother-
mally treated g-C3N4 were discussed, and the different mechanisms
for the photocatalytic reduction of Cr(VI) over g-C3N4 and the
hydrothermally treated g-C3N4 were also proposed.

2. Experimental
2.1. Synthesis of g-C3Ny4

An amount of melamine (3000 mg) was placed into a 50mL
corundum crucible and covered with a lid. They were then heated
in a program control chamber electric furnace from room temper-
ature to 520°C at a heating rate of 4 degrees per minute, further
maintained at 520°C for 4 h, afterwards cooled to room temper-
ature naturally. The residual solid was collected and ground into
powder. The as-obtained sample was denoted as g-C3Ny.
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Fig. 1. XRD patterns of g-C3N4, g-C3Ny4-1, g-C3N4-2 and g-C3Ny4-3.

2.2. Hydrothermal treatment of g-C3Ny4

500 mg of g-C3N4 was put into a 50 mL Teflon jar, and 40 mL of
1.9, 5.0 or 7.6 mol/L HNO3 aqueous solution was added and stirred
for 20 min. The mixture was sealed into stainless steel autoclave
and heated at 80-120°C for 3-12h. After the autoclave cooled
down to room temperature naturally, the resulting powder was
centrifuged, washed with deionized water and absolute ethanol,
and dried in air at 100°C for 4 h.

2.3. Characterization

The samples were characterized by XRD (Bruker AXS D8
ADVANCE X-ray diffractometer), FTIR (Varian Cary 670 FT-IR spec-
trometer), XPS (Thermo-VG Scientific ESCALAB 250 XPS system, Al
Ka radiation and adventitious C 1s peak (284.8 eV) calibration), SEM
(Hitachi S-4800 Field Emission Scanning Electron Microscopy), TEM
(FEI Tecnai G2 F30 S-TWIN field-emission transmission electron
microscopy), N, adsorption/desorption isotherms (Micromeritics
Instrument Corporation TriStar Il 3020 surface area and porosity
analyzer), Zeta potential analyzer (Malvern Instruments Zetasizer
Nano ZS90) and UV-vis diffuse reflectance spectra (Varian Cary
5000 UV-vis-NIR spectrophotometer). The photocurrent response
was measured on a CHI-660D electrochemical workstation (Beijing
Chinese Science Days Technology Co., Ltd.) using a standard three-
electrode cell. A 23 W Philips Energy Saver Light Bulb provided the
visible-light irradiation.

2.4. Adsorption and photocatalytic reduction of Cr(VI)

The experiments were carried out in our custom-made pho-
tochemical reactor [43]. Before illumination, 300 mL of 50 mg/L
K,Cr,07 aqueous solution, 1.0 mL of 100 mg/mL citric acid aque-
ous solution and 300 mg of photocatalyst were mixed (the pH of the
mixture was 3.1, which was the optimum pH value among 1.0, 2.0,
3.1,5.0 and 7.0 to achieve the highest efficiency of Cr(VI) adsorption
and photocatalytic reduction) and magnetically stirred for 60 min
to ensure the Cr(VI) adsorption equilibrium. During illumination
by visible-light (wavelength >420 nm), nearly 4 mL of suspension
was taken from the reactor at a scheduled time interval and fil-
tered with cellulose acetate membrane (pore size was 0.22 um) to
separate the photocatalyst. The Cr(VI) contents in the filtrates were
determined using the diphenylcarbazide colorimetric method [43].

3. Results and discussion

For the convenience of description, the samples derived from
hydrothermal treatment of g-C3N4 in 1.9, 5.0 and 7.6 mol/L of HNO3



H. Wei et al. / Applied Catalysis A: General 521 (2016) 9-18

(7]
Survey P >
o
2
o
> g-CN,-3
‘0
: |
£
g-CN, A ,‘\J
S
800 700 600 500 400 300 200 100 O
Binding energy (eV)
N1s C=N-C

Intensity

g-CN,

410 408 406 404 402 400 398
Binding energy (eV)

396

C1s N=C-(N),
2
£ |gCcN,3
c
2
£
g-C3N4
294 292 290 288 286 284 282
Binding energy (eV)
01s NO,-, C=0, H,0
2
‘D
c
3
£
g-CN,-3
538 536 534 532 530 528

Binding energy (eV)

Fig. 2. XPS spectra of g-C3N4 and g-C3Ny4-3.

g-CN,

g-CN,-3

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 3. FTIR spectra of g-C3N4 and g-C5Ny4-3.

aqueous solution at 120°C for 12 h are hereinafter abbreviated as
g-C3Ny4-1, g-C3N4-2 and g-C3Ny4-3, respectively. Fig. 1 shows the
XRD patterns of g-C3N4-1, g-C3N4-1 and g-C3N4-3. As can be seen
from Fig. 1, g-C3N4 displayed two typical XRD peaks of graphite-
like carbon nitride at about 12.9° and 27.2°. The XRD peak at 12.9°
corresponded to the in-plane structural packing motif of the con-
jugated aromatic systems and can be indexed as the (100) crystal
plane of g-C3N4; whereas the XRD peak at 27.2° corresponded
to the interplanar stacking of the conjugated aromatic systems
and can be indexed as the (002) crystal plane of g-C3N4 [43-45].
The XRD patterns of g-C3N4-1, g-C3N4-2 and g-C3N4-3 still con-
tained the characteristic (002) interlayer-stacking peak, suggesting
the graphite-like structure of g-C3N4 was still retained after the

hydrothermal treatment in 1.9-7.6 mol/L HNO3 aqueous solutions
at 120°C for 12 h. Nevertheless, it seemed that the (002) peak of
g-C3Ny4-1, g-C3Ny4-2 and g-C3Ny4-3 turned sharpening, as compared
with that of g-C3Ny4. This might be because the unstable domains
of not-well-ordered carbon nitride had been removed after the
hydrothermal treatment in 1.9-7.6 mol/L HNO3 aqueous solutions
at 120°C for 12 h [20]. Besides, the (100) peak of g-C3N4 became
much weaker in the XRD pattern of g-C3N4-1 or almost disap-
peared in the XRD patterns of g-C3N4-2 and g-C3Ny4-3. This was
likely because the in-plane periodic arrangement of the conju-
gated aromatic segments of g-C3N4 had been destroyed after the
hydrothermal treatment in HNO3 aqueous solutions. Furthermore,
the yields of g-C3N4-1, g-C3N4-2 and g-C3Ny4-3 were 89.6%, 61.9%
and 24.6%, respectively, with reference to the starting amount of g-
C3Ny4 used for the hydrothermal treatment. Thus, it can be inferred
that during the hydrothermal treatment in HNO3 aqueous solu-
tions, the oxidation etching and protonation depolymerization of
g-C3N4 had occurred [41]. Moreover, larger concentration of HNO3
aqueous solution can cause more oxidation etching and protona-
tion depolymerization of g-C3Ng.

The surface elemental composition and chemical states of g-
C3N4 and g-C3N4-3 were analyzed by XPS. The survey XPS spectra
in Fig. 2 revealed that both samples contained C, N and O. The
C 1s XPS spectrum of g-C3N,4 displayed two peaks at (i) 284.8 eV
and (ii) 288.2 eV (Fig. 2), which can be assigned to (i) graphite and
adventitious Cand (ii) sp2-bonded C in N-containing aromatic rings
(N—C=N) [46-49], respectively. By contrast, the C 1s XPS spectrum
of g-C3N4-3 can be deconvoluted into three peaks at (i) 284.8 eV, (ii)
288.2 eV and (iii) 289.3 eV (Fig. 2). The two C 1s peaks of g-C3N4-3
at 284.8 eV and 288.2 eV were the same as g-C3N4. The additional
C 1s peak of g-C3Ny4-3 at 289.3 eV can be attributed to C=0 [49],



12 H. Wei et al. / Applied Catalysis A: General 521 (2016) 9-18

Fig. 4. SEM images of (a) g-C3Ny, (b) g-C3N4-1, (c) g-C3N4-2 and (d) g-C3N4-3; and (e) TEM image of g-C3Ny4-3.

which suggested that some carbon of g-C3N4 had been oxidized
after the hydrothermal treatment in 7.6 mol/L of HNO3 aqueous
solution at 120°C for 12 h. The N 1s XPS spectrum of g-C3Ny4 can be
deconvoluted into three peaks at (i) 398.6 eV, (ii) 399.9 eV and (iii)
401.0 eV, whereas the N 1s XPS spectrum of g-C3N4-3 can be decon-
voluted into four peaks at (i) 398.9 eV, (ii) 400.2 eV, (iii) 401.0eV
and (iv) 406.7eV (Fig. 2). The N 1s peak at (i) 398.6-398.9eV,
(ii) 399.9-400.2 eV and (iii) 401.0eV can be assigned to (i) sp?-
hybridized N in C=N—C, (ii) tertiary N bonded to C in the form of
N—(C)3 and (iii) —NH; [46-49], respectively. The extra N 1s peak of
g-C3N4-3 at 406.7 eV can be attributed to the NO3;~ adsorbed by the
protonated g-C3Ny4 [49], that is, g-C3N4-3 was probably in the form
of g-C3N4-H*NO3~ [40]. Besides, the O 1s XPS spectra indicated that
the O 1s peak intensity of g-C3N4-3 was much stronger than that of
g-C3Ny4 (Fig. 2), suggesting that g-C3N4-3 contained more oxygen

content than g-C3Ny. The oxygen content of g-C3N4-3 might come
from NO3~, C=0 and adsorbed H,0 [49].

Fig. 3 shows the FTIR spectra of g-C3N4 and g-C3N4-3. Both
samples displayed the typical FTIR absorption peaks of g-C3Ny, for
instance, the absorption peak at around 812cm~! corresponded
to the breathing mode of the triazine units [50-54], the absorp-
tion peaks between 1200 and 1700 cm~! belonged to the stretching
modes of CN heterocycles [50-54], and the absorption bands from
about 3000 to 3500cm~! represented the uncondensed —NH,
and surface adsorbed H,0 [50-54]. Nevertheless, g-C3N4-3 dis-
played two additional FTIR absorption peaks at around 1703 and
1387 cm~!, which can be assigned to the stretching mode of C=0
[55] and NO3~ [56], respectively. Thus, the FTIR and XPS analysis
results of g-C3N,4-3 were consistent with each other.
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Fig. 4(a)-(d) show the SEM images of g-C3Ny4, g-C3N4-1, g-C3Ny-
2 and g-C3N4-3, respectively. It can be seen from Fig. 4(a)-(d) that
the particle size of the samples followed an order of g-C3N4-3 < g-
C3Ny4-2 <g-C3Ny4-1<g-C3Ny. This indicated that the particle size
of g-C3N4 decreased after the hydrothermal treatment in HNO;
aqueous solution. Moreover, larger concentration of HNO3; aqueous
solution used for the hydrothermal treatment resulted in smaller
particle size of g-C3Ny4. Furthermore, the TEM image in Fig. 4(e)
revealed that g-C3N4-3 comprised porous nanosheets. The smaller
porous nanosheets of the hydrothermally treated g-C3N4 meant the
shorter distance for their photogenerated electrons and holes to
migrate from the birth site to the solid-liquid interface, thus reduc-
ing the recombination probability of their photogenerated charge
carriers [42,50]. The decrease in the particle size and formation of
porous nanostructures of the hydrothermally treated g-C3N4 may
be due to the oxidation etching and protonation depolymerization
of g-C3N4 during the hydrothermal treatment in HNO3; aqueous
solution. In addition, it was reasonable that larger concentration
of HNO3 aqueous solution can lead to more oxidation etching and
protonation depolymerization of g-C3Ny4. This also agreed with the
fact that the yields of g-C3N4-1, g-C3N4-2 and g-C3Ny4-3 were in a
descending order.

The BET specific surface areas of g-C3Ny4, g-C3N4-1, g-C3Ny4-2 and
g-C3N4-3 were 1.9, 8.1, 34.9 and 43.4 m2/g, respectively. This indi-
cated that the specific surface area of g-C3N4 had been increased
by the hydrothermal treatment in HNO3 aqueous solution. More-
over, larger concentration of HNO3; aqueous solution used for the
hydrothermal treatment resulted in larger specific surface area of
g-C3Ny4. The increased surface area of the hydrothermally treated

Current

0 40 80 120 160 200 240
Time (second)

Fig. 6. Photocurrent response of g-C3N4 and g-C3Ny4-3 electrodes subjected to the
periodic irradiation by 23 W Philips Energy Saver Light Bulb.

g-C3Ny4 can provide more surface active sites for the adsorption and
photocatalytic reactions [42,50].

The Zeta potentials of g-C3N4, g-C3N4-1, g-C3N4-2 and g-C3Ny4-3
dispersed in water were determined to be -11.9, +48.5, +46.0 and
+40.7 mV, respectively. This implied that the hydrothermal treat-
ment in HNO3 aqueous solution had changed g-C5N4 from negative
to positive surface charges as a result of protonation [40], which
would be beneficial to adsorb more Cr(VI) in the form of mainly
Cr,0,2-at pH 3.1 through electrostatic attraction [57].

The UV-vis diffuse reflectance spectra of g-C3Ny4, g-C3Ny4-1, g-
C3N4-2 and g-C3N4-3 are shown in Fig. 5(a). As can be observed
from Fig. 5(a), the absorption edges of g-C3N4-1, g-C3N4-2 and g-
C3N4-3 shifted to shorter wavelength in comparison with that of
g-C3N4. Moreover, their blue shifts were in the order of g-C3Ny4-
3>g-C3Ny4-2 >g-C3Ny4-1. Using the Tauc plot approach [58-61], the
bandgap (Eg) values of g-C3Ny4, g-C3N4-1, g-C3N4-2 and g-C3Ng-3
were estimated to be about 2.57, 2.63, 2.66 and 2.68 eV (Fig. 5(b)),
respectively. The enlargement in the Eg value of the hydrothermally
treated g-C3N4 may be due to their smaller porous nanostructures,
which can result in quantum confinement effect [41].

Fig. 6 shows the photocurrent response of g-C3N4 and g-C3Ny4-
3 electrodes subjected to the periodic irradiation by 23 W Philips
Energy Saver Light Bulb. The photocurrent response was fast and
uniform in each switch-on and switch-off round for both sample
electrodes. The photocurrent of g-C3N4-3 electrode was far higher
than that of g-C3N,4 electrode, suggesting the much more effi-
cient separation of photogenerated electrons and holes in g-C3N4-3
[42,50].

Fig. 7(a) shows the dark adsorption and visible-light (wave-
length >420 nm)-driven photocatalytic reduction of Cr(VI) over
g-C3Ny, g-C3Ny4-1, g-C3N4-2 and g-C3N4-3 in aqueous suspension.
As can be observed from Fig. 7(a), the Cr(VI) adsorption capacities
of the samples were in the order of g-C3N4-3 >g-C3Ny-2 >g-C3Ny-
1>g-C3Ny (our dark adsorption experiments had demonstrated
that the adsorption equilibrium between each sample and Cr(VI)
can be achieved after magnetic stirring the mixture of the sam-
ple and Cr(VI) aqueous solution for 60 min in the dark). The Cr(VI)
adsorption capacities of g-C3N4-3, g-C3N4-2, g-C3N4-1 and g-C3Ny
were 77.2%, 66.2%, 39.0% and 1.5%, respectively. This indicated
that the hydrothermal treatment in HNO3 aqueous solution can
enhance the Cr(VI) adsorption capacity of g-C3N4. Moreover, with
the increase of the concentration of HNO3 aqueous solution used
for the hydrothermal treatment, the Cr(VI) adsorption capacity
of the resultant g-C3N4 became larger. After the dark adsorption
equilibrium between each sample and Cr(VI), the Cr(VI) con-
centration continued to decrease once irradiated by visible-light
(wavelength >420 nm), suggesting all the samples had visible-light-
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Fig.7. (a)Darkadsorption and visible-light (wavelength >420 nm)-driven photocat-
alytic reduction of Cr(VI) over g-C3Ny4, g-C3N4-1, g-C3N4-2 and g-C3N4-3 in aqueous
suspension. Note: Cs denotes the starting Cr(VI) concentration in 50 mg/L K,Cr,07
aqueous solution, whereas C; denotes the Cr(VI) concentration after the dark adsorp-
tion or visible-light (wavelength >420 nm) irradiation for ¢t minutes. (b) Plots of
In(Cjo/C;) vs irradiation time (t) to obtain the values of reaction rate constant (k)
and correlation coefficient (R?) for photocatalytic reduction of Cr(VI) over the sam-
ples. Note: Gjp and G;; were the Cr(VI) concentration at the irradiation time of 0 and
t minutes, respectively.

driven photocatalytic activity in the reduction of aqueous Cr(VI). To
quantitatively compare the photocatalytic activities of g-C3Ny, g-
C3Ny4-1, g-C3N4-2 and g-C3Ny4-3, the reaction rate constant (k) of
photocatalytic Cr(VI) reduction over each sample was obtained by
employing the pseudo-first-order kinetic model [62-66]:

C.
In (l)) —kt
Git

where Cjg and Gj; were the Cr(VI) concentration at the irradiation
time of 0 and t minutes, respectively. The plots of In(Cj/C;;) Vs
irradiation time (t) and the obtained values of k and correlation
coefficient (R?) for photocatalytic reduction of Cr(VI) over differ-
ent samples are provided in Fig. 7(b). As can be observed from
Fig. 7(b), the order of the k values for photocatalytic reduction of
Cr(VI) over different samples was g-C3N4-3>g-C3N4-2>g-C3Ny-
1>g-C3N4. This meant that the hydrothermal treatment in HNO3
aqueous solution can also enhance the photocatalytic activity of
g-C3N4 in the reduction of aqueous Cr(VI) under visible-light
(wavelength >420nm) irradiation. Moreover, with the increase
of the concentration of HNO3 aqueous solution used for the
hydrothermal treatment, the photocatalytic reduction activity of
the resultant g-C3N4 became higher.

Fig. 8(a) shows the dark adsorption and visible-light (wave-
length >420 nm)-driven photocatalytic reduction of Cr(VI) over
the samples obtained from hydrothermal treatment of g-C3N4 in
7.6 mol/L HNO3 aqueous solution at 80, 100 and 120°C for 12h,
whereas Fig. 8(b) shows the dark adsorption and visible-light

(wavelength >420 nm)-driven photocatalytic reduction of Cr(VI)
over the samples obtained from hydrothermal treatment of g-
C3Ny4 in 7.6 mol/L HNO3 aqueous solution at 120°C for 3, 6 and
12 h. As can be observed from Fig. 8(a) and (b), the Cr(VI) adsorp-
tion capacity of the hydrothermally treated g-C3N,4 became larger
with the increase of hydrothermal temperature or the exten-
sion of hydrothermal time, while the other conditions were the
same. The Cr(VI) adsorption capacities of the g-C3N4 treated at
the hydrothermal temperature of 80, 100 and 120°C were 40.3%,
70.4% and 77.2%, respectively; whereas the Cr(VI) adsorption capac-
ities of the g-C3N,4 treated using the hydrothermal time of 3, 6
and 12h were 70.8%, 73.8% and 77.2%, respectively. Besides, by
employing the pseudo-first-order kinetic model, the k values of
photocatalytic Cr(VI) reduction over the g-C3N,4 treated at the
hydrothermal temperature of 80, 100 and 120°C were obtained
to be 0.0080, 0.0119 and 0.0189min~! (Fig. 8(c)), respectively;
whereas the k values of photocatalytic Cr(VI) reduction over the
g-C3Ny4 treated using the hydrothermal time of 3, 6 and 12 h were
obtained to be 0.0105, 0.0137 and 0.0189 min~"! (Fig. 8(d)), respec-
tively. Thus, the visible-light-driven photocatalytic Cr(VI) reduction
activity of the hydrothermally treated g-C3N4 was also enhanced
with the increase of hydrothermal temperature or the extension of
hydrothermal time, while the other conditions were the same.

The above results demonstrated that the Cr(VI) adsorption and
photocatalytic reduction activity of g-C3N4 can be tremendously
enhanced by hydrothermal treatment in 1.9-7.6 mol/L of HNO3
aqueous solutions at 80-120°C for 3-12h. The enhanced Cr(VI)
adsorption of the hydrothermally treated g-C3N4 may be mainly
ascribed to their larger specific surface areas and positive surface
charges, considering the aforementioned characterization results
of their structures and other physiochemical properties. However,
the higher photocatalytic Cr(VI) reduction activity of the hydrother-
mally treated g-C3N4 was not only resulted from their smaller
particle sizes, larger specific surface areas, enhanced adsorption for
Cr(VI), and more efficient separation of photogenerated electrons
and holes, but also related with the change in the photocatalytic
Cr(VI) reduction mechanism as discussed below.

Previous studies had demonstrated that the photocatalytic
reduction of Cr(VI) over g-C3N4 was dominantly through a two-step
superoxide ions(*0,~) mediated indirect reduction mechanism
[67,68], that is, first, the photogenerated electrons (e~) of g-C3Ny4
under visible-light irradiation reduce the adsorbed O, to produce
*0,", then, the *0O,~ reduces Cr(VI). Meanwhile, the reduction of
Cr(VI) directly by the e~ of g-C3Ny4 can also take place, but plays
only a minor role [67,68]. However, in this study, the hydrother-
mal treatment in HNO3 aqueous solution had changed the surface
charge of g-C3N4 from negative to positive (for example, the
Zeta potentials of g-C3N4 and g-C3N4-3 were -11.9 and +40.7 mV,
respectively). As expected, the positively charged surface of the
hydrothermally treated g-C3N4 would prefer to adsorb the nega-
tively charged Cr(VI) in the form of mainly Cr,072-anions rather
than the neutral O,, whereas the negatively charged g-C3N4 would
prefer to adsorb the neutral O, rather than the negatively charged
Cr,072-anions (for example, the Cr(VI) adsorption capacities of
g-C3N4 and g-C3N4-3 were 1.5% and 77.2%, respectively). It was
reasonable to relate the more adsorption of Cr(VI) with the less
adsorption of O,, because Cr(VI) and O, should compete for the
adsorption sites on the surface of the hydrothermally treated g-
C3Ny. Therefore, it was deduced that the Cr(VI) adsorption would
occupy the active sites of the hydrothermally treated g-C3N4 to
inhibit the adsorption of O,. The less O, adsorption would inhibit
the subsequent trapping of e~ by O, to produce *O;,~, rendering
the reduction of Cr(VI) by *O, ~ less possible. To confirm this exper-
imentally, the role of O, in the photocatalytic reduction of Cr(VI)
over g-C3Ny4 and g-C3N4-3 was studied through the contrast exper-
iments in air and N, ambient. It can be observed from Fig. 9 that
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Fig. 8. (a) Dark adsorption and visible-light (wavelength >420 nm)-driven photocatalytic reduction of Cr(VI) over the samples obtained from hydrothermal treatment of
g-C3N4 in 7.6 mol/L HNO3 aqueous solution at 80, 100 and 120°C for 12 h. (b) Dark adsorption and visible-light (wavelength >420 nm)-driven photocatalytic reduction of
Cr(VI) over the samples obtained from hydrothermal treatment of g-C3N4 in 7.6 mol/L HNO3; aqueous solution at 120°C for 3, 6 and 12 h. (c) Plots of In(Cjo/GC;¢) vs irradiation
time (t) to obtain the values of reaction rate constant (k) and correlation coefficient (R?) for photocatalytic reduction of Cr(VI) over the samples obtained from hydrothermal
treatment of g-C3Ny4 in 7.6 mol/L HNO3 aqueous solution at 80, 100 and 120°C for 12 h. (d) Plots of In(Cjo/C;;) vs irradiation time (t) to obtain the values of reaction rate
constant (k) and correlation coefficient (R?) for photocatalytic reduction of Cr(VI) over the samples obtained from hydrothermal treatment of g-C3Ny4 in 7.6 mol/L HNO3

aqueous solution at 120°C for 3, 6 and 12 h.
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the photocatalytic reduction of Cr(VI) over g-C3N4 in N, ambient
was obviously suppressed, suggesting that O, was involved in the
photocatalytic reduction of Cr(VI) over g-C3N,4 [67,68]. By contrast,
the photocatalytic reduction of Cr(VI) over g-C3N4-3 was hardly
affected after the elimination of O, by bubbling high-purity N,
(Fig. 9), suggesting that O, had little to do with the photocatalytic
reduction of Cr(VI) over g-C3N4-3. Thus, it can be concluded that
the two-step *O,~ mediated indirect reduction governed the pho-
tocatalytic reduction of Cr(VI) over g-C3Ny4, but the one-step direct
e~ reduction dominated the photocatalytic reduction of Cr(VI) over
the hydrothermally treated g-C3N4 (for example, g-C3N4-3). On the
other hand, the photogenerated holes of both g-C3N4 and g-C3N4-3
were consumed by the oxidation of the sacrificial agent, citric acid
(our experiments also demonstrated that tartaric acid, oxalic acid
and formic acid can replace citric acid as the sacrificial agent) [69].
The mechanisms for the photocatalytic reduction of Cr(VI) over g-
C3N4 and the hydrothermally treated g-C3N4 (taking g-C3N4-3 as
an example) are indicated in Scheme 1. Generally, one-step direct
reduction can occur more rapidly than two-step indirect reduction
kinetically [67]. Accordingly, the photocatalytic reduction of Cr(VI)
over the hydrothermally treated g-C3N4 was faster.

Fig. 10 shows the XPS spectra of g-C3N4-3 recovered after use
in the photocatalytic reduction of aqueous Cr(VI) (g-C3N4-3-AU).
The survey XPS spectrum of g-C3N4-3-AU revealed the presence
of C, N, O and Cr elements. The C 1s XPS spectrum of g-C3Ny4-
3-AU can be deconvoluted into three peaks at 284.8, 288.1 and
289.3 eV, whereas its N 1s XPS spectrum can be deconvoluted into
four peaks at 398.7, 400.0, 400.8 and 406.5 eV, respectively. The C
1s and N 1s XPS spectra of g-C3N4-3-AU were nearly identical to
those of g-C3Ny4-3, suggesting the chemical states of the C and N
components of g-C3N4-3 remained almost unchanged after photo-
catalytic use. The O 1s peak of g-C3N4-3-AU shifted to lower binding
energy (531.8 eV), compared with that (532.2 eV) of g-C3N4-3. This
was probably because of the presence of Cr(Ill)-O species on the
surface of g-C3N4-3-AU. The Cr 2p3; and Cr 2p, peaks of g-C3Ng-
3-AU were observed at the binding energies of 576.9 and 586.6 eV,
respectively, which can be assigned to Cr(IIl) [49,70]. Thus, Cr(VI)
had been reduced to Cr(Ill) through the photocatalytic reactions
mediated by g-C3N4-3.

4. Conclusions

The Cr(VI) adsorption and photocatalytic reduction activity of
g-C3N4 can be enhanced by hydrothermal treatment in HNO3 aque-
ous solution. Moreover, larger concentration of HNO3; aqueous
solution, higher hydrothermal temperature, and longer treat-
ment time resulted in higher Cr(VI) adsorption and photocatalytic
reduction activity of the hydrothermally treated g-CsN4. The
larger specific surface areas and positive surface charges of the
hydrothermally treated g-C3N4 were considered to take the main
responsibility for their improved Cr(VI) adsorption. The higher
visible-light-driven photocatalytic activity of the hydrothermally
treated g-C3N4 in Cr(VI) reduction was not only resulted from
their smaller particle sizes, larger specific surface areas, enhanced
adsorption for Cr(VI), and more efficient separation of photogen-
erated electrons and holes, but also related with the change in
the photocatalytic Cr(VI) reduction mechanism (the photocatalytic
reduction of Cr(VI) over g-C3N4 was mainly through a two-step
*0,~ mediated indirect reduction mechanism, whereas the pho-
tocatalytic reduction of Cr(VI) over the hydrothermally treated
g-C3N4 was through a one-step direct e~ reduction mechanism).



H. Wei et al. / Applied Catalysis A: General 521 (2016) 9-18 17

Survey & Cis N=C-N,
=
)
) ? 2
8 e a o=¢
8 o o 2
£ N £
S
c-C
800 700 600 500 400 300 200 100 O 294 292 290 288 286 284 @ 282
Binding energy (eV) Binding energy (eV)
N1s C=N-C O1s NO_-, H,0, C=0, Cr(Ill)-0
2 2
.6 'a
5 8
S £
410 408 406 404 402 400 398 396 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)
Cr2p Crzps/z
Cr2pm

2

[7]

c

8

£

596 592 588 584 580 576 572

Binding energy (eV)

Fig. 10. XPS spectra of g-C3N4-3-AU (g-C3N4-3 recovered after use in the photocatalytic reduction of aqueous Cr(VI)).

The proposed hydrothermal treatment is a simple and effective way
to improve the photocurrent, Cr(VI) adsorption and photocatalytic
reduction activity of g-C3Ny4. The hydrothermally treated g-C3N4
has great potential for applications in solar energy conversion and
environment purification.
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