Arabian Journal of Chemistry (2020) 13, 3196-3209

King Saud University

s Arabian Journal of Chemistry

King Saud University

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

Check for
updates

Visible light assisted photodegradation of 2,4-
dinitrophenol using Ag,CO; loaded phosphorus and
sulphur co-doped graphitic carbon nitride
nanosheets in simulated wastewater

Pankaj Raizada ™", Anita Sudhaik *, Pardeep Singh*", Pooja Shandilya?,
Pankaj Thakur *", Hanbo Jung ¢

4 School of Chemistry, Faculty of Basic Sciences, Shoolini University, Solan, HP, India
® Himalayan Centre for Excellence in Nanotechnology, Shoolini University. Solan, HP 173229, India
¢ Department of Materials Science & Engineering, Inha University, 100 Inha-ro, Namgu, Incheon 22212, Republic of Korea

Received 15 August 2018; accepted 3 October 2018
Available online 10 October 2018

KEYWORDS Abstract Nowadays, hybrid photocatalysts are gaining importance due to their improved photo-
Co-doped graphitic carbon catalytic activity. In the present work, Ag,CO; was integrated phosphorous and sulphur co-doped
nitride; g-C3N4 (PSGCN) photocatalyst (Ag,CO;/PSGCN) to minimize the recombination of photogener-
Ag,CO5; ated electron-hole pair. The co-doping resulted in band gap lowering in GCN leading to more vis-
Heterojunction formation; ible light activity. Successful formation of well dispersed Ag,CO3/PSGCN suspension in water was
Enhanced photocatalysis; established by zeta potential and Tyndall effect experiments. Phosphorous and sulphur co-doping in
(21,4—di:11itr.ophenol g-C;5N, resulted lowering of optical band gap that enhanced its photodegradation ability under
egradation

visible light. The reduction in photogenerated electron-hole pair recombination was confirmed by
photoluminescence and electrochemical impedance analysis. The photodegradation of 2, 4, dinitro-
phenol (DNP) followed pseudo first order kinetics and enhanced photocatalytic activity was due to
semiconductor heterojunction for effective separation of electron—hole pair. Holes and hydroxyl
radicals were two main oxidative species responsible for photodegradation of DNP into non-
toxic products. COD, HPLC and LC-MS investigations were used to investigate the degradation
fragment during DNP mineralization. Ag,CO3;/PSGCN nanocomposite revealed high stability
and recycle efficiency substantial for ten catalytic cycles.
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1. Introduction

Semiconductor photocatalysis as a green technology has
received a great attention for the elimination of organic pollu-
tants under solar light irradiation (Bu et al., 2018; Shandilya
et al., 2018a, 2018b, 2018c). The fabrication of photocatalysts
with improved photocatalytic efficacy under visible-light irra-
diation has emerged as a promising and sustainable technology
to tackle water pollution (Raizada et al., 2014a, 2014b;
Shandilya et al., 2018a, 2018b, 2018c; Li et al., 2016). Many
semiconductors such as TiO, and ZnO have been widely used
as photocatalyst and exhibit substantial photocatalytic activ-
ity. However, wide band gap (~3.2 eV) and UV light activity
(2—4% of the solar spectrum) restricts their practical applica-
tion for solar (Zeng et al., 2015; Li et al., 2017). So, more
efforts have been put toward the development of visible-
light-responsive photocatalysts in order to utilize solar light
in visible region (>420 nm) that contains largest proportion
of solar spectrum (approx. 45%) (Tian et al., 2017a, 2017b;
Raizada et al., 2016). Therefore, fabrication of efficient photo-
catalyst that works well within visible region is a major thrust
in field of environmental photocatalysis (Li et al., 2015a,
2015b, 2015¢; Chen et al., 2017).

Very recently, graphitic carbon nitride (g-C5;N,) as a stable
allotrope of all carbon nitrides has emerged as a good photo-
catalyst under visible-light irradiation (Maeda et al., 2009; Zhu
et al., 2014). The g-C3N, has high thermal stability, chemical
internes, appropriate band gap (band gap = 2.7 ¢V) and good
catalytic activity (Mousavi et al., 2018; Sudhaik et al., 2018a,
b). Despite of all these alluring properties, performance of g-
C;3Ny4 materials is reduced by some drawbacks i.e. high recom-
bination rate of photogenerated electron—hole pairs, low speci-
fic surface area and low visible light absorption (Sudhaik et al.,
2018a,b). Recently, various strategies such as doping with non-
metals and metals, coupling with graphene based materials and
heterostructure formation with other semiconductors have
been used to improve the photocatalytic activity of g-C3Ny4
(Wu et al., 2018; Cao et al., 2017), etc.

Among all these approaches, doping is considered as one of
the most efficient and appropriate method to enhance visible
light activity and stability of g-C3N,4. The doping with phos-
phorus results in more visible light absorption and improved
photogenerated electron-hole separation. In-situ sulphur dop-
ing also enhances photocatalytic activity of g-C3N4 via more
absorption of visible light. Phosphorus doped g-C3N, was first
prepared by Zhang et al. using dicyandiamide and [Bmim]PF4
(ionic liquid) as starting material (Zhang et al., 2010). He et al.
synthesized phosphorus doped g-C;N, using diammonium
hydrogen phosphate as a precursor (Hu et al., 2014). Hong
and coworkers fabricated mesoporous carbon nitride via in-
situ sulphur doping using thiourea as starting material
(Hong et al., 2012). sulphur-mediated method was used to
encourage carbon nitride bulk condensation using amino
group-free trithiocyanuric acid by Zhang and co-workers
(Zhang et al., 2011).

As an another strategy, heterojunction formation with
other semiconductors having appropriate redox potential of
conduction and valence band also facilitates separation of
photoinduced charge carriers in g-C3N4 (Rosman et al.,
2018; He et al., 2016). So far, many Ag based photocatalysts

have been recognized as efficient photocatalysts under visible
light for photocatalytic water purification such as Agz;POy
(Yi et al., 2010), AgzVO, (Wang et al., 2014a, 2014b), AgX
[X = Cl, Br and I] (Wang et al., 2011) and Ag,CO;3 (Xu
etal., 2011; Yuet al., 2016). Ag,COs, as a new visible light dri-
ven semiconducting material (bang gap of 2.3 eV) is highly
capable for degradation of organic pollutants under visible
light (Dong et al., 2015). But unfortunately, aforementioned
silver-based photocatalyst readily undergo photocorrosion
during photocatalysis process, thus are photochemically unsta-
ble and deactivate during photocatalytic process (Li et al.,
2015a, 2015b, 2015c¢). So, improvement in photocatalytic activ-
ity and stability of Ag,COs; is highly needed for efficient semi-
conductor photocatalytic systems. Dai et al. explored that use
of silver nitrate as an electron acceptor reduced photocorro-
sion of Ag,COs efficiently in the photocatalytic process (Dai
et al., 2012). Graphene oxide-Ag,CO5; composite was synthe-
sized by Dong and his group with superior visible-light photo-
catalytic activity than bare Ag,CO; (Dong et al., 2014). Yu
and his peer group synthesized Ag,O/Ag,CO;5 heterojunction
with higher photocatalytic activity and stability than bare Ag,-
CO; (Yu et al., 2014). In this work, we have integrated phos-
phorous and sulphur co-doped g-C3N; with Ag,COsz via
facile deposition-precipitation method to improve photocat-
alytic activity. The diammonium hydrogen phosphate was
used as phosphorus source during PSGCN synthesis. 2, 4
nitrophenol (DNP) is considered as toxic and refractory pollu-
tants. Moreover, it is partly biodegradable and cannot be
removed by biological methods. In this work, DNP was chosen
as target pollutant to evaluate photocatalytic activity of Ag,-
CO;5/PSGCN nanocomposite. The efficient separation of pho-
togenerated charge carriers in Ag,CO3/PSGCN
nanocomposites accelerated photocatalytic reactions. The
complete mineralization was attained under visible light and
plausible mechanism for improved photocatalytic activity
was put forward.

2. Experiment

2.1. Preparation of Ag,CO;/PSGCN photocatalyst

In this experiment, 3 g of thiourea was dissolved in 30 mL of
deionised water and magnetically agitated for 30 min (Hong
et al., 2012). To above solution, 0.06 g of (NH4),HPO4 was
added and ultrasonicated for 15 min to form a homogeneous
solution followed by heating for 25 min at 100 °C (Hu et al.,
2014). After cooling, the product was crushed and annealed
in closed crucible at 520 °C for 2 h (5 °C/min increment in tem-
perature). The obtained yellow powder was labeled as phos-
phorous and sulphur co-doped graphitic carbon nitride
(PSGCN) (Hu et al., 2015). In order to prepare SGCN, similar
procedure was followed without the addition of (NH4),HPO,.
Phosphorus doped graphitic carbon nitride (PGCN) was fabri-
cated by substituting thiourea with dicyandiamide. g-C3Ny4
(GCN) was prepared using same procedure utilizing dicyandi-
amide as precursor in absence of (NH4),HPOj,.
Ag>CO3/PSGCN nanocomposite was synthesized via a sim-
ple chemical ion-exchange deposition method. Typically, 1 g of
PSGCN was dissolved in 100 mL deionised water and ultra-
sonicated for 30 min. In another beaker AgNO; (0.015 g)
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Scheme 1

was dissolved in 20 mL deionized water and sonicated for
20 min (Scheme 1). AgNO; solution was added dropwise to
PSGCN solution to form homogeneous dispersion with con-
tinuous magnetic stirring to promote adsorption of Ag™ on
PSGCN surface. Aqueous solution of Na,CO;z (0.004 g in
20 mL) was slowly added to the above obtained solution.
The reaction was sonicated for 45 min to obtain precipitates.
The precipitates were separated and washed several times with
deionized water and ethanol. Finally, precipitates were dried in
hot air oven at 70 °C and solid product was obtained. The
attained solid product was grounded in pestle and mortar into
fine powder form and labeled as Ag,CO3;/PSGCN for further
use. Ag,CO5; was synthesized via same methodology without
addition of PSGCN.

Nava Nano SEM-45 (USA) model system was employed to
record scanning electron microscopy (SEM) images and model
FP/5022-Tecnai G2 20 S-TWIN (USA) operating at an accel-
erating voltage of 200 kV was used to attain transmission elec-
tron microscopy (TEM) images in vacuum conditions.
Fourier-transform infrared (FTIR) analysis was executed on
Perkin-Elmer Spectrometer (Spectrum RX-1) with KBr pellet.
X-ray diffraction (XRD) analysis was performed using Pana-
lytical’s ~ X’Pert  Prodiffractrometer ~ with ~ CuK-o-1
(45kV/100 mA). Diffuse reflectance spectrometer (UV 3600,
Shimadzu) was utilized to observe optical absorption spectra.
The thickness and lateral size of Ag,CO3/PSGCN were evalu-
ated by atomic force microscope (Dimensional Icon system,
Bracer make). X-ray photoelectron spectroscopy (XPS) was
performed on PHI Versa Probe II with AES using 24.63 W
Al Ka radiations. Zeta potential was measured using Zetasizer
Nano ZS90. The degradation fragments during mineralization
process were recognized via high performance liquid chro-
matography analysis (Water HPLC, Austria) with Rheodyne
manual injector kit and C18 column (5 pm, 25 cm length and
7 mm diameter). 10% of methanol was taken as eluent during
analysis. The LCMS spectra were obtained on JEOL
GCMATE II GC-MS with a high resolution data system.
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Preparartion of Ag,CO;/PSGCN photocatalyst.

2.2. Evaluation of photocatalytic activity of Ag,CO3/PSGCN

For the evaluation of photocatalytic activity of Ag,CO;/
PSGCN nanocomposites, 2, 4 -dinitrophenol (DNP) was
selected as a target pollutant. A slurry type photoreactor was
used to examine DNP degradation under visible light (Pare
et al., 2009, 2008). Prior to photocatalytic experiment, DNP
solution containing catalyst was kept in dark for 20 min to
attain adsorption and desorption equilibrium. The 35W
LED lamp was used as visible light source during photocat-
alytic reactions. During experiments, slurry composed of
DNP and Ag,CO3/PSGCN photocatalyst suspension was con-
tinuously magnetic stirred under visible light irradiation expo-
sure. 2 mL of aliquot was withdrawn, centrifuged and analyzed
spectrophotometrically at 280 nm to check the degradation of
DNP. The closed reflux method was used for the determina-
tion of chemical oxygen demand (APHA, 1985). The dissolved
carbon dioxide was examined by titrating sample with NaOH
using phenolphthalein as indicator. The removal efficiency
was calculated using Eq. (1):

G -G

0

% removal effciency =

(1)

where, Cy is the initial concentration of sample/COD and C; is
instant concentration of sample/COD in reaction solution.

3. Results and discussion

3.1. Characterization of Ag,CO;/PSGCN photocatalyst

3.1.1. FESEM and TEM analysis

FESEM and TEM analysis of GCN, PGCN, SGCN, PSGCN
and Ag,CO3/PSGCN are depicted in Figs. 1 and 2. Fig. la
revealed porous nature of graphitic carbon nitride highly sui-
ted for adsorption of organic/inorganic molecules. FESEM
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Fig. 1
Agr,CO;/PSGCN and (h) magnified view of selected area of (h).

images of GCN showed irregular and lamellar structure with
possibility to favor stacking of Ag,COs its surface. The layered
structure diminished due to presence of phosphorous and sul-
phur in GCN indicating that doping had reduced crystal
growth of GCN as shown in Fig. 1b—d (Wang et al., 2014a,
2014b). FESEM image of Ag,COj; revealed different shaped
agglomerated nanoparticles Fig. le—f. The distribution and
stacking of Ag,COs; onto PSGCN surface was clearly seen.
Fig. 2a—d shows TEM images of GCN, PSGCN, Ag,CO;
and Ag,CO;/PSGCN. Fig. 2a and b revealed that GCN had
thin sheet like structure and composed of nanostructure with
straticulate and plicate shapes. Fig. 2c and d showed distribu-
tion of Ag,COj; nanoparticles onto Ag,CO;3;/PSGCN. Ag,CO;

(a-h). SEM image of (a) GCN, (b) PGCN, (c) SGCN, (d) PSGCN, (e) Ag,COs, (f) Magnified view of selected area of (e), (g)

were successfully dispersed over phosphorous sulphur doped
GCN sheet surface.

3.1.2. XRD and FTIR analysis of Ag>CO3/PSGCN

Fig. 3 displayed X-ray diffraction (XRD) patterns of GCN,
PGCN, SGCN, PSGCN, Ag,CO; and Ag,CO3/PSGCN sam-
ples. The XRD pattern of GCN revealed two peaks at approx-
imately 13.1° and 27.4° (Jiang et al., 2017a, 2017b; Malik et al.,
2017). The small reflection peak was related to in-plane struc-
tural packing motif of tri-s-triazine units (1 0 0) and the dom-
inant peak was connected to the interlayer stacking reflection
of the aromatic segments (0 0 2) planes of the tetragonal phase
of GCN (JCPDS 87-1526) (Malik et al., 2018, Ren et al., 2015).
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Fig. 2
view of selected area of figure (c).
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Fig. 3 XRD analysis of Ag,CO3/PSGCN, Ag,CO3;, PSGCN,
PGCN, SGCN and GCN.

In PSGCN, peak at 27.4° was shifted to 27.7° due to increase
in inter-planar stacking distance (Sun et al., 2018). The pure
Ag>,CO; displayed sharp diffraction peaks at 26 = 18.56,
20.54°, 32.61°, 33.67°, 37.08°, 39.59° and 51.38° which ascribed
to (020), (110), (101), (130), (200), (031) and (150)
planes, respectively (JCPDS 26-0339) (Li et al., 2015a, 2015b,
2015¢c). The XRD pattern of Ag,CO3;/PSGCN nanocomposite
displayed characteristic peaks of both Ag,CO; and PSGCN
which confirmed the successful formation of Ag,CO3;/PSGCN.
Additionally, FTIR analysis was used to find major functional
groups in Ag,CO3;/PSGCN and results are presented in Fig. 4.
The FTIR spectra of GCN depicts stretching of typical aro-
matic C-N heterocycles in the region of 1200-1650 cm™' and
the breathing mode of tri-s-triazine units (heptazine rings) at
808-810 cm™' (Lakhi et al., 2017). The peak around
2200 cm™! confirmed presence of cyano terminal groups
(CN) in GCN. In case of PGCN, SGCN and PSGCN, charac-

(a) TEM images of PSGCN, (b) enlarged view of selected area of figure (a), (c) TEM image of Ag,CO3;/PSGCN and (d) enlarged
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Fig. 4 FTIR analysis of Ag,CO5;/PSGCN, PSGCN, SGCN,
PGCN, GCN and Ag,CO;.

teristic peaks of GCN were observed. However, no P-N and S-
N peaks were observed and these findings are consistent with
work by Wang and his research group (Tian et al., 2018;
Jiang et al., 2017a, 2017b). In FTIR spectra of pure Ag,COs;,
absorption peaks of CO3~ were observed at 690, 820, 1380
and 1400cm™" (Song et al., 2014). The sharp peak at
1380 cm™! was due to existence of nitrate impurities as AgNO;
precursor used for Ag,COj3 synthesis. The FTIR spectrum of
Ag,CO3/PSGCN displayed characteristic peaks of both Ag,-
CO; and PSGCN. FTIR analysis indicated formation of Ag,-
CO3/PSGCN nanocomposites.

3.1.3. XPS analysis.

XPS analysis was employed to determine oxidation state and
surface chemical composition of elements present in Ag,CO;/
PSGCN (Fig. 5a—g). The atomic percentage of 46.1%, 33.7%,
10.2%, 4.8%, 3.7% and 1.5% were found for nitrogen, car-
bon, oxygen, sulphur, phosphorus and silver in Ag,COj/
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Fig. 5 XPS (a) whole spectrum of Ag,CO;/PSGCN, (b) Cls, (c) N 1s, (d) Ols, (e) P 2p, (f) S2p and (g) Ag 3d spectra.

PSGCN nanocomposite (Fig. 5a). For Cls, peaks located at
284 and 287 eV were attributed to sp> hybridized carbon atom
bonded to nitrogen [C (C-(N)3)] in GCN (Fig. 5b) (Yanget al.,
2014; Ge and Han, 2012). In Fig. 5c, main peak of N Is at
398 eV assigned to sp>-hybridized aromatic nitrogen atom
bonded to two carbon atoms in triazine rings (C = N-C)
and confirmed the presence of sp>-bonded GCN (Malik
et al., 2018). In Ols spectra (Fig. 5d), the binding energy at
530.5 eV corresponded to O-H and ascribed to O in Ag,CO;
(Bigelow, 1988). In Fig. 5e, the peak at 132.5 eV was allocated
to P-N bonds formed due to replacement of carbon in GCN
lattice. For S 2p, the peak at 141.6 eV was detected due to for-
mation of C-S bond in PSGCN (Fig. 5f). Chen et al. also fab-
ricated S doped GCN and suggested that the binding energy at
161.6 eV was due to replacement of nitrogen by sulphur (Liu
et al., 2010). The Ag 3ds;, and Ag 3ds;, peaks were present
at 367 eV and 373 eV, respectively (Fig. 5g). These peaks were
due to presence of Ag”" ion in Ag,COs.

3.1.4. Band gap, photoluminescence, BET and pH,,.. analysis.

UV-visible diffuse reflectance spectroscopy was used to ana-
lyze optical properties of GCN, Ag,CO3;, PSGCN and Ag,-
CO;/PSGCN (Fig. 6a). GCN, Ag,CO;, PSGCN and
Ag,CO3/PSGCN had maximal absorption at 460, 560, 475
and 590 nm, respectively. In PSGCN, absorption edge was
red shifted from 460 nm to 475 nm. The shift indicated the
integration of P and S atoms into GCN lattice which resulted
in more absorption of visible light to produce more photogen-
erated electron-hole pairs (Jiang et al., 2017a, 2017b; Guo
et al., 2016). In case of Ag,CO3;/PSGCN nanocomposites,
heterostructure formation resulted in trapping of more UV
and visible light with absorption peak at 590 nm. The apparent
red shift was observed in absorption maximum of Ag,COs/
PSGCN nanocomposite as compared to GCN and PSGCN
(Dai et al., 2012). The red shift confirmed successful formation
of Ag,CO3/PSGCN nanocomposite. The optical band gap of
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Fig. 6
PSGCN and Ag,CO3/PSGCN.

as prepared photocatalysts was calculated using following
equation (Jing et al., 2017):

E, = 1240/ )

where 4 is absorption maximum of prepared photocatalysts.
So, the respective band gaps of GCN, PSGCN and Ag,CO;
were found to be 2.70, 2.6 and 2.3 eV, which were consistent
with previous literature (Fig. 7b) (Dai et al., 2012). The P
and S co-doping reduces band gap of GCN, implying the
incorporation of P and S in GCN lattice. Decrease in band
gap was in accordance with previous reports and responsible
for increased visible light absorption.

The specific surface area of photocatalyst plays an impor-
tant role in adsorption assisted photocatalytic activity.
Fig. 6¢c and d demonstrated nitrogen adsorption-desorption
isotherms of PSGCN and Ag,CO3;/PSGCN nanoparticles.
The acquired isotherms possessed type III classification that
verified unrestricted multilayer formation process and these
lateral interactions among adsorbed molecules are strong as
comparison to interaction between the adsorbent surface and
adsorbate in photocatalyst. PSGCN and Ag,CO;/PSGCN
nanoparticles had specific area of 81.0 m%*/g and 70.0 m?/g,
respectively. The loading of Ag,CO; nanoparticles on PSGCN
reduced specific area due to presence of Ag,COj5 in inner layers

(a—d): (a) UV-visible spectrum, (b) Tauc plot of GCN, PSGCN, Ag,CO; and Ag,CO3/PSGCN, (¢ and d) BET isothern of

or pores of PSGCN that instigated lesser agglomeration of
Ag,CO; (Xu et al., 2014). The pH of zero point charge (pH,,,.)
as an important parameter as well as a function of pH was
used for the determination of photocatalyst surface charge.
In the present work, pH,,. of Ag,CO3/PSGCN nanocompos-
ite was found to be 7.1 (Fig. S1).

3.1.5. AFM and dispersion experiment

Atomic force microscopy was used to investigate thickness of
Ag,CO3/PSGCN nanocomposite. The AFM images and cor-
responding height profiles are displayed in Fig. 7a and b.
PSGCN nanocomposite exhibited 3—4 layered sheet like
arrangement with thickness <3.0 nm (Adams and Blaedel,
1959). AFM results were also supported by SEM and TEM
analysis in present work. The zeta potential of Ag,COs/
PSGCN nanocomposite was below —27 mV at pH at pH 12
which confirmed the formation of stable colloidal suspension.
Ag,CO3/PSGCN could remain dispersed in water for 6 h
(Fig. 7d). Tyndall effect was also observed for colloidal nature
of Ag,CO3;/PSGCN nanocomposite by dispersing Ag,CO3/
PSGCN nanocomposite in water with red beam of laser point
(Fig. 7e and f). Although in case of water, no Tyndall effect
was observed. The higher dispersibility of Ag,CO3;/PSGCN
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PSGCN and (d) dispersion effect and (e and f) Tyndall effect in Ag,CO3/PSGCN.

nanocomposite was beneficial for effective slurry

photoreactor.

type

3.2. Photocatalytic degradation of DNP using Ag>CO3/PSGCN
nanocomposite

3.2.1. Screening experiment and kinetics of DNP degradation

The photocatalytic activity of as-prepared Ag,CO;, GCN,
PGCN, SGCN, PSGCN and Ag,CO;/PSGCN photocatalysts
was calculated by screening experiments. Time profile for DNP
degradation at concentration of 1x 10*moldm™> and
50 mg/100 mL of catalyst loading was shown in Fig. 8a. The
decreasing order of DNP removal efficiency was as follows:
Ag,CO3/PSGCN (98%) > PSGCN (71%) > Ag,CO5 (66%)
> PGCN (62%) = SGCN (62%) > GCN (58%) while in
the absence of any photocatalyst, plain photolysis showed neg-
ligible effect on DNP removal. Langmuir Hinshelwood model
was used to investigate kinetics of photodegradation process
and following equation was applied to explore photocatalytic
degradation of DNP (Priya et al., 2016; Singh et al., 2014).

where C signified DNP concentration at time t and k connoted
rate constant. On integration above by limits (0, Cy) and (t, C),
we get Egs. (4) and (5).

—In (%) =kt 4)

0

Ln (%) = kt (5)

In(Cy/C,) versus time (t) graph was plotted for DNP degra-
dation and overall photodegradation process followed pseudo
first order kinetics. Ag,CO3;/PSGCN, PSGCN, Ag,COs;,
PGCN, SGCN and GCN had rate constants ie. 0.087,
0.047, 0.045, 0.30 and 0.29 min~", respectively (Table 1). Ag,-
CO;3/PSGCN had approximately two fold higher catalytic
activity than other used photocatalysts. P and S co-doping
enhanced photodegradation efficacy of GCN, PGCN and
SGCN due to enhanced solar light adsorption and reduced
photogenerated electron-hole pair recombination. Ag,COs/
PSGCN nanocomposite was most effective photocatalyst for
DNP degradation due high separation of photogenerated car-
riers. The photoluminescence analysis was used to explore
charge separation efficiency. PL emission peak of Ag,COj;
was recorded at 560 nm (Fig. 8b). The higher peak intensity
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Fig. 8

(a—d): (a) Photo removal of DNP under various reaction conditions, (b) PL spectra of photocatalyst (c) Reaction parameter:

[DNP] = 1.0 x 107 mol dm~?; [photocatalyst] = 50 mg/100 mL; initial reaction pH = 4.0 and Light intensity = 750 1x. (d) Effect of
scavengers on photodegradation of DNP photocurrent response of photocatalyst.

Table 1 Rate constant the photodegradation of phenol.
Reaction conditions: [DNP] = 1 x 107> mol dm>; [catalyst]
= 50 mg/100 mL; initial reaction pH = 4.0; Time = 120 min
and Solar light intensity = 750 Ix.

Photocatalyst Rate constant (k;) min~' R? % efficiency
Ag,CO3/PSGCN  0.087 0.97 98
PSGCN 0.047 098 71
PGCN 0.036 0.96 62
SGCN 0.030 0.97 62
GCN 0.029 0.98 58
Ag,CO; 0.045 097 66

was related to more recombination rate of photogenerated
electrons-hole pair (Jiang et al., 2017a, 2017b). The PL emis-
sion peak of Ag,CO3/PSGCN had lower intensity than
Ag,COs. It confirmed separation of photogenerated electron-
hole pairs by reducing recombination of photogenerated elec-
tron and hole pair. Fig. 8c illustrates EIS spectra of GCN,
PSGCN and Ag,CO5;/PSGCN. The trend of relative arc size
for three electrodes was: Ag,CO3;/PSGCN > PSGCN >
GCN. The highest arc size in Ag,CO;/PSGCN indicated
lower rate of recombination of photogenerated electron hole
pairs. The P and S co-doping of GCN followed by heterostruc-
ture formation with silver carbonate had resulted improved
photogenerated charge carriers separation (Hu et al., 2018).

3.2.2. Reactive species generation and proposed mechanism for
DNP degradation

The hydroxyl radicals (OH"), superoxide radicals (O3), holes
(hyp) and electrons (€cp) are main reactive species generated
during photocatalytic degradation of aqueous phase pollu-
tants. In present work, scavenging experiments were accom-
plished using isopropyl alcohol (IPA), benzoquinone (BZQ),
ammonium oxalate(AO) and Cr(VI) ions as OH, 05, h™ g
and €cp scavengers, respectively (Zhang et al., 2015; Raizada
et al., 2017a, 2017b). In Fig. 8d, it was observed that addition
of AO reduced removal efficiency from 98% to 20%. The
reduction in removal efficiency clearly ascertained photogener-
ated holes (h™) as main reactive species during photocatalytic
degradation process. For Ag,CO;/PSGCN, removal efficacy
was reduced to 21% from 98% on addition of IPA to reaction
mixture. Though, in case of benzoquinone (BZQ) and Cr(VI),
negligible decrease in removal efficiency was obtained thus
established ignorable role of O3 radicals and ecp (Fig. 8d).
There was a sharp decrease in removal efficiency on addition
of IPA and AO. While in case of BZQ and Cr (VI), no signif-
icant decrease in removal efficiency was noticed. The obtained
trend clearly inferred that OH™ and holes were two main reac-
tive species in Ag,CO3;/PSGCN assisted photodegradation of
DNP.

In present study, valence band (VB) and conduction band
potential (CB) were calculated according to following equa-
tions (Wang et al., 2009; Kim et al., 2010):
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Fig. 9 Mechanism for enhanced photocatalytic activity of Ag,-
CO;/PSGCN.

ECB = EVB - Eg (7)

where yis electronegativity of photocatalyst, E° denoted energy
of free electron at hydrogen scale (4.5eV) and E, designated
for band gap of photocatalyst. The respective values of E,
and y for Ag,COj; are 2.3 and 6.13eV. In PSGCN, E, and x
were 2.6 and 4.73 eV, respectively. The CB and VB positions
of Ag,CO; were obtained as 0.65 and 2.96 ¢V, respectively.
While CB and VB positions of PSGCN were found to be
—1.08 and 1.52 eV (Zhang et al., 2013). The photogenerated
electron from CB of PSGCN were transferred to CB of Ag,-
CO;. This was due to more negative potential of CB of
PSGCN than that of 0,/O5 (Ey (0,/O3) = —0.33 eV/NHE.
Similarly, holes (h™) in VB of Ag,CO; were shifted to that
of PSGCN due to strong interfacial contact and more positive
VB level of Ag,CO3z than PSGCN (Jiang et al., 2012; Tian
et al., 2015). The photoexcited electrons in CB of Ag,CO;
could not react with O, to produce O3 due to positive potential
of CB of Ag,CO; (0.67 ¢V). However, These just combined
with O, and H" ions in water to form H,O, and ultimately
producing hydroxyl radicals (Egs. (8) and (9))

02+2€7 +2H+ HHzOz (8)

H202+2€7 H0H+OH_ (9)

So, photogenerated electron-hole pair recombination was
diminished and improvement in photocatalytic activity of Ag,-
CO;/PSGCN nanocomposite was observed. The holes h™ and
*OH radicals were the two main reactive species that play essen-
tial roles for DNP photodegradation. On the basis of above
results, a possible mechanism for photodegradation of DNP
by Ag,CO3/PSGCN photocatalyst was proposed in Fig. 9.

3.2.3. Effect of photocatalyst dose, initial DNP concentration
and initial pH of reaction solution

In present work, photocatalyst dose was varied from
10 mg/50 mL to 70 mg/50 mL. The rate constant increased
from 0.027 to 0.087 min~' with increase in catalyst loading
from 10 mg/50 mL to 40 mg/50 mL (Fig. S2a and Table S1).
The number of active sites for photodegradation process also
increased with increase in catalyst dose (Raizada et al.,

2014a, 2014b). Though, above optimal loading, light scatter-
ing, turbidity and agglomeration subdued photoactive volume
and diminished removal efficiency. Since the pollutant concen-
tration is very significant parameter in water treatment process
meanwhile, initial DNP concentration varied over a range
from 1.0 x 103 moldm™  to 13.0 x 1073 mol dm 3
(Fig. S2b). On increasing initial DNP concentration from
1.0 x 10> moldm ™3 to 7.0 x 107> moldm >, rate constant
increased from 0.022 to 0.087 min~! (Table S1). The scattering
of light by excessive DNP present in water decreased rate con-
stant above optimal value (Raizada et al., 2017a, 2017b). The
rate constant was higher at initial reaction at pH 4.0 (Fig. S2c¢).
The negative charge of Ag,CO3;/PSGCN surface increased
with increase in reaction pH while DNP had pKa respective
value of 4.09. Above pK, value, DNP became negatively
charged and released H™ ions. It caused the poor adsorption
of DNP onto Ag,CO3;/PSGCN surface leading to reduction
in photocatalytic activity. It was inferred that adsorption of
DNP was maximal at lower pH.

3.24. Effect of H,05, S,03~, CO3~, CI”, Fé* and Ci’ ™" ions
on DNP degradation

The electron-hole pair recombination is one the foremost
shortcoming sustained with photocatalyst. In the present
work, photodegradation of DNP was investigated under
H,0, and $,0%  that were used as electron scavenger
(Fig. S3a and b). The deceptive rate increased from
0.089 min~! to 0.12min~' on adding H,0O5 from 1.0 x 10~>-
mol dm™> to 7.0 x 10 > mol dm—3. Afterward, reaction rate
reduced with increase in H,O, concentration and similar drift
was perceived during DNP photodegradation in the presence
of S,0% ions with optimal concentration of 7.0 x 1075 -
mol dm ™ (Table 2). H,O, reacted photocatalytically in aque-
ous solution to produce hydroxyl radicals and improved
reaction rate as shown by equations and also behaved as elec-
tron scavenger for photogenerated electron (Raizada et al.,
2014a, 2014b).

S,03~ generated sulphate radical anion (SO,) in water that
eventually formed hydroxyl radicals (Table 2). The decrease in
reaction rate above optimal concentration was because of
scavenging of hydroxyl radical by H,O, whereas excessive
adsorption of S,03™ ion condensed the photoactive volume.
Fig. S3c and d showed the effect of CO3~ and CI~ ions of
DNP degradation and rate constant decreased form
0.084 min~' to 0.059 min~' with addition of different CO3~
jon concentration (1.0 x 10> moldm™ to 7.0 x 1073~
mol dm %) (Table 2). The addition of C1~ ions had destructive
effect in photodegradation process. Scavenging of hydroxyl
radicals by CO3~ and CI™ ions lead to decrease in reaction rate
(Raizada et al., 2017a, 2017b). On increasing Fe?™ ion concen-
tration from 1.0 x 10> moldm™> to 7.0 x 10~ mol dm >,
rate constant initially increased from 0.090 to 0.14 min~'
(Fig. S3 e and f) and further increase in Fe>* ions concentra-
tion decreased rate constant. Cu®* ions also displayed similar
trend like Fe®" ions. Both added Fe*>*/Cu?" ions behaved as
photogenerated electrons accepter and reduced photogener-
ated electron-hole pair recombination (Mehdinia et al.,
2012). The decrease in rate constant above optimal concentra-
tion was due to excessive adsorption of metal ion on photocat-
alyst surface that eventually minimized photoactive volume
during photocatalytic process.
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Table 2 Effect of various ions of photodegradation of phenol degradation.

H202

S,05™

CO35~
Cl™
Fe3+

CuZ =

Conc. (107> mol dm—3)
k; (min~")
Conc. (107> mol dm~3)
k; (min~")
Conc. (107> mol dm—3)
k; (min~")
Conc. (107> mol dm™3)
k; (min~")
Conc. (10~*mol dm—3)
k; (min~")
Conc. (10~* mol dm™3)
k; (min~ ")

1.0
0.087
1.0
0.088
1.0
0.083
1.0
0.081
1.0
0.091
1.0
0.090

3.0
0.092
3.0
0.092
3.0
0.080
3.0
0.078
3.0
0.090
3.0
0.093

5.0
0.096
5.0
0.094
5.0
0.077
5.0
0.076
5.0
0.095
5.0
0.097

7.0
0.11
7.0
0.12
7.0
0.073
7.0
0.072
7.0
0.16
7.0
0.14

9.0
0.093
9.0
0.091
9.0
0.069
9.0
0.071
9.0
0.092
9.0
0.090

11.0
0.089
11.0
0.086
11.0
0.062
11.0
0.065
11.0
0.089
11.0
0.087

13.0
0.083
13.0
0.083
13.0
0.054
13.0
0.062
13.0
0.083
13.0
0.082

Reaction parameters: [DNP] = 1 x 1073 mol dm—>; [DNP] = 1 x 10~*mol dm~3; [catalyst] = 50 mg/100 mL; initial reaction pH = 4.0;

Time = 120 min. and Solar light intensity = 750 Ix.

3.2.5. Mineralization ability and recyclability

The mineralization ability and recyclability of photocatalyst
are important parameters for real time application of photo-
catalyst. AgrCO3;/PSGCN photocatalyst removed 99% of
COD during mineralization of DNP in 6 h (Fig. 10a). Whereas
PSGCN and Ag,COj; had 56 and 54% of COD reduction.
These results indicated higher mineralization ability of Ag,-
CO3/PSGCN nanocomposite than PSGCN and Ag,COs;.
CO, evolution throughout photodegradation process was
due to mineralization of DNP into CO, and H,O (Fig. 10b).
The time profile for HPLC analysis of degraded DNP is given

in Fig. 10c. The decrease in peak intensity at retention time
(5 min) was noted for DNP (Fig. 10c) (Andrade et al., 20006).
A group of fresh peaks was observed between retention time
2—4 min and disappeared after 8 h of reaction time. The pres-
ence of these peaks was assigned to degradation of DNP into
simpler low molecular weight compounds. Additionally, liquid
chromatography-mass spectrometry (LC-MS) was used to
identify intermediate formation (Fig. 10d). The peaks for
DNP were recorded at m/z ratio 110 (hydroquinone/resorci
nol/catechol), 108 (benzoquinone), 118 (succinic acid), 116
(maleic acid), 90 (oxalic acid), and 46 (formic acid) and these

(a) (b)*7 —o—AgfOfPSGCN —=—PSGCN --+--Ag0;
1.2 -I —+—AGCOJPSGCN —=—PSGCN -4~ AgfO, S0
1 T __40
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Fig. 10

(a) COD and (b) CO, estimation during mineralization process. (¢c) HPLC and (d) LCMS analysis during degradation of DNP.

[DNP] = 1.0 x 107> mol dm~?; [photocatalyst] = 50 mg/100 mL; initial reaction pH = 4.0 and Light intensity = 750 Ix.
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= 1.0 x 10> moldm™3;
time = 120 min.

[photocatalyst] = 50 mg/100 mL;

intermediates confirmed complete degradation of DNP
(Shandilya et al., 2018a, 2018b, 2018c; Ahmed et al., 2010).
Recyclability of photocatalyst is very crucial for real time
applicability of photocatalyst. (Fig. 11a—d). After ten cycles,
Ag>,CO3/PSGCN nanocomposite had efficiency 87%. While
no significant changes SEM, EDX and XPS spectra of Ag,-
CO3/PSGCN were noticed. This confirmed the stability of
Ag>,CO3/PSGCN as photocatalyst for DNP degradation.

4. Conclusion

Ag,CO3/PSGCN photocatalyst with improved photocatalytic
activity was successfully synthesized and applied for wastewa-
ter remediation. The P and S co-doping of g-C;Ny4 lowered
band gap of photocatalyst leading higher visible light activity.
FESEM and TEM images showed deposition of Ag,CO; on
PSGCN surface. XRD, XPS and FTIR analysis further vali-
dated the formation of heterojunction between Ag,CO;3 and
PSGCN. AFM analysis verified successful formation sheet like
structure of Ag,CO3/PSGCN nanocomposite to form stable
suspension in water. Ag,CO3/PSGCN nanocomposite effi-
ciently degraded DNP in 2 h involving pseudo first order kinet-
ics and rate constants values of Ag,CO;3;/PSGCN were two
times higher than bare PSGCN and Ag,CO;-H,O, and
S,03", both had synergistic effect on DNP degradation while
addition of CO%™ and Cl~ ions minimized rate constants for
DNP degradation. Nearly, 99% of COD was removed in 6 h
under visible light. Hydroxyl radicals (OH") and holes (hyg)
were main reactive species accountable for DNP degradation.
No significant decrease in catalytic activity of Ag,COs/

(a) Recycle efficiency of Ag,CO3/PSGCN photocatalyst, (b—d) SEM, EDX and XPS image after ten catalytic cycles. DNP]
initial

reaction pH = 4.0 and Light intensity = 7501x; reaction

PSGCN nanocomposite was recorded for consecutive 10
cycles.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.arabjc.2018.10.004.
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