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This study focused on the chemical preparation of g-CaN4 and nancomposite of polypyrrole (PPy) g-
C3N4 (PPy/g-C3N4) and characterization of structural, electrochemical and optical properties, as well as
photocatalytic applicability for the removal of dibenzothiophene (DBT), an emerging organosulfur
pollutant from oil field wastewater under exposure to sunlight. Analyses of photocatalyst structure and
morphology revealed that the structures of PPy/g-CsNs4 photocatalysts contained amorphous PPy
nanoparticles that were decorated on the massive 2D sheet-like structure with numerous breakages and
pores on the g-C3Na sheet surface. Optical analyses revealed that the optical band gap values of g-CzNa
and PPy/g-CsNs photocatalysts were determined to be ~2.64 and ~2.29 eV, respectively. This
indicated a decrease in the optical band gap of PPy/g-CsN4 toward g-CsN4, which enhanced the
photocatalytic activity of PPy/g-CsNa in the visible light region. Because of the smaller particle size of
PPy decorated on the g-C3N4 sheet-like structure, electrochemical studies revealed that the synergistic
effect between PPy and g-CsNs can effectively improve electrochemical properties and increase
electron transfer rate. Photocatalytic removal studies revealed that total DBT treatment was obtained
for g-C3sNs and PPy/g-CsNs nanocomposite after 125 and 90 minutes of sunlight exposure,
respectively. These findings reflect the fast photocatalytic treatment rate of DBT in the presence of
PPy/g-C3N4 nanocomposite toward g-CsNs and other reported photocatalysts in the literature. The
practical photocatalytic degradation capability of PPy/g-C3N4 nanocomposite was examined for the
treatment of real oilfield wastewater and the results showed the effectual photocatalytic performance of
PPy/g-CsN4 nanocomposite for the treatment of DBT in genuine oilfield wastewater.
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1. INTRODUCTION

Pollutants can leak out of storage tanks during oil and gas production and distribution in the oil
industry [1]. Depending on the oil's composition, different types of oil emit varying amounts of a
pollutant [2, 3]. Furthermore, when oil is burned for electricity, some toxic compounds are produced
that have the potential to cause cancer [4]. Other negative environmental effects of the oil industry
include increased greenhouse gas emissions, acid rain, groundwater contamination, and poorer water
quality, among others [5, 6]. The oil and gas industries can also affect the destruction of ecosystems
and biodiversity loss [7]. When oil pollution spreads over the surface in a thin layer, it stops the
oxygen reaching the plants and animals in the water and prevents photosynthesis in plants [8, 9].
Contaminated food supplies can also cause animals to become malnourished or poisoned over time
[10].

Dibenzothiophene (DBT, Ci2HgS) is a sulfur-containing heterocyclic molecule found in
petroleum [11-13]. This is an organosulfur compound composed of two benzene rings joined to a
central thiophene ring [14-16]. This tricyclic heterocycle, particularly its alkyl substituted derivatives,
is abundant in petroleum's heavier fractions [17, 18]. It functions as a keratolytic agent. Studies have
found strong evidence based on the DBT and its derivatives may act as cancer inducers, emphasizing
their toxicological and environmental significance [19-21].

These substantial environmental and biological issues indicate that removing DBT from oil
field wastewater is a substantial challenge. Adsorption [22], chemical oxidation [23], ozonation [24],
biodegradation [25], liquid membrane [26], and photocatalysis [27-33] are the conventional procedures
for removing the DBT molecules from aqueous media. Many of these treatment techniques are
expensive, time-consuming, and ineffectual because they are associated with the formation of chemical
bonds that break or breakdown which can result in the formation of significant secondary
contamination. Photocatalysis is a low-cost treatment technology for removing oil field contaminants
using photocatalysts. As a result, the focus of this study was on the chemical preparation of g-CsNsand
PPy/g-CsN4 nancomposite, and characterization of structural, electrochemical, and optical properties,
as well as photocatalytic applicity for the removal of DBT, an emerging organosulfur pollutant from
oil field wastewater under exposure to sunlight.

2. EXPERIMENT
2.1. Preparation of PPy/g-C3sN4 nancomposite
In order to prepare g-C3Ns [34], 10 mM of melamine powder (99%, Sigma-Aldrich) was

ultrasonically dissolved into 100 mL of ethylene glycol (99.8%, Merck, Germany). Next, 100 mL of
0.2 M HNOs (69%, Sigma-Aldrich) solution was gradually added dropwise into the obtained solution
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under magnetic stirring at room temperature. The resultant product was collected and washed by
ethanol (99%, Duter Co., Ltd., China) several times. After drying at 55 °C for 4 hours, the obtained
powder as a precursor of protonated melamine was put in an alumina boat under heating at 500°C for
120 minutes to achieve the g-C3Na4. 5 g of the obtained g-C3Ns powder and 0.5 g sodium dodecyl
benzenesulfonate (SDBS, 80%, Sigma-Aldrich) were ultrasonically dispersed in 120 mL of deionized
water for the preparation of the PPy/g-CsN4 nanocomposite [35]. Subsequently, 1 wt% of pyrrole
(98%, Sigma-Aldrich) was added to the resultant suspension under vigorous stirring in an ice—water
bath for 30 minutes. Afterwards, 15 mL of 0.5 M aqueous ferric chloride (97%; Sigma-Aldrich)
solution was added dropwise into the mixture. After 120 minutes, the obtained light gray precipitates
as nancomposite were filtered under vacuum and washed by a mixture of ethanol and deionized water
three times. Then, the PPy/g-C3N4 nancomposite was dried at 55°C in an oven for 10 hours.

2.2. Characterizations

The morphological and crystallographic properties of the nanostructures were evaluated using
scanning electron microscopy (SEM) on a Hitachi S4300-F microscope (Tokyo, Japan) and an X-ray
diffractometer (XRD, Rigaku Miniflex 600, Rigaku, Tokyo, Japan). For cyclic voltammetry (CV)
measurements, an electrochemical workstation system (TOB-CS-150, Xiamen Tob New Energy
Technology Co., Ltd., China) equipped with a three-electrode electrochemical cell containing Ag/AgCI
(reference electrode), platinum mesh (counter electrode), and photocatalysts modified ITO was used.
All CV measurements were carried out in an electrolyte containing 1 mM Fe(CN)e* 7+ (99%).

Photocatalytic experiments were conducted on a pyrex reactor equipped with a circulating
water jacket at room temperature to analyze the prepared photocatalysts. As the simulated sunlight
source, a 70 W xenon lamp (Changzhou Anshuo Electric Light Source Co., Ltd., China) was placed
above the reactor. 0.5 g of prepared photocatalysts were mixed into 200 mL of DBT solutions for
photocatalytic reaction with constant stirring. To obtain the desorbance-absorbance balance, prior to
light illumination, the resulted suspension was magnetically stirred in the dark atmosphere for about 45
minutes. The stable mixture was then continuously stirred while being exposed to a light source. At
regular intervals, the photodegraded DBT sample was collected and centrifuged for 10 minutes at 1000
rpm to remove photocatalyst particles. Finally, a Shimadzu UV-2450 UV-
Vis spectrophotometer (Tokyo, Japan) was used for determination of the absorption spectrum of
photodegraded DBT and the absorption at A=254 nm was used to determine the removal efficiency by
using the following equation [36-39].

Removal efficiency (%) = % x 100 (1)
0

In this equation, Co and C; are reflected as the initial concentration of the DBT and the
concentration of the DBT after exposure to sunlight illumination, respectively.
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3. RESULTS AND DISCUSSION
3.1. Analyses of structure and morphology of photocatalysts

Figure 1 displays SEM images of g-CsN4 and PPy/g-C3sN4 photocatalysts. Figure 1la shows a
variety of loosely aggregated sheet-like g-CsNa structures with irregular shapes. As seen, g-CsNs
structures have dense and thick layers that combine to form a massive 2D sheet-like structure, and
there are numerous breakages and pores on the surface of the g-CsNa sheets caused by melamine
decomposition [40-42]. Figure 1b shows a SEM image of PPy/g-CsN4 photocatalysts with small
amorphous PPy nanoparticles decorated on dense and thick layers of g-CsN4 sheets, confirming the
formation of nanocomposite structures.

Figure 1. SEM pictures of (a) g-C3N4 and (b) PPy/g-C3zNa.
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Figure 2. XRD patterns of PPy/g-C3N4 and g-C3sNa.

The XRD patterns of PPy/g-CsN4 and g-CsN4 are presented in Figure 2. XRD patterns of g-
C3N4 and PPy/g-C3N4 show characteristic peaks at 20 = 12.97° and 27.42°, which are assigned to the
(100) and (002) planes, respectively [43, 44]. The lattice plane of (002) is important for the interlayer
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stacking of the g-CsNas periodic graphitic conjugated aromatic system [45-47]. The periodic tri-s-
triazine ring structure associated with protonated melamine is indexed to the diffraction (100) lattice
plane [48-50]. The peak intensity in the XRD pattern of PPy/g-CsN4 is decreased toward g-CsNa,
indicating that PPy influences crystal growth and crystallinity because polymer with amorphous
particles is decorated on the sheet-like structures of g-CsN4 [51].

3.2. Characterization of photocatalysts optical properties
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Figure 3. (a) UV-vis absorption spectra of the PPy, g-CsN4 and PPy/g-CsN4 photocatalysts and (b)
Tauc’s plots.

Figure 3a depicts the UV-vis absorption spectra of PPy, g-CsN4, and PPy/g-C3N4. As ssen, the
g-CaN4 and PPy/g-CsN4 nanostructures absorb light in both of the UV and visible regions. Because of
the m—m* inter band transition of the PPy molecules, no absorption edge is observed for pure PPy, and
UV-vis absorption spectra show great absorption in all wavelengths [52-54]. Pure g-C3N4 has a 390
nm absorption edge and shows the absorption over the whole UV and visible light regions [35, 55, 56].
The PPy/g-C3N4 exhibits a clear redshift in absorption spectra to 410 nm, which can be related to the
enhancement of visible light absorption ability of the nanocomposites with the interaction between PPy
and g-CsN4 semiconductors in the heterojunctions [57, 58]. As a 2D nanocomposite of PPy and g-CsNa4
semiconductors, PPy has a more negative conduct band and valance band potential than g-CsN4 [59],
allowing the formation of type Il heterojunctions with efficient density of photo-generated carriers and
accelerated hole-electron separation [57, 60]. In a type-1l heterojunction, the photo-generated holes
transfer to a less positive valence band while the photo-generated electrons to a less negative
conduction band, indicating an efficacious charge separation which is more suitable for the
photocatalytic reactions [61-63]. The optical band gap energy (Eg) value for photocatalysts can be
determined by the following equation [64-66]:

(ahv)Y2 = B(hv-EQ) (2)
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The absorption coefficient and photon energy are represented by and hv, respectively, in this equation,
and B donates to the proportionality parameter. For determination of the Eg values of PPy, g-C3N4, and
PPy/g-CsNa4 photocatalysts Tauc's plots can be used to show that it is plotting (ahv)Y? against photon
energy (hv) which gives a straight line with an intercept equal to the optical energy band gap, as shown
in Figure 3b. The Eg values of g-CsN4 and PPy/g-CsN4 photocatalysts can be estimated to be ~2.64
and 2.29 eV, respectively. As found, the optical band gap of PPy/g-CsN4 decreases toward g-CsNa,
demonstrating that it can increase photocatalytic activity in visible light regions.

3.3. Electrochemical studies

The electrochemical properties of g-CsNs4 and PPy/g-C3Ns nanocomposite modified 1TO
electrodes were studied using CV in 1 mM Fe(CN)s®>7* electrolyte at a potential range from -0.2 V to
0.6V at a scan rate of 100 mV/s. Figure 4 demonstrates the CV curves of modified electrodes with a
pair of redox peaks and a peak-to-peak separation (AEp) of 0.17 and 0.08 V for g-CsN4 and PPy/g-
CsN4 nanocomposite modified ITO electrodes, respectively. As seen, the highest peak currents and
lowest peak-to-peak separation potential are observed for the PPy/g-C3N4 nanocomposite modified
ITO electrode, implying the synergistic effect of PPy and g-CsN4 can effectively improve the
electrochemical properties and enhance the electron transfer rate due to the smaller particle size of PPy
decorated on the g-CsN4 sheet-like structure which forms a large electroactive surface area and
numerous of electro-active sites of the PPy/g-CsNs nanocomposite modified electrode. It is in
agreement with the SEM results [67-69].
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Figure 4. CV curves of g-CsN4 and PPy/g-C3Ns4 nanocomposite modified ITO electrode in 1 mM
Fe(CN)s** electrolyte at potential range -0.2 V to 0.6V at scan rate of 100 mV/s.
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3.4. Photocatalytic degradation studies

Figure 5 depicts the removal efficiency of 200 mL of 100 mg/L DBT solution in the absence
(blank sample) and presence of photocatalysts. After 150 minutes of exposure to sunlight, the removal
efficiency of a blank sample reaches 2.4%. The removal efficiency in the presence of g-C3N4 and
PPy/g-C3sN4 nanocomposite is 43.5% and 50% after 30 minutes of sunlight illumination, respectively,
and total DBT treatment is obtained for g-C3aN4 and PPy/g-C3N4 nanocomposite after 125 and 90

minutes of sunlight exposure, respectively.

Removal efficiency (%)

Figure 5. The removal efficiency of 200 ml of 100 mg/L DBT solution in blank sample and presence
of g-C3N4 and PPy/g-C3sN4 nanocomposite photocatalysts upon exposure sunlight illumination.
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Figure 6. The removal efficiency of PPy/g-C3N4nanocomposite for treatment different concentrations
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Thus, these results reflect a fast photocatalytic treatment rate of DBT in the presence of PPy/g-
C3N4 nanocomposite toward the g-CsN4, which verifies the results of structural, optical, and
electrochemical analyses based on a large effective surface area, the formation of more electro-active
sites, and efficient photo-induced electron and hole separation in the created heterojunction between
PPy and g-C3Nas in PPy/g-C3N4 nanocomposite, which can effectually increase the photo-generated
carriers spreading distance and prolong the carrier lifetime [70, 71]. During light illumination, the
photo-generated electrons can react with O to create the superoxide radical (O2") [72], while the
photo-induced holes can react with H>O and OH™ to generate the hydroxyl radicals ("OH) [73, 74].
Thus, the generated O; and "OH can act as oxidants for the degradation the DBT on the photocatalyst
surface [75].

Figure 6 depicts the removal efficiency of PPy/g-C3N4 nanocomposite for treatment of various
concentrations of DBT under sunlight illumination. After 90, 120, 200, 250, and 300 minutes of
exposure to sunlight, 100, 200, 400, 500, and 700 mg/L of DBT are completely treated. The results
show that as the initial DBT concentration increases, the removal efficiency decreases. Furthermore, in
Table 2, the photocatalytic activity of the PPy/g-C3N4 nanocomposite for DBT treatment is compared
to that of previously reported photocatalysts. It is attributed to the synergistic effect between the PPy
and g-C3Ns in the nanocomposite to create a large efficacious surface area and heterojunction to
promote the efficiency in photo-excited electrons and holes population and photocatalytic reactions. It
was discovered that the PPy/g-CsN4 nanocomposite reflects a fast rate of photocatalytic treatment.

Table 2. The photocatalytic activity of PPy/g-C3N4 nanocomposite for treatment DBT and other
reported photocatalyst in the literatures.

Photocatalyst Amount of | Light Removal Removal Ref.
DBT source efficiency | time (minute)
(mg/L) (%)
AU/TIO> 200 Uv 60 180 [27]
ZnO - Folded sheet 250 uv 80 450 [28]
MEesoporous
La/polyethylene glycol- 250 uv 67.24 180 [29]
modified TiO>
N-doped TiO> 400 Visible 40.3 240 [30]
TiO2 on the surface of FSM- 400 uv 69 400 [32]
16
Ag@AgBr loaded 500 Sunligh 98.66 360 [31]
mesoporous silica t
PPy/g-C3Na4 100 Sunligh 100 90 This
200 t 120 work
400 200
500 250
700 300
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3.5. Study real oilfield wastewater treatment

The photocatalytic applicity of the PPy/g-CsNs nanocomposite was investigated for the
treatment of 200 mL of 100 mg/L DBT solution collected from the wastewater treatment station of
Daging Oilfield, Songliao Plain in northeastern China, and compared to a control sample which was
prepared from deionized water without any pollutants. Figure 7 shows the complete removal efficiency
of DBT1 and DBT?2 is obtained after 110 and 90 minutes of exposure to sunlight, respectively. It
demonstrates that the existence of additional pollutants in oilfield wastewater can prolong
comprehensive treatment of DBT1 derived from actual oilfield wastewater effluent. As a result, the
findings show that PPy/g-CsNs nanocomposite photodegrades efficiently for the removal of DBT
molecules in actual oilfield wastewater.
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Figure 7. The comparison between the photocatalytic removal efficacies of 200 mL of 100 mg/L DBT
solution provided from actual oilfield wastewater (DBT1) and control sample provided from
deionized water (DBT2) using PPy/g-CsN4 nanocomposite upon sunlight irradiation.

4. CONCLUSION

This study concentrated on the chemical preparation of g-C3Ns and PPy/g-CsNs
nanocomposite, and characterization of structural, electrochemical and optical properties, as well as
photocatalytic applicity for the removal of dibenzothiophene (DBT), an emerging organosulfur
pollutant from oil field wastewater under exposure to sunlight. Analyses of photocatalyst structure and
morphology revealed that PPy/g-CsN4 photocatalysts contained amorphous PPy nanoparticles that
decorated the dense and thick layers of g-CsN4 which included the massive 2D sheet-like structure
with numerous breakages and pores on the sheet surface that the g-CsN4 sheets created during
melamine decomposition. Optical analyses revealed that the optical band gap values of g-CsN4 and
PPy/g-C3N4 photocatalysts were determined to be ~2.64 and ~2.29 eV, respectively. This indicated a
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decrease in the optical band gap of PPy/g-CsN4 toward g-CsNas, which enhanced the photocatalytic
activity of PPy/g-CsNjs in the visible light region. Electrochemical studies revealed that the synergistic
effect between PPy and g-CsN4 can effectively improve the electrochemical properties and increase the
electron transfer rate. It was attributed to the smaller particle size of PPy decorated on the g-C3Na
sheet-like structure, which forms a large electroactive surface area and abundant electro-active sites in
the PPy/g-C3N4 nanocomposite. Photocatalytic degradation studies revealed that total DBT treatment
was obtained for g-CsNs and PPy/g-C3N4 nanocomposite after 125 and 90 minutes of sunlight
exposure, respectively. These findings demonstrated a faster photocatalytic treatment rate of DBT in
the presence of PPy/g-CsN4 nanocomposite compared to other reported photocatalysts in the literature.
This was due to the combination of PPy and g-C3N4 in the nanocomposite to create a large effective
surface area and heterojunction to promote efficiency in photo-induced electrons and hole population
and photocatalytic reactions. The practical photocatalytic degradation capability of PPy/g-CzNa
nanocomposite for the treatment of genuine oilfield wastewater was investigated, and the results
demonstrated the effectual photocatalytic performance of PPy/g-CsN4 nanocomposite for the treatment
of DBT in genuine oilfield wastewater.
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