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Abstract

The entrance of some hard-degradable pharmaceutical contaminants can cause irreparable damage to humans and other organ-
isms; therefore, removing these pollutants from water is one of the most important activities in water purification field. In this
work, the mineralization of morphine was performed using photocatalytic degradation method. Graphitic carbon nitride (g-C5Ny)
nanosheets, due to their promising tunable characteristics, were chosen as visible-light-driven nanostructured heterogeneous
photocatalyst. To enhance the photocatalytic activity, g-CsN, was doped with Ag noble metal due to its surface plasmon
resonance effect and acting as an electron sink. The photodegradation of morphine was evaluated under different pH values,
the dosage of the photocatalyst, initial concentration of morphine, and Ag% loading under sunlight as green energy. The
maximum efficiency was obtained in the very low concentration of Ag@ g-CsN, photocatalyst with the superior low value of
0.17 g L. Near complete mineralization of morphine was achieved by Ag@g-C5N, with metal content percentage equal to 5 in
180 min and pH = 2. Also, using various active species scavengers, superoxide anion radical was identified as the main respon-
sible species in the photocatalysis reaction of morphine degradation.

Keywords Ag@g-C;N, - Morphine - Photodegradation - Mineralization - Scavengers

Introduction

Environmental harmful pollutants involving industrial, agri-
cultural, and particularly pharmaceutical are ringing the alarm
for human society. Currently, the development of the environ-
mentally friendly, sustainable, and energy-efficient technolo-
gies is of great importance. Protecting the quality of drinking
water, as a challenging environmental issue in the twenty-first
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century from both the ecological systems and human health
perspectives, has been attracted broad attention, particularly in
the developing countries (Pradeep and Anshup 2009;
Shannon et al. 2008). Over the last decade, pollution of phar-
maceutical products as biologically-active and hard-
degradable compounds, due to the increasing growth, ecolog-
ical, and toxicological problematic actions, has received con-
siderable attention (Shannon et al. 2008). The reason of atten-
tion on pharmaceutical products such as amphetamine, opi-
oids, cocaine, cannabis, and morphine type substances is at-
tributed to their new unpredicted category of water emerging
pollutants with potent psychoactive properties and unidenti-
fied effects on the aquatic environment (Degenhardt and Hall
2012; Pal et al. 2013). Degradation of the morphine as one of
the most important hospital wastewater, due to their chemical
and biological stability, was not possible using conventional
methods including adsorption, ultrafiltration, and ion ex-
change (Banerjee et al. 2014; Kannan and Sundaram 2001).
Therefore, advanced oxidation processes (AOP) have been
used as a common alternative method due to its high efficacy
to degrade various pollutants. Heterogeneous photocatalysts,
as one of the attractive AOP methods, using aqueous highly
reactive oxygen species such as superoxide and radicals, can
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rapidly oxidize a wide range of pharmaceutical pollutants
(Bhatkhande et al. 2002; Karimi-Nazarabad and Goharshadi
2017; Klementova et al. 2017; Pelaez et al. 2012). Up to now,
various interpretations, such as (i) suitable processing used for
production of renewable, endurable, and environmental friend-
ly energy, (ii) refining techniques that convert pollutants to
hazardless products, and (iii) processing is used to recycle
metals or convert them into non- or low-toxic metals, have been
suggested for photocatalytic activity (Daneshvar et al. 2004).

Many available photocatalysts such as TiO,, TaON, BiVOy,,
Zn0, CdS, W03, TasNs, SrTiOs, g-C5Ny, ZnS, Ags;PO,, and
their nano-composites were used in photodegradation process
(Behnajady et al. 2006; Cao et al. 2015; Hara et al. 2003; Hara
et al. 2004; Kohtani et al. 2003; Li et al. 2015; Luo et al. 2014;
Pelaez et al. 2012; Xian et al. 2011). Recently, visible light-
driven photocatalysts with high stability have been playing a
vital role in development of photocatalysis field. g-C3N, is one
of these materials which attracted much attention due to their
promising properties, including their appropriate band gap
(2.7 eV), good stability, simple preparation method, and inex-
pensive precursors (Cao et al. 2015; Dong et al. 2014; Ge
2011; Yan et al. 2009; Zhao et al. 2015). g-C3N4 nanostructures
have been used in various fields, for example, as a catalyst for
Friedel-crafts reactions (Goettmann et al. 2006), oxygen reduc-
tion reaction (Labinger and Bercaw 2002; Liu and Zhang
2013), a photocatalyst in water splitting (Li et al. 2016;
Zhang et al. 2013), a photoelectronic material in light emitting
devices to be applied in batteries (Chen et al. 2012), light
emitting devices (Reyes et al. 2003), fuel cells (Liu and
Zhang 2013), solar cells (Cui et al. 2011), and those applied
in optical sensors (Barman and Sadhukhan 2012).

However, despite the mentioned applications, the photocat-
alytic activity of g-C5Ny-based photocatalyst is constrained by
some factors including transport of slow charge carriers, rapid
recombination rate, small surface areas, high surface inertness,
slow reaction kinetics, and moderate oxidation ability.
Nowadays, doping of the elements such as phosphorus (Guo
et al. 2016), sulfur (Liu et al. 2010), oxygen (Li et al. 2012),
carbon (Li et al. 2014), nitrogen (Yan et al. 2010; Yu et al.
2016), halogen (Zhu et al. 2017), alkali metal (Jiang et al.
2017), and transition metal (Li et al. 2016), especially, Ag as
a well-known fantastic metal (Fu et al. 2015; Ge et al. 2011;
Hu et al. 2015; Yang et al. 2013) was performed to optimize
and improve the photocatalytic activity of g-C;Ny-based
photocatalysts. For instance, Fu and coworkers (Fu et al.
2015) reported the fabrication and application of Ag@g-
C3Ny4 nanosheets with different Ag contents for a visible light
photocatalytic performance toward the degradation of some
common dyes such as methyl orange. Their results indicated
that the notability improvement in photoactivity of the Ag@g-
C3N, can be observed for degradation of dyes compared with
pristine g-C5;N, exposed visible light irradiation at a short
time. Although Ag@g-C3;N,4 nanomaterials have considerable
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efficiency for degradation of environmental pollutants, as pre-
viously mentioned in the literatures, to the best of our knowl-
edge, there is no report on the use of this nanomaterial for
removal of the morphine, as a hard-degradable and frequently
used pollutant. In the present work, g-CsN,4 and Ag@g-C;N,
nanomaterials were used for the photodegradation of mor-
phine under sunlight irradiation. Therefore, the significant
aim of the present study is the photocatalytic mineralization
of morphine under sunlight. This study showed that a high
percentage of morphine mineralization was attained using a
very low amount of the prepared photocatalysts as an interest-
ing achievement.

Experimental section
Materials and methods

In this project, all of the chemicals were at analytical grade and
used without further purification. In a typical synthesis run, g-
C3N, photocatalyst powder was obtained by direct heating the
mixture of melamine and urea in a semi-closed system with a
cover (Karimi-Nazarabad and Goharshadi 2017). For this pur-
pose, 14.6 mmol of melamine and 30.7 mmol of urea were
mixed using a mortar and then placed in a crucible. The pre-
pared mixture was first heated at room temperature up to
300 °C (heating rate 7 °C min ') for 2 h, and further
deammonation treatment was set from 300 to 500 °C (heating
rate of 2 °C min™"), 500 to 550 (heating rate of 1 °C min ),
and as a final point heating at 550 °C (heating rate of
2°Cmin ") for 2 h, respectively. Then, cooling of the crucible
was performed to arrive at room temperature. The preparation
of Ag@g-C;N, photocatalysts is described in similarly men-
tioned preparation method for g-C3N, powder except that the
specified amount of AgNO5 was added to the mixture of mel-
amine and urea (Mahvelati-Shamsabadi et al. 2019).

Photocatalytic degradation procedure

The photocatalytic activity of the g-C5N4 and Ag@g-C5Ny
nanomaterials was carried out by degradation of the morphine
under sunlight irradiation. For this goal, 30 ml of morphine
aqueous solution was posited in a Pyrex glass vessel with
appropriate amount (0.0-0.3 g L") of the prepared
photocatalyst that was added. These experiments were carried
out under sunlight in June and July 2018 between 11:00 a.m.
and 03:00 p.m. (N=36" 15 6.682" sE=58" 47 42.806"
GPS coordinates). Using a magnetic stirrer, several suspen-
sions were stirred simultaneously under sunlight outdoors.
The solution temperature was set between 27 and 34 °C.
After irradiation with a sunlight source for an interval time
of (0—180 min), 5 ml of the suspension was taken for centri-
fugation and segregation of the photocatalyst particles.
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Degradation of the morphine was measured using UV-Vis
spectrophotometer. Each experiment was repeated three times.
Photocatalytic experiments were evaluated with different mor-
phine concentrations, various pH ranging from 1 to 11 for
recognition of the role of pH in photocatalytic activity, and
different dosages of g-C3N, and Ag@g-C;N,4 nanomaterials.
The initial values of the pH were adjusted by adding HCI or
NaOH solutions. The morphine concentration was evaluated
by its maximum absorption wavelength at A, = 208 nm (the
transition of the benzenoid system of the morphine structure
attributed to ™ — 7" (Alnajjar and El-Zaria 2008)) in UV-Vis
spectra. The morphine catalytic degradation efficiency (CDE)
was defined according to the following equation:

Co—C
CDE% = —2—=' % 100 (1)

Co
where C, and C; are the initial concentration and the concen-
tration at time ¢ for the morphine pollutant solution,
respectively.

Instruments

The analysis of the powder phases were recorded by means of a
Bruker/D8 Advanced diffractometer in 26 ranging from 20° to
80° by step of 0.04° with graphite monochromatic CuK,, radi-
ation (A=1.541 A). (Instrumental Analysis Lab, Damghan
University, Damghan, Iran). Field emission scanning electron
microscopy (FESEM) and energy dispersive X-ray (EDX)
analyses of the prepared photocatalysts were carried out using
MIRA3 TESCAN (Boo-Ali Institute, Mashhad, Iran). The
UV-Vis absorbance spectra of samples were provided using
an Agilent photodiode-array Model 8453 equipped with quartz
cell of 1 cm path length. The spectra were recorded at room
temperature in the air within the range of 200-800 nm. The
room-temperature photoluminescence (PL) spectra of the pre-
pared samples were investigated with a Shimadzu RF-1501
spectrophotometer (FUM, Mashhad, Iran). The zeta potential
of the nanomaterials was measured by the Zeta sizer (Nano-ZS)
Malvern instrument.

Results and discussion
Characterization

The X-ray diffraction (XRD) pattern was used to determine
the structure and phase of nanomaterials (Goharshadi et al.
2015). The XRD patterns of g-C3N, and Ag@g-C3;N, nano-
sheets are shown in Fig. 1. Only the peaks of g-C3N, and
Ag@g-C3N, are observed, indicating that there are no impu-
rities in the prepared nanomaterials. The peaks at 12.8° and
27.6° in g-C3N, are in good accordance with the g-C3Ny
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Fig. 1 X-ray diffraction patterns of g-C5N, (bottom) and Ag@g-C3Ny
(top) of the prepared nanomaterials

nanomaterials reported before (Ge 2011; Ghanbari et al.
2017; Karimi-Nazarabad and Goharshadi 2017). The most
intense peak at 27.6°, which is attributed to (002) plane in g-
C3Ny, is due to stacking of layers in conjugated aromatic
systems. The less intense peak at 12.8°, however, seems well
to the layered packing structure of tri-s-triazine units which is
assigned to (100) plane in JCPDS 87-1526 card (Bai et al.
2013; Karimi-Nazarabad and Goharshadi 2017).

The peaks indexed in Ag cubic structure including (111),
(200), (220), and (311) are clearly seen in the Ag@g-C3Ny
pattern. However, the presence of (002) plane at 27.6° confirms
its existence in the graphitic structure. Disappearance of (100)
peak in Ag@g-C3;N, pattern can be due to the presence of sharp
and intense Ag peaks covering broader and less intense peak at
12.8°. The high peak intensities of Ag in the Ag-doped g-C5N4
sample (Fig. 1) may be due to high uniform dispersion and Ag
plasmonic effects in Ag@g-C;N, samples (Azizi-Toupkanloo
et al. 2014; Goharshadi and Azizi-Toupkanloo 2013). As Fig. 1
shows, after formation of Ag@g-C;Ny, the crystal phase struc-
ture of Ag and g-C;N, was not changed.

The morphology of the prepared pure g-C5N, and Ag-doped
g-C;5N, photocatalysts was analyzed using FESEM (Fig. 2a and
b), respectively. In pure g-C3Ny, the photocatalyst has a sheet-
like shape with smooth surface morphology (Fig. 2a).
Elemental mappings of the prepared Ag@g-C3N,4 nanosheets
are shown in Fig. 2c—g. Also, Fig. 2h shows the EDX spectrum
related to the Ag@g-C;N,4 nanosheets. Elements of Ag, C, N,
and O were detected in this spectrum, which indicated success-
ful formation of the Ag@g-C;N, nanosheets. In addition to
carbon, nitrogen, and oxygen, silver was also observed.
Carbon, nitrogen, oxygen, and silver are homogenously distrib-
uted in the Ag@g-C;N,4 nanomaterial. The quantitative analy-
ses of the EDX results are shown in Table 1.

Optical properties of the prepared nanomaterials were eval-
uated by UV-Vis and PL spectrophotometry (Fig. 3a—c). After
doping of Ag into the g-C3N, structure, a new absorption peak
appears in visible-light region due to the surface plasmon

@ Springer
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Fig. 2 Structural characterizations are including FESEM images of (a) g-C3Ny, (b) Ag@g-C;5N,, elemental mapping of Ag@g-C;N, including Ag (d),

C (e), O (f), N (g), and (h) the EDX spectrum for Ag@g-C3N4

resonance effect (Fig. 3a). The g-C3N, absorption spectrum
exhibits two sharp and weak shoulders in 348 and 400 nm,
respectively. These absorption peaks can be attributed to trans-
fer states m— 7" and n— 7", respectively (Bian et al. 2016).
According to Fig. 3a, the light absorption capability of Ag@g-
C3N, in comparison to g-C3N, has improved in the visible
region; consequently, the red shift of the band edge abortion
(higher wavelength) has expanded from 450 nm for g-C5N, to
520 nm for Ag@g-C3N,. Therefore, with regard to the red
shift band absorption of Ag@g-C3;Ny, the visible-light re-
sponses of Ag@g-C3N, are significantly improved by the

@ Springer

Ag doping, and thus it should have enhanced photocatalytic
activity than the pure g-C5N,4 nanomaterials.

The well-known Tauc’s equation was performed for eval-
uation of the band gap of the prepared nanomaterials (Fig. 3b)
(Goharshadi et al. 2013; Karimi-Nazarabad and Goharshadi
2017):

ahv = A(h\/—Eg)“/2 (2)

where a, &, v, E,, and A are absorption coefficient, Planck’s
constant, light frequency, band gap energy, and a constant,
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Table 1 Weight percentage for different elements in g-C;N4 and
Ag@g-C;N, using EDX analysis

Samples C% 0% N% Ag%
2-C3Ny 27.61 3.54 68.85 0.00
Ag@g-C3N, 30.18 231 61.70 5.81

respectively. The value of n, according to the type of the direct
and indirect light transfer is 1 and 4, respectively. Number 4
was chosen for both g-C;N, and Ag@g-C;N, nanomaterials
(Karimi-Nazarabad and Goharshadi 2017). The value of the
band gap for g-C3N, and Ag@g-C3N,4 nanomaterials is esti-
mated to be around 2.9 and 2.4, respectively. Therefore, as it
was predicted that band gap decreases with loading of Ag as a
dopant.

PL spectrum is a sensitive property affected by recombina-
tion rate of free charge carriers, and it was used for (i) recog-
nition of the performance of charge carrier trapping, (ii) trans-
fer, (iii) separation, and (iv) exploration of the chance of pho-
toinduced electrons and holes in semiconductors (Ge et al.
2011; Katsumata et al. 2013). Certainly, a lower PL intensity
is a general indication of a lower recombination rate of
electron-hole pairs that leads to improve the photocatalytic
activity (Ge et al. 2011; Katsumata et al. 2013). Figure 3¢
presents the PL spectra for Ag@g-C3;N,4 and g-C3N, samples
at room temperature. A wide peak associated with blue radia-
tion around 450 nm was observed in both samples, which are
due to recombination radiation of exciting optical charges.
Notably, the PL results for the prepared nanomaterials showed
decrease in recombination rate of the photogenerated electron-
hole pair in Ag@g-C3;N, nanomaterial compared with pure g-
C3Ny, because of the effective charge transfer between Ag and
g-C3Ny. This phenomenon could be due to a charge-transfer
shift between the Ag and the g-C3N,4 conduction bond (CB) or
valence band (VB). Therefore, it is the predicted that Ag@g-
C;N4 sample that exhibits superior photocatalytic activity
compared to the g-C3N, nanomaterial.

Photodegradation

The photodegradation of morphine by g-C;N4 and Ag@g-
C;3Ny4 under different values of pH, photocatalyst dosage, ini-
tial concentration of morphine, and Ag% loading was tested to
find the optimum conditions.

Effect of pH

The Photodegradation of the pollutant is affected by the pH of
the solution. The variation of pH in the solution changes the
nature of the photocatalyst, pollutant chemical behavior, and
the electrostatic properties of the photocatalyst (Goharshadi
et al. 2013; Karimi-Nazarabad and Goharshadi 2017; Rajoriya

et al. 2019). To evaluate the effects of the pH on the surface
charge of g-C;N, photocatalyst, zeta potential variations were
measured as a function of different pH levels (Fig. 4a). Zero-
point charge (ZPC) for g-C;N,4 nanosheets was set at pH = 4.4.
These results suggest that at pH lower and higher than 4.4, the
surface charges of g-C;N, nanosheets would be positive and
negative, respectively. According to the negative surface charge
of morphine, it is expected that at pH lower than 4.4, the
photodegradation efficiency would be better.

The effect of pH on morphine photocatalytic degradation
by keeping the other conditions completely constant
(photocatalyst dosage=0.17 g L', t=120 min, initial mor-
phine concentration = 10 mg L") for different initial values
including 1, 2, 4, 7, 9, and 11 as shown in Fig. 4b. The
photodegradation in the presence of Ag-doped g-C;Ny is
higher than g-C;N,4 at all initial pH values. The maximum
CDE% observed for Ag@g-C3N, at pH =2 was about 87%.
Ag@g-C3N,4 nanomaterial surface charge changes with vari-
ations of the pH level of the solution. The lower degradation
rate for morphine at basic pH might be due to the presence of
surplus OH ions competing to occupy active sites on the
surface. The number of positively charged sites decreases with
increasing solution pH (Gupta and Suhas 2009). Hence, all the
experiments were performed at the initial pH = 2.

Effect of ag% loading

Figure 5 shows the photodegradation efficiency of morphine
under sunlight irradiation in the presence of Ag@g-C5Ny
photocatalysts with 0, 1, 3, 5, and 7 different loadings of
Ag%. The maximum photodegradation was achieved at
Ag% =5. Therefore, the results show that there is a fine syn-
ergetic effect between Ag and g-C;N, for photocatalytic deg-
radation of morphine under sunlight. Moreover, good distri-
bution of Ag into the g-C3N,4 nanostructure leads to effective
separation of charge carriers (Katsumata et al. 2013).

Effect of photocatalyst dosage

To explore the effect of photocatalyst amount on degradation
efficiency and avoid the use of excess catalyst, different con-
centrations of g-C3N, and Ag@g-C;N, nanomaterials in the
range of 0.0-0.3 g L' were performed using constant mor-
phine concentration (10 mg L™"). As Fig. 6 shows, with in-
creasing photocatalyst concentration from 0.00 to 0.17 g L™,
the percentage of morphine degradation increased from 0.0 to
93.2% for Ag@g-C3Ny. Incremental trends in morphine deg-
radation were seen for both photocatalyst, and in all the
photocatalyst concentrations, the CDE% for Ag@g-C;N4
with the optimal percentage of Ag (5%) is higher than g-
C3;N,4. However, from 0.17 to 0.3 g L' a decreasing trend
in morphine photodegradation was observed for both
photocatalysts. Increasing the concentration of photocatalyst
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Fig. 3 The spectroscopic
characterizations of g-C3N,4 and
Ag@g-C3N, nanomaterials
including (a) UV-Vis absorption,
(b) (cvhv)? graphs against photon
energy, and (¢) PL spectra at room
temperature
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Fig. 4 (a) Zeta potential for g- 20
C3N4 nanosheets as a function of
pH variations. (b) Effect of pH on 10 -
photodegradation of morphine
using g-C3N4 and Ag@g-C3N, 0-
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has two conflicting effects: increasing the number of the active
sites with increase in the photocatalyst concentration which
leads to the enhance of photocatalytic activity and more deg-
radation against increasing the solution turbidity, decreases the
light penetration, and so the light harvesting is diminuend
(Soltani and Entezari 2013). Furthermore, aggregation of
NPs due to particle-particle interactions at higher concentration
leads to a reduction in available photocatalyst active surface
area to light absorption and thereby reducing photocatalytic
degradation activity. Hence, increasing the concentration of
photocatalyst reduces the specific activity of the photocatalyst.
These competing roles result in selection of an optimal amount
for photocatalytic degradation of photocatalyst (Ahmed et al.
2011). The photocatalyst concentrations of 0.23 and 0.17 g L™
have the most photodegradation efficiency for g-C;N, and
Ag@g-C3Ny, respectively (Fig. 6). Interestingly, this value

shows outstanding photocatalytic degradation in comparison
with other reported works (Bai et al. 2014; Ge et al. 2011; Yang
et al. 2013).

Kinetics investigation of photodegradation

The effect of morphine pollutant with various initial concen-
trations in the range of 10-47 mg L™ on the kinetic of
photodegradation was studied, and the results are presented
in Figs. 7a and b. It was found that with increasing the initial
morphine concentration, the required time of perfect
photodegradation was increased as well. For example, when
the morphine concentration increased from 10 to 47 mg L™,
the required time for perfect degradation was increased from
90 to 150 min. At higher concentrations, the ratio of active
sites to pollutant molecules and also the amount of radical

@ Springer
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Fig. 5 Morphine 100
photodegradation in the presence
of Ag@g-C;N, photocatalyst
with different weight of Ag%
(PH=2,m=0.17gL ", t=

120 min, Co=10mg L") i

80

CDE%

species on the surface of photocatalyst was decreased.
Therefore, the photodegradation time was elongated.

As Fig. 7b shows the photodegradation of morphine in all
the concentrations for Ag@ g-C;N, followed the pseudo-first
order kinetic:

() =k 5

where k;, Cy, and C are the rate constant (min '), equilibrium
concentration of morphine (mg L"), and concentration of
time ¢ (min), respectively. The rate constants and correlation
factor (R?) for photodegradation kinetic are presented in
Table 2. The rate constants are dependent of morphine con-
centration. Apparently, the initial concentration of morphine
has a considerable effect on degradation rate. These results are

Fig. 6 The effect of g-C3N,4 and
Ag@g-C3N, (Ag% =5)
photocatalyst concentration on
morphine photodegradation
efficiency (Co=10mg L™, =
120 min, pH=2)
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in reasonably good agreement with a number of literature
reported investigations on g-C3;Ny-based nanocompounds
(Fu et al. 2015; Huang et al. 2013; Karimi-Nazarabad and
Goharshadi 2017).

Photocatalyst reusability

The reusability of g-C;N, and Ag@g-C;N, photocatalysts
was evaluated by five consecutive photocatalytic runs
(Fig. 8). For each recycling run, suspension was stirred for
120 min under sunlight using a magnetic stirrer and then col-
lected by centrifugation. The photodegradation efficiency of
morphine was approximately completed in each cycle. Hence,
it is plausible to say that there is no significant catalytic activ-
ity loss even after 5 cycles. Therefore, no obvious deactivation

CDE%
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Fig. 7 (a) The effect of initial 50
morphine concentration. (b)
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of the photocatalytic degradation was detected after five con-
secutive runs.

Active species responsible

To study the role of hydroxyl radical (OH"), superoxide radical
(O; ), and hole (4") in the photocatalytic degradation, some
scavengers including isopropyl alcohol (IPA), 1&4-
benzoquinone (BQ), and ammonium oxalate (AO) were used
separately. To determine the adsorption role in the degradation
of morphine, a photodegradation test was performed in dark and
it was observed that the adsorption of morphine was really in-
significant. Furthermore, morphine was exposed to sunlight
without any photocatalyst and no considerable degradation
was observed (Fig. 9). Therefore, both photocatalyst and sun-
light are essential for photocatalyzed morphine degradation. As

Fig. 9 shows, the photodegradation of morphine was completely
inhibited in the presence of BQ which shows that O, has the
main role in the process. The photocatalytic activity of Ag@g-
C3Ny4 nanosheets decreases in the presence of AO scavenger, so
h* is an active species in this photodegradation. Also, the
photodegradation efficiency reduces slightly in the presence of
IPA, demonstrating that the OH radicals are not the essential
oxidative species. These results demonstrate that 4™, and

Table 2 Rate constants for Ag@g-C;N, nanomaterial at different
concentration of morphine (pH=2, m=0.17 gL ™)

C, (mg L") 47 30 20 10

ky (min™") 0.0220 0.0247 0.0304 0.0363
R 0.98 0.98 0.98 0.99
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Fig. 8 The reusability of g-CsN,
and Ag@g-C;N, photocatalysts
in consecutive cycles (pH =2,
m=0.17 g L', r=120 min)

CDE%

C.Vcle

especially O,, are the main reactive species in the photocatalytic
degradation of morphine.

Mineralization of morphine

To confirm the mineralization of morphine, the degradation was
also evaluated by total organic carbon (TOC) values. Figure 10
shows residual ratio TOC/TOC, for photodegradation of mor-
phine by g-C3N4 and Ag@g-C;N, photocatalysts under sun-
light irradiation where TOC, is a total organic carbon for the
morphine. The TOC/TOC, value is higher for g-C5Ny
photocatalyst (about 41%) compared to Ag@g-C;N,
photocatalyst (about 9%). It means that the mineralization of
the morphine by Ag@g-C3N, is about 91%. So, these results
suggest that the doping of Ag in the g-C3;N, texture increases
the TOC degradation under sunlight irradiation. The TOC

analysis results are in a reasonably good agreement with the
results achieved in the previous section.

Ag@g-C3N, band structure

To attain the CB potential of Ag@g-C;Ny, the AC impedance
measurements were performed. The flat band potential of
Ag@g-C3N, was extracted from the x-axis intercept of the
Mott—Schottky plot. The Mott—Schottky equation is:

&= [ [0 @

where C, e,, €, €9, Ny, V, Vi, ki, and T are the specific capac-
itance, electron charge, dielectric constant of semiconductor,
permittivity of vacuum, the carrier density, applied potential,

Fig. 9 Active species responsible 100
for morphine degradation ]
including IPA (0.5 mmol L ™),
BQ (0.5 mmol L"), and AO
(0.5 mmol L™ (pH=2, m=
0.17 gL, t=120 min, Co=
10mgL™)

CDE%

0.0

no scavenger IPA AO BQ
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Fig. 10 The residual ratio TOC/ 1.0
TOC, for photodegradation of )
morphine by g-C3N, and Ag@g- ]
C3Ny4 photocatalysts (pH=2,m = 0.8 -
0.17 gL, =180 min, Co= |
10mgL™)
o 0.6
o ]
=
(&)
o ]
= 0.4
0.2
0.0 -
without g-C;N, Ag@g-C;N,

photocatalyst

flat band potential, Boltzmann constant, and absolute temper-
ature, respectively. The obtained flat band potential value of
Ag@g-C3N,4 was —0.38 V. The CB potential of Ag@g-C3Ny
was calculated by Mahvelati-Shamsabadi et al. (2019):
Ecg =—e(4.71 4 Vp) (5)
where e is the reduced electron charge. The achieved E 5 was —

4.33 eV in vacuum. The VB potential was calculated by Evg =

Ecp— E,. The E, is the band gap energy. The achieved Evp was
—6.73 eV in vacuum. The band structure of Ag@g-C3N,
photocatalyst is shown in Fig. 11. The appropriate position of
CB in Ag@g-C;N,4 more than the reduced potential of 02/0; -

4.79 eV) leads to produce superoxide radical anion of oxygen.

Fig. 11 The position of CB and
VB of Ag@g-C;N, and probable
degrading mechanism of
morphine under sunlight

H,0
OH

Superoxide radicals exhibit high oxidative activity thereby
degrading morphine molecules. Also, light-produced holes
from VB can penetrate the surface of the photocatalyst directly
and degrade morphine molecules (Katsumata et al. 2013). On
the other hand, higher value of VB potential promoted stronger
oxidation capability of #*and direct oxidation of morphine by
h* is moderate due to low potential. Photo excited electrons in
the CB of g-C3N, can be trapped by Ag. This has been verified
by PL spectra of g-C3N4 and Ag@g-C;Ny, as previously
discussed. Entrapment of photoexcited electrons in g-C3Ny4
CB by Ag leads to separation of electron-hole charge. These
entrapped electrons can be absorbed by O, and subsequently
react on the surface of photocatalyst thereby releasing more
superoxide radicals. Therefore, the increased photocatalytic

HZO ~
Y
OH +w. _!
- 0,
CB = '4.33 eV Ag 2 Morphine
' Degradation
>
v products
b
[\
VB =-6.73 eV
Degradation
products
g-C3Ny
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performance of Ag@g-C;N,4 was due to efficient charge carrier
separation under visible light and better position of CB and VB
in Ag-doped g-C5N,.

Conclusions

Photocatalytic degradation of morphine as a hard-degradable
pollutant by g-C3N4 and Ag@g-C;N,4 nanomaterials was in-
vestigated. Different factors including pH values, photocatalyst
concentration, doping percentage of Ag, and morphine con-
centration were studied. The maximum CDE% was observed
for Ag@g-C5N, at pH=2. Due to the excellent synergetic
effect between Ag and g-C3Ny, the highest photocatalytic deg-
radation efficiency under sunlight was observed for Ag@g-
C;3N,4 with metal content 5% and the mineralization was
attained about 91%. The best concentration of photocatalyst
for Ag@g-C5Ny (0.17 g L") is lower in comparing with the
g-C3Ny (0.23 g L"), Furthermore, after 5 cycles of reusability
of the photocatalyst, there is no important loss of catalytic
activity. The CB and VB potentials were achieved by Mott—
Schottky plot, and it confirmed that the superoxide radical
anion could be easily formed. Also, among the active species,
superoxide radicals are the chief reactive species in the
photodegradation of morphine. Moreover, the results indicated
that the photodegradation of morphine follows pseudo-first-
order kinetics. Ag doping in g-C3Ny structure is a significant
parameter in effective detachment of light-produced electron-
hole pairs thereby creating active oxidative species which in-
creases the photocatalytic activity in a doped sample.
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(Grant No. 96/1098).
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