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For the first time, Fe-zeolite 5A (Fe-Z5A) efficacy in the UV-assisted ozonation process to remove ciprofloxacin (CF) in
wastewater is investigated. FTIR, SEM, EDX, BET, and the mass transfer process for point of zero charge are used to
characterize the catalyst. Furthermore, the synergic process (UV/O,/Fe-Z5A) is compared with O;, O;/UV, and Fe-Z5A/0,
processes. The influence of catalyst dose, hydroxyl radical scavenger, and off-gas ozone released is discussed. The removal
efficiency of CF in wastewater (for the synergic process) is compared with a single ozonation process. The results indicate that
the synergic process was more efficient than others, with about 73% CF being removed (in 60 minutes) in the synergic process.
The results also show that synergic processes produce less off-gas ozone than other processes, suggesting more ozone
consumption in the synergic process, and confirmed by the radical scavenger effect and hydrogen peroxide decomposition
studies. The Fe-Z5A was found to operate through a hydroxyl mechanism in which Fe worked as an active site that promotes
the formation of hydroxyl radicals. Finally, the synergic process was more efficient than the ozonation process in the

wastewater matrix. Hence, Fe-Z5A/0,/UV pathway is highly efficient for the degradation of pharmaceuticals in wastewater.

1. Introduction

Photocatalytic ozonation processes are among the best
choices for advanced oxidation processes (AOPs) used in
wastewater treatment [1-6]. A variety of materials are
used as catalysts in these processes, such as activated car-
bons [7, 8], metal oxides [9-12], and organic-based photo-
catalysts [13-15]. Due to their stability and selectivity,
zeolites were found to be highly significant for practical
applications [16-22]. They have already been practically
implied as a catalyst, ion-exchanger, and adsorbent in dif-

ferent areas [23-26]. Their unique properties such as silica
to alumina ratios, shapes, surface area, and Lewis and
Bronsted acid sites make them quite useful option in
wastewater treatment [23-25, 27]. Zeolites of different
types were successfully studied in the past as catalysts in
catalytic ozonation processes, such as ZSM-5, Y-zeolites,
MCM-41, zeolite 4A, and natural zeolites [23-25, 27-30].

In recent few years, metal-loaded zeolites were exten-
sively implied as a catalyst in ozone-assisted processes and
were found to be highly efficient [31, 32]. Since each type
of zeolite may have unique properties and shapes compared
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to others, it is indeed important to investigate the ozone-
assisted processes in the presence of various types of zeolites.
This study is the continuation of the author’s previous stud-
ies to investigate the applicability and behavior of multiple
types and forms of zeolites in ozone-assisted catalytic pro-
cesses [28, 33]. In this investigation, a comparative study
was conducted between UV-assisted and catalytic ozonation
processes using iron-coated zeolite 5A (Z5A) as a potential
catalyst. To the best of the author’s knowledge, this is the
first report in which zeolite 5A was tested as a catalyst in
the UV-assisted catalytic ozonation process. Gonzélez-
Labrada et al. [34] recently studied the degradation of cipro-
floxacin on Fe-MFI zeolites and found significantly higher
CF removal than ozonation alone, while the current investi-
gation is based on the UV-irradiated catalytic ozonation
process with iron-loaded zeolite and compared with simple
catalytic ozonation process. It is significant to mention here
that in hydroxyl radical-based catalytic ozonation processes,
the hydroxyl radicals in aqueous solutions may combine to
form hydrogen peroxide, which may have a negative effect
on overall removal efficiency [35]. Therefore, in the current
investigation, UV-assisted catalytic ozonation on Fe-Z5A
was considered to further decompose hydrogen peroxide
(through direct UV irradiation, ozone UV interactions, and
Fenton-like decomposition on catalyst surface). Therefore,
this study may further help to understand the applicability
of a different type of zeolites in natural conditions using a
UV-assisted process.

In the current investigation, the antibiotic ciprofloxacin
(CF) was selected as the target pollutant. The occurrence of
antibiotics was identified even in drinking water across the
world [36, 37]. The conventional biological wastewater treat-
ment methods failed to degrade antibiotics and other phar-
maceuticals completely, and they were found in their
effluents [38]. The continuous exposure of our environment
to antibiotics is not only hazardous to human and aquatic
organisms but it may result in the evolution of antibiotic-
resistant microorganisms in the future [39-42]. These
microbes may pose a severe threat to humanity; therefore,
it is essential to find novel methods that may be applied in
combination with biological processes to eliminate threats
to our future generations.

In the current investigation, UV-assisted catalytic ozon-
ation process using iron-loaded zeolite 5A was studied to
remove CF. The 5A type of molecular sieves is aluminosili-
cate Linde type A (LTA) form of zeolites that contain cal-
cium instead of sodium ion having diameter of 5 A. These
types of zeolites are well known for their ability to adsorb
pollutants. Therefore, in current investigation, 5A type zeo-
lites loaded with iron were used as catalyst in the ozonation
process. Moreover, the catalyst dose effect, hydroxyl radical
scavenger (t-butanol), and removal of CF in denoised and
wastewater were investigated.

2. Experimental

2.1. Materials and Reagents. The zeolite 5A, ciprofloxacin,
and t-butanol (used for hydroxyl radical scavenger effect)

Journal of Chemistry

were obtained from Sigma-Aldrich (UK). All chemicals were
of analytical grade and used without further purification.

2.2. Catalyst Preparation. The Z5A obtained from Sigma-
Aldrich (UK) was washed several times with ultrapure
deionized water to remove impurities (if any) from Z5A.
The iron-loaded Z5A was prepared by using the incipient
impregnation method [43-45]. In this method, a weighed
amount (6 g) of ferric nitrate nonahydrate (Fe(NO,).9H,0)
was taken in a beaker that contains 20 mL ultrapure deion-
ized water. Then, Z5A (10 g) was placed into the beaker con-
taining iron salt and was continuously stirred at 120 rpm at
100°C till the water evaporated. Then, Fe-Z5A was calcined
at 500°C during 4 hrs [43-45]. The Fe-Z5A was dipped into
(0.1 M) HNO, for 24 hours to remove any unattached iron.
Then, it was filtered and washed several times with ultrapure
deionized water till the pH of washout water remains con-
stant. Finally, the catalyst was dried in an oven at 103°C
overnight [43-45].

2.3. Experimental Procedure. Experiments involving photo-
catalytic ozonation, catalytic ozonation, and single ozona-
tion were carried out in a semicontinuous reactor
(Figure 1). The reactor was installed with UV-light (UV rays
(20 W), a wavelength of 254 nm obtained from UV rod (Syl-
vania Pvt Ltd., Germany). In this study, 2.5 L working solu-
tion of ciprofloxacin (initial concentration =50 ppm) was
placed in the reactor. The ozone was introduced (Sky Zone,
DA12025B12L, Karachi, Pakistan) continuously into the
reactor for 60 minutes. Samples were collected after fixed
time intervals and were then quenched with Na,CO,
(0.025 M) to remove residual aqueous ozone [33]. Finally,
samples were analyzed at 284 nm on HPLC (Hitachi Elite
LaChrom L-2130) equipped with C18 column
(4.6 x 250 mm, Poroshell 120). All the samples were also
scanned on a UV-Vis spectrophotometer (PerkinElmer
Lambda 35 double beam) between 200 nm and 700 nm to
observe any byproducts formed. The removal efficiencies of
CF were determined by using the following equation.

A, - A,
———— x 100, 1
Ag ( )

Ciprofloxacin removal (%) =

where A, is the peak area time ¢, and A, is the peak area at
t=o.

2.4. Analytical Procedures

2.4.1. Ozone Dose. The ozone dose was determined by using
the iodometric method described elsewhere [46]. Such ozone
was bubbled into two sets of flasks (Figure 1) containing 2%
KI solution (100 mL). After the entire process, 5mL H,SO,
(2N) was added to each flask to liberate iodine. Then, the
solution was titrated against 0.005N Na,S,0; using a starch
indicator [27] [46]. Ozone dose was calculated using the
following formula:

mg\ Volume of titrant * normality of titrant * 24
Ozone dose (— ) = - .
min Time

(2)
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F1GURE 1: Schematic of semicontinuous reactor for the treatment of
ciprofloxacin by the catalytic ozonation process.

2.4.2. Analysis of Ciprofloxacin. Ciprofloxacin concentration
was quantified by determining the peak areas before and
after treatment using the HPLC system (Hitachi Elite
LaChrom L-2130) containing C18 column (4.6 x 250 mm,
Poroshell 120). The method was developed before analysis,
and the mobile phase composition was 50:50 acetonitrile-
phosphate buffer (0.2M KH,PO, and 0.2M NaOH). The
samples were analyzed by injecting a 10 4L solution at a
mobile phase flow rate of 1 mL/min.

2.4.3. Analysis of Hydrogen Peroxide. The amount of hydro-
gen peroxide was monitored by observing the resorufin fluo-
rescence spectrum using a fluorescence spectrometer (F-
4500 Japan) having 5nm slits. Fluorescence was monitored
at 587 nm (a calibration curve was drawn by reacting H,O,
and Amplex Red reagent [35]).

3. Results and Discussion

3.1. Catalyst Characteristics. The zeolite 5A is a calcium zeo-
lite having the composition Ca4,5 [(AlO,)12(Si0,)12]
nH,0. The catalyst was loaded with Fe™ by the impregna-
tion method [47], and the presence of iron on the catalyst
was confirmed by FTIR analysis, using PerkinElmer (USA)
spectrum 400 analyzer. The results presented in Figure 2
clearly show the iron loading on Z5A. The spectra indicate
that a sharp peak at about 970 cm™" reflects stretching vibra-
tions of Si-O and AI-OH [45]. A comparative study shows
that a new peak at about 1,442cm™" is due to iron loading
and corresponds to Fe-OH stretching vibrations [45]. The
Fe-Z5A surface morphology (Figure 3) and elemental analy-
sis were investigated by SEM-EDX using Tescan, (UK),
Vega LMU. The iron was found to be 5%. The SEM image
(Figure 2) shows that the surface of the catalyst was smooth
and porous. The surface area and pore size were quantified
by the BET method. The nitrogen adsorption at 77 K was

FTIR of (a) Z5A and (b) Fe-Z5A

5 *‘v

(@) -OH
Stretching vibrations
F NS Y,
T\
®  peon \ |

Stretching vibrations
Si-O and AI-OH

Stretching vibrations

2500 2000 1500 1000
Wavenumber (cm-1)

FIGURE 2: FTIR spectra of Z5A and Fe-Z5A.

W 11.9% mm

SEM HW 0.0 KW
SEM WAL 10,0 kx Dut: SE

FI1GURE 3: SEM image of Fe-Z5A.

determined by using adsorption isotherms (Figure 4). The
Kelvin equation and BJH method were adopted for the
determination of porosities [28]. The surface area of Fe-
Z5A was 93.25m’/g, and the pore size was 5A. The mass
titration method was used to determine the point of zero
charge of Fe-Z5A [48] and was found to be 6.6.

3.2. Comparison of Studied AOPs. The results presented in
Figure 5 indicate the comparison between various advanced
oxidation processes under similar conditions. The highest
removal efficiency was observed for the synergic (Os/Fe-
Z5A/UV) process. For example, the removal efficiencies (in
60 minutes) were 73.4%, 65.6%, 57.1%, and 49.3% for O,/
Fe-Z5A/UV, O,/Fe-Z5A, O4/UV, and O,, respectively
(Figure 4). The synergic process (catalytic ozonation with
UV irradiation) involves various reactions leading to the
production of hydroxyl radicals (equations (3)-(7)). These
reactions involves the interaction of ozone with the active
sites of catalyst (Fe) leading to the production of hydroxyl
radicals (equations (3)-(7)) [35, 49, 50]. In addition, the cat-
alyst may be activated by UV irradiation resulting in the for-
mation of hydroxyl radicals (equation (8)) [51]. The
interactions of molecular ozone with UV radiations may also
facilitate the production of hydroxyl radicals (equations (9)
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Additionally, the significantly higher removal efficiency
of the O,/UV process compared to O, alone (Figure 5) sug-
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F1GURE 5: Comparison of AOPs for the removal of ciprofloxacin
(Cy (cipro) = 50 mg/L; pH = 6.5 £0.2; O3 = 0.9 mg/L; volume =2.51;
catalystdose =25g: T =60 min).

and (10)) [52] that reacts with CP leading to its degradation
(equation (11)).

Z5A~Fe- OH + 05 — O, + Z5A - Fe - HO,’,  (3)

Z5A —Fe—HO,° — Z5A —Fe+ °0,” +H",  (4)

Z5A - Fe —HO,° + O, — Z5A —Fe—HO,° + 0,,  (5)

of pollutants in water. Therefore, the charge on the pollutant
and catalyst may be important in such studies. The point of
zero charge of catalyst and pKa values of pollutants may help
to identify charges on them while comparing with the initial
pH of water [50, 53, 54]. Therefore, in catalytic processes,
the point of zero charge of catalyst and pKa values of CF
plays an important role [55]. Since the pKa, (6.0) of CF is
near the point of zero charge (pH=pH,;) of Fe-Z5A,
pKa, (8.8) is more than the pH of the CP solution (CP solu-
tion: pH = 6.5 £ 0.2). Thus, at the analyzed pH, the CF may
acquire a positive charge (PKa, is more than solution pH,
while the zeolite surface may have a slight negative charge
(as pH,,,. of zeolite is slightly above CP solution pH)); this
further aids in the adsorption of CF on the catalyst surface
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and has a positive impact on the removal performance as
compared to processes without catalyst [50, 53, 54].

It is worth mentioning that gaseous ozone (unreacted)
released from the reactor was measured (Figure 6). It was
also observed that the synergic process produced the least
amount of ozone (mg/min). For example, 0.14 mg/min,
0.16 mg/min, 0.2 mg/min, and 0.23 mg/min were quantified
for O4/Fe-Z5A/UV, O4/Fe-Z5A, O,UV, and O; processes,
respectively (Figure 6). The results exhibit an important cor-
relation between the CF removed and off-gas ozone released
in various processes. The off-gas ozone resealed in above-
mentioned processes was in the opposite order to the
removal efficiency of CF in the various processes (Figures 5
and 6). The synergic process was found to have the least
oft-gas ozone release. It is hypothesized that more ozone
decomposition may result in the production of active oxygen
species compared to others in the synergic process.

3.3. Catalyst (Fe-Z5A) Dose Effect. It is essential to investi-
gate the role of the proposed catalyst in UV and O;; there-
fore, the catalyst dose effect is studied. The results
presented in Figure 7 indicate that with an increase in cata-
lyst dose, the removal efficiency of CF improved for both
UV/O,/Fe-Z5A and O,/Fe-Z5A processes. Hence, it is sug-
gested that a higher catalyst dose increases the number of
active sites, leading to more decomposition of aqueous
ozone and the generation of hydroxyl radicals.

3.4. Ciprofloxacin Removal in Municipal Wastewater. In this
study, the CF was spiked in municipal wastewater samples to
investigate the removal efficiency of the synergic process in a
real wastewater matrix. In most of the previous findings,
aqueous solutions of pharmaceuticals were prepared to
investigate the processes. However, it is indeed essential to
test a catalytic process in real conditions since the wastewa-
ter matrix is more complex and contains inhibitors such as
turbidity, radical scavengers, bacteria etc.

The results presented in Figure 8 show that the removal
efficiency of the synergic process was decreased significantly
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7.2+0.2; O3 =0.9mg/L; volume=2.5L; catalystdose=25g: T =
60 min).

in wastewater. This may be due to the presence of inhibitors
in wastewater [56]. Furthermore, the COD in wastewater
due to organic pollutants may also compete with the
removal of CF. Interestingly, when the results were com-
pared with single ozonation, it was observed that the effi-
ciency of CF removal was significantly higher in catalytic
ozonation process as compared with ozonation alone in both
the deionized water and wastewater (Figure 8). For example,
the removal efficiency (in 60 minutes) of CF was 49.3%,
37.5%, and 25.9% for synergic process in wastewater, single
ozonation in wastewater, and single ozonation in deionized
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FIGURE 9: Spectrophotometer analysis of wastewater before (a) and after treatment (b) with the UV/Fe-Z5A/O3 process
(spiked C, (gipro) = 50 mg/L; COD = 104 mg/L; pH =7.2 +0.2; O; = 0.9 mg/L; volume = 2.5 L; catalyst dose = 25g: T = 60 min).
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water, respectively (Figure 7). Therefore, the results suggest
that the synergic process (UV/O,/Fe-Z5A) is even effective
in real conditions for the removal of pharmaceuticals in
wastewater. The UV scan of CF spiked wastewater before
and after treatment with a synergic process (Figure 9) also
clearly indicates the removal of organic pollutants in the
presence of the synergic process.

3.5. Mechanism of Synergic Process

3.5.1. Radical Scavenger Effect. The t-butanol, due to its
high rate of reaction with hydroxyl radicals, was found
to be effective in investigating the production of hydroxyl
radicals in AOPs [57]. The current investigation results
(Figure 10) suggested that the synergic process involves
the radical-based mechanism. Moreover, in the synergic
process, more decrease in removal efficiency was observed
with TBA than other studied processes. This further sup-
ports our hypothesis that the synergic process is highly
effective compared to others because it leads to the more
decomposition of aqueous ozone, leading to hydroxyl rad-
icals (Figure 10). Interestingly, the findings presented in
Figure 10 agree with the results of off-gas ozone shown
in Figure 5.

When the results were compared to single ozonation, the
results indicate that in the Z5A/O; process, no significant
decrease in CP efficiency was observed in the presence of
TBA. This suggested that Z5A/O; removes CF through a
nonradical mechanism [28, 33]. In contrast, iron-loaded
zeolites follow a radical mechanism (Figure 10). Therefore,
the current investigation also helps further to understand
the importance of iron loading on zeolites. Since wastewater
is a complex media in which various kinds of radical scaven-
gers such as phosphates and sulfates may be present in sig-
nificant amounts, it is critical to select such catalysts that
may follow radical and selectively nonradical mechanisms.

Hydrogen peroxide formation
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FiGure 11: Formation of hydrogen peroxide in synergic process,
catalytic ozonation, single ozonation, and ozone UV process
(C, AmplexRed = 15mg/L; pH =6.5+0.2; O; = 0.9 mg/L; volume
=2.5L; catalystdose = 25: T'= 60 min).

Therefore, zeolites are among the unique catalysts that may
follow both mechanisms, and metal loadings on them may
be significant in the generation of hydroxyl radicals [32, 49].

3.5.2. Formation of Hydrogen Peroxide. Understanding the
mechanism of the synergic pathway and verifying its effec-
tiveness, the production of H,0O, in various processes was
investigated. The hydrogen peroxide may form either by
the combination of two hydroxyl radicals in bulk or by UV
irradiation of ozone in the presence of water molecules
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[52] as shown in the following equations.

hv + O; + H,0 — H,0, + O, (12)

°OH + °OH — H,0,. (13)

Therefore, in the catalytic ozonation process (without
UV) and single ozonation process, many hydroxyl radicals
may combine to form stable H,O, with low reactivity with
organic pollutants. Hence, in the current investigation,
UV-based catalytic ozonation process may decompose the
formed H,O, by either a Fenton-like mechanism [58] or
by UV irradiation (Figures 11 and 12).

Figure 11 indicates that H,O, production was the high-
est in the synergic process in the first 20 minutes. On the
other hand, its decomposition was also the highest in the
case of the synergic process. A higher H,0, was formed in
the synergic process and the generation of more °OH radi-
cals (Figure 11). Experiments further confirmed this in the
presence of hydroxyl radical scavengers (Figure 9).

Interestingly, Figure 11 also shows that the formation of
H,0, markedly decreased after 20 minutes when the syner-
gic process was used. This is attributed to Fenton-like
decomposition on catalyst surface (Figure 11) and H,O,
due to UV-rays in bulk (equation (4)), leading to the gener-
ation of reactive oxygen species. Consequently, it elaborates
that the effectiveness of the synergic process was due to the
decomposition of H,O, causing the formation of hydroxyl
radicals that further leads to degradation of CF. Mechanism
of UV-assisted catalytic ozonation on Fe-Z5A is fully
described in Figure 12.

4. Conclusions

Based on the results, it is concluded that the synergic process
(UV/O;,Fe-Z5A) was the most efficient process as compared
to other studied processes (O5, O5/UV, and O,/Fe-Z5A pro-
cesses). The TBA effect suggested that the Fe-Z5A/O; pro-
cess degrades ciprofloxacin via hydroxyl radical-based
mechanism. The synergic process was also influential in real
wastewater in removing ciprofloxacin as compared with sin-

gle ozonation process. The synergic process effectively
decomposes hydrogen peroxide leading to the production
of fewer hydroxyl radicals than other studied processes.
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The rapid growth of anthropogenic activities in recent decades has resulted in the appearance of numerous new chemical
compounds in the environment, known as “emerging pollutants” (EPs) or “contaminants of emerging concern” (CECs). Although
partially or not yet regulated or monitored, there is growing research interest in these EPs among the scientific community because
of their bioaccumulation, persistence, and adverse effects. Among these, endocrine disruptors, pesticides, and pharmaceuticals
can have harmful impacts on human health and the ecosystem. Conventional wastewater treatment technologies are not effective
in removing these contaminants, allowing them to be released into the receiving environment. In order to improve the un-
derstanding of emerging pollutants, this review discusses the source, occurrence, and impacts of bisphenol A, atrazine,
amoxicillin, and paracetamol as model molecules of emerging environmental pollutants, an issue that remains underrepresented
in Morocco. Then, treatment methods for EPs are reviewed, including adsorption, advanced oxidation processes, biodegradation,
and hybrid treatment. It is proposed that adsorption and photocatalysis can be used as simple, effective, and environmentally
friendly technologies for their removal. Thus, we summarize some of the adsorbent and photocatalyst materials applied in recent
work to control these pollutants. Towards the end of this paper, the development of inexpensive and locally available (Morocco)
materials to remove these compounds from wastewater is considered.

1. Introduction

Studies on wastewater quality have generally focused on
priority pollutants, nutrients, microbial contaminants, heavy
metals, and dyes. Recently, a wide range of pollutants
(emerging pollutants) have attracted researchers’ attention
and pose a risk to the environment and human health,
namely, compounds generated by applying new techno-
logical processes [1, 2]. Emerging pollutants (EPs), also
known as emerging contaminants (ECs) or contaminants of
emerging concern (CECs), are a set of newly identified
natural or synthetic chemical compounds that are not

monitored but may enter the environment and harm aquatic
life and humans [3-5]. The Journal Emerging Contaminants
has defined these compounds as “...chemicals that are not
currently (or have been only recently) regulated and about
which there exist concerns regarding their impact on human
or ecological health.” [6].

Emerging pollutants (EPs), such as endocrine disruptors,
pesticides, pharmaceuticals, and their degradation products,
are of growing and global concern. They can have negative
impacts on human and ecosystem health. However, their
presence in the environment is generally in the low con-
centration range (from ug L' to ng L") [3, 7]. Therefore,
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numerous studies have been conducted worldwide on the
pollution of the aquatic environment by EPs and have
confirmed their presence in almost all aqueous media, such
as surface water, groundwater, seawater, drinking water, and
wastewater [1, 5, 7, 8].

To date, studies on the identification of these pollutants
are extremely limited in a number of developing countries,
particularly in Africa as well as in other parts of the world,
and are relatively new in some of them, due to a variety of
factors, including the lack of analytical methods for
detecting pollutants in wastewater. Indeed, scientists in these
countries need to accelerate research on the presence and
fate of emerging contaminants as recalcitrant water-borne
pollutants, from their emission to their discharge into the
environment, in order to address threats to human health
and environment [3].

Numerous treatment technologies for emerging pol-
lutants have been adopted to reduce their impacts. Current
treatment processes fall into three categories: physical,
chemical, and biological. Techniques such as adsorption,
advanced oxidation processes (AOPs), and biological
treatment have been explored to counteract the adverse
effects of these contaminants [9]. In particular, adsorption
treatment is an effective way to remove emerging con-
taminants that tend to spread in the environment. In ad-
dition, photocatalytic degradation is considered a promising
technique for mineralizing a large proportion of trace
micropollutants using sunlight [10]. However, new treat-
ment technologies are needed to provide high-quality water
for human and environmental needs [11].

Morocco is one of the developing countries that has
started to address this type of issues. This review aims to
present an overview of the state of the art in the Moroccan
context concerning emerging contaminants such as endo-
crine disruptors, pesticides, and pharmaceuticals. The focus
is on a general description of the source of four typical EPs
(bisphenol A, atrazine, amoxicillin, and paracetamol), their
occurrence in the aquatic environment, and their envi-
ronmental impacts. Then, treatment methods for these
compounds, including adsorption, advanced chemical oxi-
dation, biodegradation, and hybrid processes, are reviewed.

The ultimate purpose of this review is to present the core
of emerging pollutant treatment via adsorption and pho-
tocatalytic degradation, as well as their combination. The
research directions in this field should focus on the valo-
rization of natural resources and waste in order to develop
highly efficient adsorbents and photocatalysts from locally
sourced materials. In addition, solar energy systems should
be given special attention in Morocco in order to make more
efficient use of these renewable energy sources. Towards the
end of the paper, the application of coupled adsorption and
photocatalysis for the treatment of emerging pollutants in
Moroccan wastewater is considered.

2. Emerging Pollutants (EPs)

Emerging contaminants are typically substances with a
newly identified source/alternative route to humans [9].
They can enter the environment from various sources, such

Journal of Chemistry

as industrial effluents, agricultural runoft, and leaking do-
mestic wastewater and municipal wastewater treatment
plants [9, 10]. Figure 1 depicts the pathways of EPs into the
aquatic environment. According to previous studies, exist-
ing conventional wastewater treatment plants are ineffective
in removing/degrading many of these contaminants,
allowing them to be released into the environment and
threaten living organisms and human health [3, 11].

2.1. Endocrine Disruptors (EDs). Endocrine disruptors are
defined as chemical substances of natural or synthetic origin
that can interfere with the hormonal system (in which
hormones work as chemical messengers to control and
coordinate body functions) [7, 12] by altering processes such
as the synthesis, storage, release, metabolism, and transport
of the body’s natural hormones [10]. These are compounds
that can accumulate in the environment and have harmful
effects on the ecosystem and on human health.

EDs are classically grouped into families according to
their use, including pesticides, flame retardants, natural and
synthetic hormones, plasticizers, personal care products,
detergents, and some pharmaceuticals [13, 14]. They are
present in almost all aqueous media at various levels, such as
surface water, groundwater, seawater, wastewater from
wastewater treatment plants, and drinking water [15]. These
components are of great concern because of their negative
impact on the ecosystem.

2.2. Pesticides. Pesticides encompass all compounds inten-
ded to prevent, destroy, repel, or mitigate pests [16]. Their
use can be diverse, being applied on agricultural land, private
gardens, and other public spaces [17]. They are widely used
in different parts of the world, according to the literature
review.

Pesticides are generally classified into four broad cate-
gories according to their intended targets: herbicides, in-
secticides, fungicides, and bactericides [16]. Although
applied to the soil, these substances can be transported
oftfield into water bodies by surface runoff and percolation
through the soil, thereby affecting water quality by posing a
risk to aquatic compartments and human health [18, 19].

2.3. Pharmaceuticals. Pharmaceuticals are organic com-
pounds used in medicines to prevent and treat disease and
protect public health [20]. Medicines for human or veteri-
nary use are increasingly part of everyday life. They can be
classified according to their therapeutic category, such as
analgesics, antibiotics, anti-inflammatories, antidepressants,
lipid-lowering drugs, and beta-blockers [21].
Pharmaceuticals have been found in wastewater efflu-
ents, surface water, groundwater, and sea water at different
concentrations [22]. They reach water bodies from various
sources, such as excretion by the human body (which in-
troduces them into the sewage system), drainage water, or
industrial effluents [23, 24]. Some substances are highly
soluble in water, and conventional wastewater treatment
processes are not designed to remove these pollutants,
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FIGURE 1: Pathways of EPs from the source to the aquatic environment.

allowing them to enter surface water [20]. The widespread
presence of these contaminants in the environment has
attracted worldwide interest and attention.

3. Representatives of EPs

Among the various emerging pollutants in the environment,
bisphenol A (an endocrine disruptor), atrazine (herbicide),
amoxicillin (an antibiotic), and paracetamol (an analgesic)
were chosen as model molecules for discussion and critical
review because of their widespread presence, bio-
accumulation, and adverse effects on the aquatic environ-
ment and humans. A general description of the applications
of these compounds in human life is given below.

3.1. Bisphenol A (BPA). Bisphenol A (BPA, 4, 4’-dihydroxy-
2,2'-diphenylpropane) is a widely used chemical in industry,
synthesised by the Russian chemist Aleksandr P. Dianin in
1891 [25]. It is used as an intermediate in the production of
polymeric materials such as polycarbonates and epoxy
resins. It is present in many products, such as baby bottles,
paper, toys, packaging, food containers, paints, medical
equipment, and electronics [26, 27]. Bisphenol A is a white
crystalline solid with the chemical formula C;sH;¢0,, a
molecular weight of 228.29 g mol ', a low solubility in water
(120 mg L' at 20°C), a log Kow partition coefficient of 3.6,
and an acidity constant of 10.3 [28].

BPA is one of the most manufactured and used
chemicals in the world. Between 2013 and 2019, global BPA
production was found to increase at an annual rate of 4.6%
[29]. Studies in several countries have shown the presence of
BPA in surface water, groundwater, wastewater, and sludge
[29, 30]. It is introduced into the environment from various
sources, such as sewage plant effluents, landfill leachate, and

industrial discharges [31, 32]. Due to its endocrine-dis-
rupting properties, BPA is considered an environmental
contaminant of concern. Its use has been restricted in many
countries, such as the European Union, North America,
Norway, and China [29, 33].

3.2. Atrazine (ATZ). Atrazine (2-chloro-4-ethylamino-6-
isopropylamino-1, 3, 5 triazine) is the active substance of a
plant protection product belonging to the triazine chemical
family which has a herbicidal effect. It is widely used in
agriculture to control weeds in various crops, such as maize,
sorghum, and sugarcane [34, 35]. Atrazine is a weak base
with the chemical formula CgH, ,CIN;, a molecular weight of
215.68 g mol ™', and a low solubility in water (35mg L™" at
25°C) but a high solubility in organic solvents, with a log
Kow partition coefficient of 2.61. It exists as colourless
crystals [36].

Although produced to control weeds, atrazine can mi-
grate from soils into the aquatic environment, eventually
affecting water quality [37]. Atrazine is frequently detected
in soil, surface water, and groundwater, and its routes of
entry into the environment mainly include runoft, leaching,
and precipitation [36, 37]. Atrazine has endocrine-dis-
rupting properties, and it is a carcinogen that can interfere
with ecosystems and cause severe risks to humans, animals,
and aquatic life [35, 38]. The European Union banned the
compound in 2004, and its use is declining in Canada, while
it is still used in other countries, including the United States,
China, India, and Brazil [39].

3.3. Amoxicillin (AMX). Amoxicillin is a beta-lactam anti-
biotic belonging to the penicillin class, used to treat mi-
crobial infections by inhibiting the growth of protozoa,



bacteria, and fungi [39, 40]. Amoxicillin is one of Morocco’s
most commonly sold and used drugs [41]. Amoxicillin is a
white powder with the chemical formula C;sH;9N30sS, a
molecular weight of 365.4g mol™', a water solubility of
3430 mg L' at 20°C, and a log Kow partition coefficient of
0.87. Amoxicillin is extremely unstable and degrades rapidly
into a variety of degradation products [42].

Antibiotics, including AMX, are among the many
emerging pollutants that have been detected in various
environmental matrices, including rivers, groundwater,
drinking water, and wastewater treatment plants [41, 43].
They are released into the environment from the pharma-
ceutical industry, hospital effluents, livestock waste, and
sewage effluents [42, 44]. AMX can cause the selection of
antibiotic-resistant bacteria and toxicological problems in
the aquatic environment, impacting aquatic life and other
organisms [45-47]. The widespread use of antibiotics has
attracted scientific attention in recent years because of their
subsequent release into the environment.

3.4. Paracetamol (PCM). Paracetamol (N-(4-hydroxyphenyl)
acetamide), also known as acetaminophen, is a chemical
compound used as an analgesic (painkiller) and antipyretic
(fever reducer) and is one of the most commonly used and
prescribed medicines in the world [48]. In Morocco, it is
ranked as the most sold drug [41]. It is recommended as a
first-line treatment to reduce fever caused by COVID-19 [49].
Paracetamol is a weak acid with the chemical formula
CsHoNO,, a molecular weight of 151.16g mol', a high
solubility in water (14000mg L™ at 20°C), and a log Kow
partition coefficient of 0.46. It is a white crystallized powder
[42]. Paracetamol is capable of being converted into a toxic
substance.

Due to its extensive use, its presence has been detected in
various environmental matrices, namely, wastewater, sur-
face water, groundwater, sludge, and sediments [38]. The
presence of medicines (including paracetamol) in the en-
vironment is due to different sources: humans (excretion of
drugs or their metabolites that are not absorbed by the
human body), industry (manufacturing residues of phar-
maceuticals), and agriculture (animal husbandry) [50].

Although the concentration of these substances in
aquatic environments is in the range of ng L' to ug L', the
continued consumption of these low concentrations can
have adverse effects on human health and aquatic organisms
[51]. Indeed, the significant presence of traces of these
pollutants and, in particular, their metabolites in the envi-
ronment has become a significant concern, requiring the
development of specific innovative treatment techniques to
reduce their harmful effects. Table 1 briefly summarizes the
physicochemical properties of bisphenol A, atrazine,
amoxicillin, and paracetamol.

4. Occurrence in the Environment

Several studies have investigated the presence and effects of
emerging pollutants in the aquatic environment, such as the
toxicity of bisphenol A and atrazine and the accumulation of
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certain pharmaceuticals (e.g., amoxicillin and paracetamol),
as their concentrations at a certain location and over time
differ considerably.

The occurrence of bisphenol A, atrazine, amoxicillin, and
paracetamol in surface water, groundwater, wastewater, and
seawater from 11 countries was examined in this study, and
the results are summarised in Table 2. For instance, Chaib
et al. [52] determined the presence of seven antibiotics in the
Sebou River (surface water) of the city of Fez (Morocco), in
which amoxicillin  had the highest concentration
(Cpax=4107ng L), In contrast, Radwan et al. [53] found
phenolic EDs in surface and groundwater in Egypt and
bisphenol A was most frequently detected in surface water
with the maximum (Cy,,) and average (C,,,) concentra-
tions (85,500 and 1085.3ng L', respectively), followed by
methylparaben in groundwater with a Cy, of 680ng L™"
andaC,,, of 71.1 ng L™'; these results show that bisphenol A
is present at high concentrations in water resources in Egypt.

The herbicide atrazine and its metabolites desethyla-
trazine and hydroxyatrazine were detected in shallow
groundwater in the Chesapeake Bay catchment at different
concentrations (13.5, 6.5, and 8.5ng L™, respectively) [59].
ATZ was also present in all samples and is the predominant
pesticide, with detection frequencies of 100%, in the Liao-
dong Peninsula (China) [54]. As for surface water and
groundwater, seawater pollution is the highest in the Eastern
Mediterranean Sea (Saronikos Gulf and Elefsis Bay in
Central Aegean). Alygizakis et al. [63] investigated the
presence of 158 pharmaceuticals and drugs in seawater, in
which amoxicillin was the compound detected at the highest
levels (up to 127.8 ng L™"). The source of these pollutants is
treated wastewater from the greater Athens region, as this
area is affected by various anthropogenic pressures.

Indeed, wastewater treatment plants (WWTPs) are
considered the main pathway for the transfer of micro-
pollutants to the aquatic environment. The finding of Palli
et al. [56] stated nine pharmaceuticals belonging to dif-
ferent therapeutic groups in a campaign conducted in 2017;
in the influents of WWTPs in Tuscany (Italy), paracetamol
and amoxicillin were frequently detected at higher con-
centrations (3914 and 2002 ng L', respectively). Further-
more, Xue and Kannan [57] studied the presence of eight
bisphenols in the final effluent of the Albany Area WWTP
(USA). BPA was the most detected compound, at an av-
erage concentration of 90.0 ng L™, and incomplete removal
of these compounds was observed, with the highest removal
rate (52%) being after secondary treatment. Currently,
conventional wastewater treatment processes have proven
to be less effective in removing emerging micropollutants.
Therefore, they are the main supplier of these pollutants to
the environment.

The monitoring and determination of emerging pol-
lutants in aqueous samples involves different analytical
techniques. In general, an analytical procedure consists of
four main steps: sample preparation, extraction, separation,
detection, and quantification (Figure 2) [7]. Most samples
require preparation so that they can be easily processed.
Liquid samples are often concentrated first with solid ad-
sorbents and then eluted with a suitable organic solvent or
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TaBLE 1: Physicochemical properties of bisphenol A, atrazine, amoxicillin, and paracetamol.
Compounds Chemical Chemical CAS Molecular weight (g/  Water solubility Log Pk, References
formula structure number mol) (mg/L) Ko
Bisphenol A C;sH;s0, ™ |O 80-05-7 228.29 120 (at 20°C) 360 1030  [28]
. Né‘kN o
Atrazine CeHLCINs | 1T 1912249 215.68 35 (at 25°C) 261 — [36]
l;'llz ‘r\‘ ‘E‘ .
Amoxicillin_~ CyHoN30sS AT ¥ Ir{ 26787-78-0 365.4 3430 (at 20°C) 087 320  [42]
Paracetamol  CgHNO, I J 1 103-90-2 151.16 14000 (at 20°C) 046 938  [42]
CAS = chemical abstracts service; log K., = octanol-water partition coefficient; pK, =acid dissociation constant.
TaBLE 2: Occurrence of emerging pollutants in the aquatic environment.
. Extraction and .
Ev);}'::r()f Sample (country) Pollutants Coxen{{iglon detection LO(]I?S/II:QI)QS References
8 methods &
Sebou River, Morocco Amoxicillin <158.3-4107 SPE-LC-MS/MS n. a [52]
Nile River, Egypt Bisphenol A 1085.3 UPLC-MS/MS n.a [53]
Surface Liaodong Peninsula, . B
water China Atrazine 8.7-64.8 SPE-TQMS (0.1-1.5) [54]
Al-Asfar and Al-Hubail Paracetamol and bisphenol PCM =105-3069  SPE-UHPLC/ (0.3-2.5)" (55]
lakes, Saudi Arabia A BPA =484.9 MS/MS T
WWTP of Paracetamol and PCM =3914
Tuscany, Italy amoxicillin AMX = 2002 SPE-LC/MS na [56]
Albany area of New
Wastewater York State (final Bisphenol A 49.9 SPE_HISIIéC/MS/ n. a [57]
w effluent), USA
Grahamstown
wastewater, Bisphenol A 1468.3 SP];J\;I[SJ/II{V})SL c/ 1.0 [58]
South Africa
Groundwater of Atrazine, deethylatrazine A;F)ZEZ 1_3'5
(DEA), and - LC/MS/MS n.a [59]
Chesapeake, USA hydroxyatrazine (HA) 6.5
Ground Y Y HA =83
water Shallow é\lg‘:,; taquers’ Bisphenol A 71.1 UPLC-MS/MS n.a (53]
Groundw:‘ater.of Lagos, Amoxicillin and 44-6490 UPLC-HRMS na [60]
Nigeria paracetamol 1-188
Marine waters, Turkey Bisphenol A 4160-16920 SPE-HPLC/FLD n. a [61]
. SPE-UHPLC/ )
Sea water Marine waters, Portugal Paracetamol 53.2-269.7 MS/MS 0.26/0.80 [62]
Fastern Mediterranean Amoxicillin <5.0-127.8 UHPLC/MS 8.2 [63]

Sea, Greece

LODs: limit of detections, LOQs: limit of quantifications, SPE: solid phase extraction, LC: liquid chromatography, MS: mass spectrometry, HPLC: high-
performance liquid chromatography, UPLC: ultraperformance liquid chromatography, UHPLC: ultra-high-performance liquid chromatography, FLD:
fluorescence detector, TQMS: triple quadrupole mass spectrometer, HRMS: high-resolution mass spectrometry, n. a: not available.

solvent mixture [64]. For extraction, there are many tech-
niques such as solid phase extraction (SPE), liquid-liquid
extraction (LLE), and accelerated solvent extraction (ASE).
The choice of a specific extraction technique depends largely
on the types of samples, the analyte, and the desired
turnaround time [64]. In addition, separation, detection, and
quantification are usually performed by liquid or gas
chromatography in most cases, coupled with mass spec-
trometry (MS), due to the high selectivity and sensitivity

they offer [65]. Further details on analytical techniques for
emerging pollutants in water can be found in the following
publications [66, 67].

5. Environmental Impact of EPs

5.1. On the Worldwide Level. The continuous entry of
emerging pollutants into the environment is increasingly
affecting the quality of water resources, fauna, and flora.
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FiGUure 2: Typical analytical procedure for the measurement of
emerging pollutants in aqueous samples.

Several studies conducted worldwide have focused on these
pollutants to better understand their toxicity, environmental
impact, and behaviour in different aquatic environments.
Contaminants from industrial additives, pesticides, and
pharmaceuticals, which are persistent compounds, enter
water bodies from a variety of sources and can exceed ac-
ceptable levels and accumulate, resulting in adverse effects
on the environment and human communities [3, 8, 11].

As illustrated in Figure 3, emerging pollutants have a
significant effect on humans and animals. One of the con-
sequences of endocrine disruption is that it affects on the
endocrine system by mimicking, suppressing, or altering the
function of hormones [68]. Exposure to EDs has been shown
to reduce male sperm count and increase testicular, prostate,
ovarian, and breast cancer, as well as reproductive mal-
functions [15, 68]. Moreover, some of the most noticeable
effects of EDs on animals are the changes in reproductive
anatomy, fertility, eggshell thinning, and hormonal activity
[70]. Pharmaceuticals and pesticides can also have an effect
on the growth, reproduction, and evolution of species in the
environment.

For instance, bisphenol A, a chemical widely used in the
manufacture of plastics, has been confirmed to act as an
endocrine disruptor, affecting organs such as the thyroid,
thymus, and pancreas, due to its ability to bind to various
receptors associated with the endocrine system, thereby
disrupting their functions [56, 63]. BPA has adverse effects
on plants, animals, and humans. Some studies have indi-
cated that exposure to BPA causes numerous endocrine,
reproductive, and metabolic diseases in humans, including
breast, endometrial, prostate, ovarian, and testicular cancers,
diabetes, obesity, hypertension, and heart disease [57, 64].
Several countries have banned its use in consumer products
in response to these concerns, including baby bottles [30].

The effects of BPA on animals revealed a decrease in the
number of elongated spermatids in the seminiferous tubules
of pubertal ICR mice and a decrease in sperm count in
Holtzman rats [71]. Additionally, the effects on fish have
been investigated, including transcriptional activation of
estrogen receptor-responsive genes, increased brain
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aromatase activity, induction of VTG in males, disruption of
gametogenesis in males and females, altered development
(neuronal, cardiac, germ cell, and sexual differentiation),
and changes in sex ratios following embryonic exposure
[72].

On the other hand, atrazine is a herbicide applied in
various crops to control weeds. However, this compound
can also directly or indirectly affect other organisms [37]. In
aquatic ecosystems, atrazine can have harmful effects on
aquatic animals and plants. Many organs, such as the kid-
neys, liver, gills, and other organs of fish, are affected after
exposure [35]. Atrazine is an endocrine-disrupting com-
pound that can also alter male reproductive tissue when
animals are exposed to it during development [73]. More-
over, it was discovered that ATZ induced DNA methylation
in the carp brain and induced autophagy in the liver, and it
can also affect human health through the skin and respi-
ratory contact, causing ovarian and breast cancer and af-
fecting the human vascular system [74].

Pharmaceuticals are a specific class of compounds used
worldwide to treat disease and restore the health of the
body [75]. Still, they can also have harmful effects and
contribute to pollution. In the aquatic environment,
amoxicillin (an antibiotic) creates an ecological imbalance
by producing toxic effects on aquatic organisms, altering
plant growth, causing abnormalities in the anatomy of
many organisms [41, 43], and leading to the development of
multidrug-resistant bacteria [76]. Amoxicillin is a potential
mutagen, carcinogen, and teratogen at higher doses; it is
toxic to the fish Oryzias latipes and has a 96h LC50 of
1000 mg L' [77].

Paracetamol has adverse effects when overdosed, in-
ducing the proliferation of breast cancer cells. This toxicity is
typically attributed to reactive oxygen species, which cause a
variety of effects ranging from protein denaturation to lipid
peroxidation and DNA damage [78]. PCM was also evaluated
for its toxicity against a variety of aquatic species, including
bivalve species (C. fluminea) and crustaceans (Daphnia
magna). Exposure to increasing concentrations significantly
altered the redox status of C. fluminea. Likewise, it caused
death in a chronic toxicity experiment with Daphnia magna at
higher concentrations (1.2-1.7 mg L™Y [79].

5.2. At the National Level (Morocco). Due to population
growth and the increase in agricultural and industrial ac-
tivities, Morocco’s water resources are subject to increasing
and continuous pressure that affects their quality. The
aquatic environment remains the most affected due to
wastewater discharge containing industrial products,
pharmaceuticals, and others, which are incompletely elim-
inated by treatment plants and seriously pollute the water
bodies.

The 3rd report entitled “The state of the environment in
Morocco, 2015”7 [80], from the Ministry of Energy, Mines,
Water, and the Environment, in charge of the environment,
provides information on the main activities causing pollu-
tion of the aquatic environment: the industrial sector ac-
counts for a considerable proportion of polluting emissions.
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FIGURE 3: Schematic representation of emerging pollutant exposures, mode of action, and their health effects (based on [25, 68, 69]).
Abbreviations: ERs, estrogen receptors; CYP, cytochrome P450 genes; and DNA, deoxyribonucleic acid.

The production of industrial wastewater in Morocco is
around 964 million m’ per year, ie., 92% of the water
initially taken from the sea and freshwater resources. The
chemical and parachemical industries are the main sources
of wastewater discharge, with an annual volume of 931
million m’, while the other sources with an impact on the
volume of wastewater are the agroindustry, the textile and
leather sectors, and, to a lesser extent, the mechanical and
metallurgical industries.

Furthermore, urban wastewater discharge is also a major
source of pollution, with the annual volume of wastewater
discharged into the natural environment (sea, rivers, sewers,
etc.) without prior treatment estimated at 870 million m* in
2020 and predicted to be 1039 million m’ in 2030. For
example, the two main rivers of Morocco, the Sebou and the
Oum Er Rbia, regularly experience critical pollution situa-
tions lasting several years. Additionally, the agricultural
sector consumes an excessive amount of water (85-90% of
resources absorbed by agriculture). Therefore, the leaching
of phytosanitary products used in agriculture may also lead
to water contamination by pesticides [81].

These different and large quantities of effluents released
into the environment may contain varying concentrations
of emerging pollutants, including pesticides, industrial
products, and pharmaceutical products. For instance, an

integrated study by Azzouz et al. [82] showed the presence
of six types of endocrine disruptor (including BPA) in fish
and seafood samples from Europe and North Africa. This
study shows the consumption of these pollutants by aquatic
organisms.

The finding of Chafi et al. [83] indicated that 27 en-
docrine disruptors and pharmaceuticals are present in
Moroccan surface waters (Bouregreg River), in which
bisphenol A and paracetamol are presented with maximum
concentrations (302 and 120 ng L™)). On the other hand,
Chaib et al. [52] studied the occurrence of amoxicillin and
other antibiotics in the surface water of the city of Fez
(Morocco), where amoxicillin concentration reached
4107 ng L', Indeed, few research studies have been con-
ducted in Morocco on the effects of these contaminants on
human health and the environment. Therefore, further re-
search on this aspect is needed.

6. Treatment Processes for EP Removal

Varying levels of emerging pollutants in water matrices have
attracted the interest of scientists around the world. There is,
therefore, a need to protect humans and the environment
from these contaminants and their impact. Emerging pol-
lutants can be removed from water by chemical, physical,
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biological, and hybrid processes. The most common tech-
nologies for their removal are shown in Figure 4.

Chemical treatment generally means the use of chem-
icals in a series of reactions to facilitate the process of
disinfecting wastewater, and the chemical oxidation method
has been employed to convert pollutants into a harmless
form [68]. Thus, physical treatment techniques are fre-
quently used due to their simplicity and adaptability.
Commonly used physical processes include adsorption and
membrane technologies, such as microfiltration, ultrafil-
tration, nanofiltration, and reverse osmosis. In addition,
biological treatment uses a variety of micro-organisms to
remove contaminants by biodegradation. The main non-
conventional biological processes are activated sludge pro-
cesses, constructed wetlands, and membrane bioreactors
(MBRs).

Hybrid wastewater treatment is a system that integrates
two or more treatment processes, in which all chemical,
physical, and/or biological treatment techniques are integrated
to facilitate the removal of contaminants from wastewater. The
following sections of the document provide a more detailed
overview of treatment techniques that have been applied to
reduce the effects of these contaminants in wastewater. These
methods are adsorption, advanced oxidation processes, bio-
logical processes, and hybrid (integrated) processes.

6.1. Adsorption. Adsorption is a mass transfer process that
involves the mass movement of the adsorbate from the liquid
or gas phase to the surface of the adsorbent [84]. Adsorption
mechanisms generally include physical adsorption related to

van der Waals force and ion exchange and chemical ad-
sorption corresponding to the formation of chemical bonds
[85]. Adsorption is a widely applied technology for the
removal of various contaminants from water and wastewater
because it is simple, effective, cheap, and environmentally
friendly [80, 81]. This process can be influenced by many
conditions, such as the nature and concentration of the
adsorbate and the adsorbent, the presence of other pollut-
ants, and temperature and experimental parameters such as
contact time, pH, and adsorbent surface [15].

Many researchers have explored the removal of
emerging pollutants by adsorption. Activated carbon is the
best and most widely used adsorbent globally due to its high
efficiency in removing different types of contaminants.
However, it is expensive and difficult to regenerate, which
requires the search for other materials with similar efficiency
[81]. Other materials have been studied as alternatives to
activated carbon, such as activated biochar, clay, zeolites,
silica gel, chitosan, metal-organic frameworks, polymers,
agricultural waste and by-products, biosorbents, and com-
posite materials. Table 3 shows some adsorbent materials
that have recently been applied to remove the studied
pollutants from aqueous solutions.

Many studies have been conducted on the adsorption of
emerging pollutants by different materials. Some studies
have used carbon-based adsorbents to remove several types
of pollutants. Zbair et al. [86] studied the adsorption of
bisphenol A in water by activated carbon prepared from
argan nut shells and activated by phosphoric acid, removing
1250 mg/g BPA. The optimized variables were 0.01 g, 60 mg
L7! and 6.5 as adsorbent dosage, initial BPA concentration,
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TaBLE 3: Removal efficiency, isotherms, and kinetic parameters for the removal of the studied emerging pollutants by different adsorbents.

Surface Removal .
Adsorption . . -, . .
Adsorbate Adsorbent area Q . Operating conditions Additional information References
2 (%) m isotherm
(m/g) (mg/g)
200]in). an;f_BOP (ﬁ (6(())§ng/ Activated carbon
Activated . dso’rbe;t- 'PHg_ ¢5. Prepared from the shell
carbon from 1372 95 1250 Langmuir T=293 I)( t—; h" > of the argan nut and [86]
argan waste $8 =200 rpm; pseudo- activated by'phosphorlc
acid
second-order
[BPA] = 100 mg/L; Actlvat.ed .carbon from
. kraft lignin showed a
s Dual-site [adsorbent] =0.36 g/L; high BPA uptake value
biochar from 1053 220 \ T=25C; t=24h; 8 brace (87]
L Langmuir _ . in a batch experiment
kraft lignin SS =250 rpm; Elovich . .
with synthetic
model
wastewater
Batch experiment was
carried out to
[BPA] =50 mg/L; determine the
Langmuir and PH=7; T=25C adsorption
Clay 15.74 109.89 Freundlich t=4h; pseudo-second- characteristics of (88]
order calcium-modified
montmorillonite clay
towards BPA
Bisphenol A The hybrid of GO with
30mL of BPA (1mg/  Fe,O; nanoparticles
L); m=2.5mg of (Fe;05-GO) had a
Graphene . adsorbent; PH=7;  higher adsorption at a
oxide (GO) 002 32939 Sips T=25C; t=120min;  lower initial BPA (89]
pseudo-second-order;  concentration, batch
K,=252g mg™' min™' experiment with
synthetic wastewater
Synthesis of a water-
20 mL of BPA (100 mg/ .
L); m=5mg of insoluble polymer (b-
Polymer — 65.3 Langmuir adsorbent; PH=7; PEI-PEG_{; -CD) that [90]
. could easily remove
T=25C; SS=200rpm; .
BPA from synthetic
pseudo-second-order
wastewater
20 mL of BPA Sulfonation of tea
(100 ppm); m=10mg  leaves generates the
Sulfonated tea of adsorbent; T=25°C; sulfonated
— 236.8 Langmuir PH=8; SS=700rpm; carbonaceous product [91]

leaves

pseudo-second-order;
K,=0.000356 g/mg
min

TW-SO;H with high
adsorption capacity
towards BPA
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TaBLE 3: Continued.
Surface Removal .
Adsorption . . -, . .
Adsorbate Adsorbent area Q . Operating conditions Additional information References
2 (%) m isotherm
(m’/g) (mg/g)
Adsorption of atrazine
. 10mL of ATZ in Zrg-based metal-
Metal-organic (10 ppm); m=3.5m organic structures
frameworks 2210 98 36 Langmuir bpmJ; m= 3.5 Mg & . [92]
(MOFs) of adsorbent; T=25°C; showed a high
t=1min adsorption capacity
(98%) in 1 minute
3 100mL of ATZ Prepargt'lon and use of
Polyaniline- (50 mg/L); m =3 mg of polyaniline carbons for
derived — 943.0 Langmuir §L5 M =108 O the adsorptive removal [93]
carbon adsorbent; T'=25°C; of ATZ from synthetic
PH=7;t=12h
. wastewater
Atrazine Eucalyptus tereticornis
. 10mL of ATZ (1 mg/ P
Biosorbent L. bark, a waste
from L); m =30 mg of product, is used to
— 87.95 936.1 Freundlich adsorbent; T=25°C; C [94]
eucalyptus B _ remove atrazine in a
t=24h; SS=225; .
bark batch adsorption
pseudo-second-order .
experiment
10mL of ATZ (2mg/ P-doped biochar from
L); m=50mg of corn straw, prepared
Biochar — 96 79.6 Freundlich adsorbent; T'=25°C; and activated with [95]
t=20min; pseudo- H;PO,, was able to
second-order remove 96% of atrazine
Activated carbon is
tomL of AMX
Activated (100 mg/L); m =10 mg thermal lzactli)vation Zvith
carbon from 1325 424.3 Langmuir of adsorbent; T=22°C; . [96]
. . carbon dioxide, used
date pits PH =4; t=300 min; for th ¢
seudo-second-order or the removal o
b amoxicillin in a batch
adsorption experiment
100 mL of AMX Natural phosphate
Natural 20 32 . (20 mg/L); m=200mg from the sedimentary [97]
phosphate ’ of adsorbent; T=25°C;  phosphate rocks of
PH = [5-6]; t =120 min Morocco
Multiwalled carbon
100 mL of AMX nanotubes are used as
Multiwall (50mg/L); m=0.1g of an adsorbent for the
Amoxicillin carbon — 159.4 Langmuir adsorbent; T=60°C; removal of amoxicillin [98]
nanotubes PH=7; t=75min; from an aqueous
pseudo-second-order solution in a batch
experiment
2000 mL of AMX Activated carbon
(40mg/L); m=2gof  modified with zinc
Activated . adsorbent; T=25°C; acetate and activated
carbon 807 76 Langmuir PH=6.9; t=30min;  with phosphoric acid [99]
SS=300rpm; pseudo-  was used in a batch
second-order adsorption experiment
20 mL of AMX (50 mg/ Montmorillonite clay
L); m=2mg of . .
adsorbent; T=30°C; modified with L-
Modified clay 242.36 647.7 Langmuir ’ > methionine amino acid ~ [100]

PH=7.5; t=60 min;
SS =120 rpm; pseudo-
second-order

was used for
amoxicillin adsorption
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Surface Removal Adsorpti
Adsorbate Adsorbent area . Q. ) S?}rlprfln Operating conditions Additional information References
(m?/g) (%) (mg/g) somhe
[PCM] =50 mg/L; Commercial activated
Commercial [adsorbent] =167 mg/ carbon was used for the
activated 983 560 Langmuir L; T=25°C; PH=3;  adsorptive removal of [48]
carbon t=24; SS=250rpm; paracetamol in a batch
pseudo-second-order adsorption experiment
50 mL of PCM Natural
(100 mg/L); m =5 mg montmorillonite cla
Modified clay 216 22.08 Redlich-Peterson of adsorbent; T=25C; . B Y [101]
PH=7: = 180 min; pillared w1’Fh titanium
Paracetamol pseudo-second order oxide
Coffee-based [[:dcslg/f‘]b:rlzt(])o—rjllgfi’ The raw biomaterial
el 8881 98 50 Freundlich P 6ot g0 i treated chemically by [102]
pseudo-second-order phosphoric acid
[PCM] =100 mg/L;
[adsorbent] = 167 mg/ Rfmovla{)of i
Silica gel 264 95 Langmuir L; T=25°C; PH=3;  Paracciamo’ by stica (48]

gel in a batch

t=24h; SS=250 rpm; . .
adsorption experiment

pseudo-second-order

and pH. Adsorption experiments revealed that the adsorbent
was more efficient due its large specific surface area
(1372m*/g). The obtained adsorption data were highly
correlated with the pseudo-second-order model and the
Langmuir isotherm.

Meanwhile, Suo et al. [95] found that P-doped biochar
from maize straw was able to remove 96% of atrazine within
20 min and at a temperature of 25°C. The experimental data
were best fitted by a pseudo-second-order kinetic model and
the Freundlich isotherm. Additionally, the prepared ad-
sorbent can be reused up to five cycles. There are other
studies on the adsorption of these pollutants by mineral
adsorbents; Chauhan et al. [101] investigated the removal of
paracetamol by natural montmorillonite clay coated with
titanium oxide and found a lower adsorption capacity of
22.08 mg/g at a fixed adsorbent dose (0.1 g L™"). Pseudo-first-
order and pseudo-second-order models were used to de-
termine the adsorption kinetics.

Rock phosphate from sedimentary phosphate rocks in
Morocco was used to remove amoxicillin and other organic
micropollutants. The optimized parameters for contact time,
adsorbent concentration, pH, and initial AMX concentra-
tion were 120.0 min, 2.0g L™, 6.0, and 20 ppm, respectively.
The mechanism of adsorption was related to the nature of
van der Waals interactions [97]. Atrazine adsorption in Zr6-
based metal-organic frameworks (MOFs) showed a high
adsorption capacity (98%) within 1 minute, owing to the
framework’s large pores that facilitate diffusion and the
abundance of potential -7 interaction sites at the pyrene-
based linkers. Additionally, the adsorbent was easily
regenerated following atrazine adsorption using acetone
washing while retaining 99% of its initial atrazine uptake
[92].

Other researchers have used waste materials as low-cost
adsorbents. Mandal and Singh [94] studied the removal of
atrazine by eucalyptus bark in a batch adsorption

experiment. The removal efficiency showed that 30g L™" of
adsorbent was capable of removing up to 87.95% of atrazine
at a concentration of 1mg L~'. Kinetic analysis of the
equilibrium data indicated that atrazine sorption was best
explained by a pseudo-second-order kinetic model. More-
over, sulfonation of tea leaves generates the sulfonated
carbon product TW-SO5H, which has a high adsorption
capacity for BPA (236.80mg g~ at 25°C). The adsorbent
exhibited electrostatic interaction and n-m stacking prop-
erties that enabled efficient BPA adsorption. The Langmuir
and Temkin isotherm models best fit the experimental data
for the BPA adsorption processes [91].

Numerous factors can affect the adsorption process,
including adsorbent dosage, pollutant concentration, solu-
tion pH, contact time, temperature, the nature of the ad-
sorbent and adsorbate, and the presence of other pollutants
[84]. The transfer of pollutants in aqueous media can be
understood by considering the adsorption isotherm, kinetic,
and thermodynamic studies. Adsorption isotherms can be
used to determine the mass of adsorbate that is taken onto
the surface or interface of an adsorbent at a given tem-
perature and equilibrium. Numerous adsorption isotherm
models (Langmuir, Freundlich, Koble-Corrigan, and
others) have been proposed to account for the adsorption
capacity of pollutants on the adsorbent [81, 84].

Furthermore, adsorption kinetic study provides detail on
the rate and mechanism that governs the adsorption phe-
nomenon. The main models used in the literature are the
pseudo-first-order kinetic, the pseudo-second-order kinetic,
the Elovich model, and the intraparticle diffusion kinetic
model [103]. Besides, thermodynamic study elucidates the
nature of the adsorption process whether it is of physical/
chemical or endothermic/exothermic or spontaneous. The
obtained values of entropy change (AS"), Gibbs function
change (AG®), enthalpy change (AH?), and activation energy
(Ea) can be used to infer the spontaneity of the adsorption
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process and the adsorption interaction’s exothermic/endo-
thermic behavior [84]. Due to its multiple advantages, the
adsorption technique is one of the most effective and widely
applicable low-cost methods for the treatment of emerging
pollutants. Therefore, additional effective and low-cost
materials (adsorbents) for wastewater treatment are
required.

6.2. Advanced Oxidation Processes (AOPs). AOPs are a
family of technologies based on the production of hydroxyl
radicals (OH"), which are stronger oxidants (oxidation
potential of 2.8 V) and capable of reacting rapidly with most
organic compounds present in water and wastewater
[104, 105]. The generation of these reactive radicals can be
achieved by several processes, including homogeneous and/
or heterogeneous phase photocatalytic processes (H,0,/UV,
0,/UV, Fe*"/H,0,/UV, and TiO5/UV), homogeneous phase
chemical oxidation processes (H,0,/Fe*" and H,0,/05),
electrochemical oxidation processes, and sonochemical
oxidation processes [106]. AOPs, including Fenton reac-
tions, photocatalytic oxidation, ozonation, and electro-
chemical oxidation reactions, are effective in removing
emerging pollutants that are difficult to treat by means of
conventional physicochemical and biological techniques.
The efficiencies of some common advanced oxidation
processes are presented in Table 4.

In Fenton and Fenton-type reactions, hydroxyl radicals
are usually generated by the decomposition of hydrogen
peroxide under the action of an iron-rich catalyst
(BaFe ,0,4, a-FeOOH, Fe;0,, etc.) [104, 105, 107]. The
hydrogen peroxide used in the catalytic reaction usually
comes from external addition and in situ generation [121].
However, when mixed with an iron (II) (Fe*") catalyst to
form the Fenton reagent, the oxidation potential of (H,0,)
increases. A mixture of (H,O,) and (Fe**) salts is added
directly to the wastewater [122], according to the following
reaction:

Fe’" + H,0, — Fe’" + OH™ + OH". (1)

Fenton-based processes have been successfully applied
to the treatment of various types of Moroccan wastewater,
including textile wastewater [123], landfill leachates
[124, 125], and emerging pollutants in aqueous solutions.
For instance, the electro-Fenton process has been applied to
remove moxifloxacin in acidic media at pH 3.0. The min-
eralization of moxifloxacin was achieved by multiple OH"
attacks with several intermediates formed during the
treatment process [126]. Likewise, Rachidi et al. [127] in-
vestigated the same process for the removal of the antide-
pressant  sertraline  hydrochloride. The maximum
degradation occurred at 400mA with an optimal Fe*
concentration of 0.1 mM.

Photocatalysis is a sustainable technology for treating
organic pollutants in wastewater that involves the use of
photocatalysts, having the ability of being activated under
light irradiation [128]. The photocatalysis technique is based
on the reaction between organic pollutants and powerful
oxidizing and reducing agents (h* and e”) generated by a
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light source on the surface of photocatalysts [129]. The
typical photocatalytic mechanism involved in the removal of
aqueous phase contaminants is depicted in Figure 5.

Titanium dioxide (TiO,) is the most widely used pho-
tocatalyst due to its numerous advantages in the degradation
of contaminants. TiO, is less efficient in absorbing solar
light. Therefore, most of studies focus on its modification
through doping with metals (such as Ag®, Fe’*, and Co>*)
and nonmetals (including N, S, F, C, B, and P) to enhance its
visible light-absorbing capacity [130]. Moreover, researchers
have been attracted to investigate other photocatalytic
materials for wastewater treatment applications, including
oxides and perovskites (e.g., ZnO, WO;, V,0s, BiVO,,
AgsVO,, and SrTiO;), bismuth oxyhalides (e.g., BiOCI,
BiOBr, and BiOI), and sulfides (e.g., CdS, ZnS, and MoS,), as
well as various composite materials [131].

Numerous photocatalytic materials have been employed
for the treatment of hazardous contaminants in wastewater
[132, 133]. Tabasum et al. [134] studied the photocatalytic
potentials of graphene oxide-doped metal ferrites (GO-Fe;0,
and GO-CoFe,0,) for acetamiprid degradation. During the
first hour of exposure to UV radiation, degradation effi-
ciencies of 90% and 97%, respectively, were achieved. Ad-
ditionally, the performance of graphene-oxide-based metal
ferrites for pesticide pollutant removal was investigated [135].
The composites were found to be highly biodegradable (90%)
within 60 minutes of UV degradation. Qureshi et al. [136]
synthesized graphene oxide decorated ZnWO, (GO-ZnWO,)
nanocomposites by a hydrothermal process and used for the
degradation of a pharmaceutical product (cetirizine hydro-
chloride) under UV irradiation. The photocatalyst was able to
degrade up to 89% of the contaminant in water.

Another semiconducting photocatalyst has been devel-
oped and is being applied to the treatment of emerging
pollutants, such as zinc oxide-hydroxyapatite (HAp). El
Bekkali et al. [137] explored the use of ZnO-HAp for an-
tibiotic removal from contaminated water under UV irra-
diations. The photodegradation efficiency of the
nanocomposites was significantly higher than that of the
photocatalytic particles alone. In addition, activated carbon-
based coloured titania nanoparticles showed an excellent
performance in removing emerging drugs from wastewater,
such as amoxicillin and paracetamol, when exposed to
visible light [138]. Furthermore, Bougdour et al. [139] used
the $,027/Fe**/UV process to investigate the treatment and
mineralization of real wastewater from the Moroccan textile
industry. The results indicated that the rate of pollutant
mineralization is 87%.

Ozonation processes are based on the use of ozone,
which is a powerful oxidizing agent. After reacting with the
pollutants, ozone is transformed into oxygen [140]. This
process has shown relative efficiency in treating emerging
pollutants; 100% removal was achieved for bisphenol A in
real secondary wastewater effluents [113]. Similarly, total
degradation and 94% mineralization of paracetamol were
achieved for reaction times of 15 minutes [116]. Likewise,
microbubble ozonation improved the degradation of atra-
zine (90%) at different pH levels in a semibatch experiment
[114]. Electrochemical oxidation is mainly based on electron
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TaBLE 4: Advanced oxidation processes for the degradation of emerging pollutants present in water.

Process Cozfgiitn d Materials Degr(i/zl;a tion Conditions Additional information ~ References
[BPA] = 20 mg/L; The rea(citivedoiyge}? specii:s
_ o are produced by the timely
Bisphenol A Bfelf,glg_ 79.9 [catalylst] - li/L 432%0 w; 'Xe decomposition of H,0, [107]
83t ar;_a;r(l)gé t>— 30 n.m)’ generated on the surface of
- s b= 20 mm Ag;PO, via the BaFe;,0,9
[ATZ]=20mg L Surface Fenton system
[a-FeOOH] =0.1 g L)’l; constructed with
Atrazine a-FeOOH 100 [H,0,] = 1.0 mM; hydroxylamine (NH,OH), [104]
[hydroxylamine] = 0.5 mM; goethite (a-FeOOH), and
T=25C; PH=5; t=60min 1202 (a-FeOOH-HA/H,0,)
’ ’ to degrade atrazine
The combination of TiO, and
Fe;0,4 nanoparticles on
ﬁizt;?éf:;zn_ [AMX] =10 mg/L; graphene oxide (GO)
Amoxicillin TiO,-GO- 9 [catalyst] =0.5¢g LY nanoplatelets (TiO,-GO- [105]
Fe;0,4 t=120min; PH =3; 18wt% Fe;0,) shows
T=25C excellent AMX degradation
under visible irradiation and
90% TOC removal
The catalytic tests were
carried out in a four-vial
[PCM]=2.0mgL™} collared reactor equipped
. [catalyst] =0.2g L™ with a temperature-
Paracetamol - Fe;0,-5i0,-Cu 100 [H,0,] =15mM; t=20min controlled heating mantle; (108]
PH=5.0; T=25C paracetamol was almost
completely degraded within
20 minutes
[Catalyst] = 1000 mg L™ Hydrothermal preparation of
B-TiO.- [BPA] =10 mgL ’ the photocatalyst, 300 W
Bisphenol A 2 47.66 omeL s xenon lamp (1000 W/m? [109]
graphene oxide t=240 min; PH=>5; light i . ith sol
T=25C; K, =0.0023 min~"  ght intensity) with solar
irradiation
[Bi;MoOg] =0.6 g/L; Bismuth molybdate
[PMS]=0.8mM; [ATZ]= (Bi;Mo0Os) prepared via the
Atrazine  Bi,MoOg/PMS 99 2.5mg/L; t=60 min; hydrothermal method and [110]
Photocatalysis T'=25°C; visible light applied to activate
irradiation peroxymonosulfate (PMS)
Ag/TiO,/ [Catalyst] = 1000 mg L Hospital wastewater, 300 W
Amoxicillin - mesoporous g- 71 [AMX] =5mg LY xenon lamp (A >420nm) [111]
C;5Ny t =60 min with visible light irradiation
[Catalyst] =1.25g L Fe,0;-TiO, is synthesised by
Paracetamol  Fe,05-TiO, 95.85 [PCM] =30mg L the sol-gel method for the [112]

PH =11; solar irradiation

degradation of paracetamol
in synthetic wastewater
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Process cozfgiitn d Materials Degr(z:\)/d; tion Conditions Additional information References
0
Ni-Fe LDH showed effective
[BPA] = 10 mg L°; catalytic performance in the
(catal st_] -0 3g L. catalytic ozonation of BPA in
. Ni-Fe LDHs/ Y=o L real secondary effluent
Bisphenol A 100 [ozone] =9.0mg L™; [113]
p 8
(O [TOC] =9 mg L"%; [COD] = wastewater. BPA could be
32 m_ L,Lg e i 20 min ~  completely removed, and the
gL 5t= final removal of TOC and
COD was 56% and 68%
=1.16 umo ; icrobubble ozonation
[ATZ]=1.16 1L Microbubbl i
. (O3 [ozone] = 1 mgL™'; gas flow: enhanced the degradation of
Ozonation Atrazine (microbubble) 9.3 0.5L min~%; =120 min; atrazine at different pH levels [114]
T=20C in a semibatch experiment
[AMX] =20 uM; [ozone] = amzilieci(lilei:rglr?)dagzoonn:tfion
Amoxicillin O3 70 75mg LY gas flow: 1L A Y . [115]
min-": T=23C: PH=6.8 resulted in 70% removal with
P >7 7% an ozone dose of 75mg L
MgO powder was used as a
Ozone dose: 1.8 mg/min;  catalyst for the ozonation of
[MgO]=0.1¢g LY [PCM] = paracetamol; total
Paracetamol  Mg0O/05 100 50mg L' t=15min; degradation and 94% [116]
PH=54 mineralisation were achieved
at reaction times of 15 min
[BPA] =5.0 mM; flow The application of
. rate =384 mL min}; electrochemical oxidation
Bisphenol A Nb/BDD 2 j=42.7mA cm™ t=4h; has shown high removal (117]
PH=[7-10]; T=[6-20°C] efficiency of BPA
More than 99% of ATZ was
L5L of 100ug L™" atrazine removed by anodic
0.03 M Na,SOy; j=2mA oxidation; the atrazine-
Atrazine Nb/BDD 99 cm % PH=3; T=23C; desethyl-desisopropyl [118]
t =45 min; batch mode with (DEDIA) was the most
undivided cylindrical cell important by-product
recorded
Copper-doped PbO,
-1 electrode was prepared and
amz()i?g;ﬁn?follo?\dmg; SO used as an anode to degrade
Electrochemical i~ 30m A’cr;fz- PH23 5.4’ amoxicillin in a laboratory-
Amoxicillin ~ Ti/Cu-PbO, 99.4 J _room tem el"ature'. ’ scale experiment. The [119]
£ = 150 min: IZ cudo- ﬁ’rs . optimum removal of AMX
- or der)rzaction and COD was 99.4% and
46.3% after 150 minutes of
electrolysis
The maximum removal of
PCM, COD, and TOC
250mL of 20 mg ! reached 90%, 82%, and 65%
after 240 min, with the
Paracetamol  Pt/Ag-Agcl 90 paracetamol; 0.1 M Na,SO,; formation of by-products [120]

j=51mA cm™ % PH=4;
t =240 min

(hydroquinone,
benzoquinone, and
carboxylic acid) during the
electrolysis process

transfer. Insoluble electrodes (Nb/BDD; Ti/Cu-PbO,; and
Pt/Ag-Agcl) are commonly used [117, 119, 120] to promote
the generation of hydroxyl radicals and allow the complete
oxidation of a large number of organic molecules contained
in wastewater.

AOPs can be used to treat aqueous solutions loaded with
organic matter, either as a pretreatment to transform the

refractory compounds into biodegradable products or as a
final treatment to completely mineralize the organic com-
pounds [106]. They have several advantages in terms of high
oxidation efficiency, their ability to treat almost all organic
matter, faster reaction rates, and absence of secondary
pollution, and they have no negative impact on the envi-
ronment [141]. The main disadvantage of these processes is
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FIGURE 5: Mechanism of photocatalytic degradation of EPs.

the associated capital and operating costs. Therefore, envi-
ronment-friendly energy-saving techniques should be used,
such as solar energy, for oxidation [140].

6.3. Biological Processes. Biological treatment is a widely
used technology for treating wastewater and is also fre-
quently applied for the treatment of emerging pollutants
[74]. Many researchers have studied the biodegradation of
these substances in various systems, including conventional
activated sludge [142], which is the main bioprocess for
organic matter removal in wastewater treatment plants
[143], sequential batch reactors (SBRs) [144], constructed
wetlands (CWs) [145], membrane bioreactors, etc.

In general, the biodegradation of micropollutants in
biological processes depends on several factors: the nature of
the micropollutants, the characteristics of the organisms, the
type of water matrix, and the operating conditions [15, 117].
Table 5 presents biological processes used for the degra-
dation of the studied emerging pollutants. It also summa-
rizes the degradation conditions and removal efficiency.
Biodegradation is considered to be one of the current
methods for treating a wide range of contaminants. It has
many advantages in terms of economy, environment
friendliness, and low cost [119,151]. In addition, some
persistent substances are able to pass through biological
wastewater treatment processes [152] and, therefore, have
negative effects on the environment. Under these conditions,
adsorption and advanced oxidation processes are possible
complementary routes for removing these contaminants.

6.4. Hybrid Processes. The limited effectiveness of conven-
tional treatment processes for the removal of many emerging
pollutants is encouraging the development of hybrid tech-
nologies using the different removal potential of different
processes to overcome the limitations of the removal of these
compounds [153]. The hybrid process is based on combining
two or more treatment techniques for the effective removal
of recalcitrant micropollutants [152].

Advanced oxidation techniques have been used to im-
prove the efficiency of the different physical and biological
treatment processes (Table 6). For instance, Jiang et al. [154]
studied adsorption treatment in combination with photo-
catalysis to treat bisphenol A. BPA molecules are rapidly
adsorbed onto boron- and nitrogen-codoped graphene
aerogels and eventually mineralize after exposure to visible
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light. Moreover, Taylor et al. [156] suggested a pretreatment
in the Fenton process to disintegrate amoxicillin and, thus,
facilitate its removal by biodegradation. On the other hand,
Iborra-clar et al. [157] investigated the biodegradation of
paracetamol in the activated sludge process in combination
with activated carbon (AC), and the system was able to
degrade paracetamol in wastewater completely.

7. Challenges and Perspectives

Different treatment processes have been developed to limit
the release of emerging contaminants into the environment,
and each has shown its advantages and disadvantages. Ad-
sorption is a simple and low-energy process, but it requires a
large amount of adsorbent. The complete mineralization of
pollutants characterizes AOPs under low operating condi-
tions. For instance, photocatalytic water treatment uses
sunlight as a nonpolluting energy source, making it one of the
most promising methods for the degradation of pollutants.
However, photocatalysis has the disadvantage of low light
transmittance and slow reaction kinetics [158], limiting its
large-scale application. Biological treatment is a widely used
method for wastewater treatment, but it is less effective in
removing some emerging micropollutants, allowing them to
be released into the aquatic environment.

As there is no perfect treatment method, researchers have
attempted to provide integrated solutions, such as the cou-
pling of adsorption and photocatalysis, which are simple and
environment-friendly processes that appear to be effective in
removing micropollutants. This hybrid technology integrates
both techniques’” advantages through the removal of pollut-
ants from the aqueous phase by adsorption and the degra-
dation of trace organic pollutants by photocatalysis. The main
hybrid technologies to be considered are simultaneous
combination (one step) and separate coupling (two steps).
Figure 6 shows the operation schemes of these technologies.

7.1. Simultaneous Coupling of Adsorption and Photocatalysis.
Many studies focus on the treatment of different pollutants
in water by the combination of adsorption and photo-
catalysis, as the catalytic reaction is related to surface ad-
sorption. For example, Luo et al. [159] synthesised
TiO,-wood charcoal composites for the removal of
bisphenol A and found that synergistic adsorption and
photocatalytic degradation were effective in removing hy-
drophobic bisphenol A. Wang et al. [160] prepared iodine-
doped biochar as a photocatalyst adsorbent for the removal
of phenol and tetracycline and observed that iodine doping
enhances adsorption by creating additional pores and leads
to strong photoinduced excitation, which increases the
photocatalytic activity of the iodine-doped biochar for the
degradation of organic pollutants. Bouyarmane et al. [161]
prepared TiO,-hydroxyapatite nanocomposites for the
degradation of drugs in solution under UV light, and the
results revealed that the pharmaceuticals were preferentially
adsorbed onto the apatite-rich composites, while their
photodegradation was more efficient in the TiO,-rich
phases.
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TaBLE 5: Biological processes used for the degradation of emerging pollutants.

Pollutant Process

Type of effluent and operating
conditions

Degradation

Additional information

References

Aerobic granular
sludge

Bisphenol A

Sequencing batch
biofilm reactor

Synthetic municipal wastewater
with the following
concentrations: COD =445 mg/
L; BPA=2mg/L; pH=7.5-8.0;
T=20°C; t=16h

Synthetic wastewater with the
following concentrations:
BPA = 10 mg/L; 10 mL of

activated sludge; 57.5 g/L of
waste iron; PH=8; T=21°C;
t=100 min

39%

92%

Mixed community of
microorganisms in aerobic
granular media was used, BPA
degraders were active at the
beginning of the reactor cycle,
and no BPA degradation by-
products were detected

Acclimatisation of activated
sludge with BPA and waste zero-
valent iron had a positive effect on

BPA removal in a sequential

batch biofilm reactor

[146]

[144]

Anaerobic moving
bed biofilm reactor

Atrazine

Denitrifying
bioreactors

Pilot-scale study with synthetic
wastewater, ATZ=0.1 mg/L;
COD =500 mg/L; HRT =24 h;
T=32°C; PH=7.5

Laboratory experiments with
synthetic wastewater, [ATZ] =
20 ug/L; (NO3-N) =1.5mg/L;
T=21°C; HRT= (4-8-24-72h)

ATZ=60.5%
COD =97.4%

ATZ=53% NO3-
N=100%

The biofilm moving bed
anaerobic reactor showed
excellent efficiency in the removal
of organic matter and atrazine
NO3-N and atrazine removal
increased with increasing HRT.
At 4h, the wood chip bioreactor
removed 65% of the NOs-N and
25% of the atrazine, but at 72 h,
the bioreactor removed all NO3-
N and 53% of the atrazine

[147]

[148]

Anaerobic
degradation
systems

Amoxicillin

Anaerobic
digestion and
aerobic-
sequencing batch
reactor

Laboratory experiments with
synthetic wastewater; [AMX] =
2500 ug/L; T=37°C; PH=7.2

Lab-scale combined anaerobic
and aerobic processes for swine
wastewater treatment containing

19 antibiotics; HRT = 3.3 days;

total antibiotic concentrations

99.2 to 339.3 ug/L;
COD = 5683 mg/L; [AMX] =
60ng/L

AMX is completely
eliminated

Antibiotics =92%
COD=95%

Amoxicillin was completely
eliminated under anaerobic
conditions. However, analysis
identified amoxicillin penicilloic
acid, amoxilloic acid, amoxicillin
diketopiperazine, and phenol
hydroxypyrazine as by-products

Biodegradation of antibiotics was
favoured in the SBR, while the
degradation of COD was
favoured in the anaerobic reactor

[149]

[150]

Activated sludge

Paracetamol

Constructed
wetlands (CWs)

Laboratory experiments with
synthetic wastewater; activated
sludge comes from an aerobic
tank in a wastewater treatment

plant. [PCM] =100 mg/L;
t=72h

Pilot-scale vertical flow
constructed wetland with
hospital wastewater; [PCM] =
10 mg/L; HRT =5d; media bed:
sand and gravel

99%

”99%

The pseudomonas population
could eliminate PCM at levels up
to 590 mg/L and could also
metabolize the PCM-derived
metabolites 4-aminophenol,
hydroquinone, and 1, 4-
benzoquinone at varying levels
S. validus peroxidase enzymes are
planted in the CW to control
PCM. The vertical flow CW was
effective in removing PCM
(’99%) in hospital wastewater
treatment

[142]

[145]
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TABLE 6: Removal of emerging pollutants by hybrid processes.
Pollutant Processes Operating conditions Re@oval Additional information References
efficiency
2A1= 201 Pt - Al e
Bisphenol A Adsorption - 1g/L; t=1h; T=25C; batch BPA =96% raphene aerogels an%l eventufll [154]
P photocatalysis photoreactor with visible light TOC=288% grap aeros Y
T mineralised upon exposure to
irradiation . .
visible light
[ATZ] =0.7 mg/L; [Adsorbent] = A better reduction of atrazine (90%)
Adsorption- 16 mg/L; [O3] =19.7 mg/L; is obtained when the treatment
Atrazine P . t=17 min; T=25°C; batch ATZ=90% starts with powdered activated [155]
ozonation . . . .
experiments with synthetic carbon followed by ozone, with a
wastewater contact time of 17minutes
The pretreatment in the Fenton
1 mg/L of AMX; 6 mL of H,0, (30% process disintegrated the AMX,
g Fenton- w/w), 4mL heptahydrated ferrous _ o, thus reducing these toxic effects in
Amoxicillin activated sludge  sulphate (FeSO4-7H,0) solution AMX =85.13% the subsequent treatment, as the [156]
T=40°C; t=70 min activated sludge can easily degrade
the antibiotic
The hybrid sequential batch
Paracetamol Blologlc.al— 2mg/L of P(.IM; 1.5g/L of granular PCM = 100% reactor- (SBR-) activated carbon [157]
adsorption activated carbon system was able to completely

degrade paracetamol in wastewater
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FIGURE 6: Operation schemes of (a) simultaneous combination (one step) and (b) separate coupling (two steps) of adsorption and
photocatalysis (a, wastewater influent; b, adsorption column; ¢, lamp; d, photocatalytic reactor; and e, wastewater effluent).

7.2. Separate Coupling of Adsorption and Photocatalysis.
The literature review shows that several researchers have
been interested in the simultaneous combination of ad-
sorption and photocatalysis. However, although this cou-
pling can be carried out simultaneously to obtain the
advantages of both techniques in a single step, if problems
such as the low use of light and the need for agitation cannot
be solved appropriately, the large-scale technical application
of photocatalysis appears uncertain. Zhang et al. [158] de-
veloped an adsorptive photocatalyst (Zn-doped B;OI) for the
removal of antibiotics from water with a parallel coupling of
adsorptive separation followed by photodegradation. The
results show that the Zn-doped B;OI has a removal rate of
more than 95% after 5min of adsorption for the six anti-
biotics tested. Subsequently, trace contaminants were ef-
fectively degraded during the subsequent visible light
irradiation process.

Many adsorbent materials have been reported in the
literature for their ability to remove different types of
emerging pollutants, including carbonaceous materials,
agricultural solid waste, and nanomaterials, clays. Some
adsorbents are more widely studied than others, such as
activated carbon, which is the most frequently used ad-
sorbent for removing EPs. Indeed, much attention should be
given to local (Moroccan) materials such as phosphate waste
rock, which is generated in large volumes and occupies large
areas in mining sites, Moroccan clays, and agricultural waste,
by improving their properties to develop effective materials,
can be used instead of expensive commercial adsorbents for
the removal of micropollutants.

In addition, many photocatalysts (TiO,, Z,0, WO, etc.)
have been studied and found to be suitable for the degra-
dation of emerging pollutants. Among the different pho-
tocatalytic semiconductors, titanium dioxide (TiO,) seems
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to be the most often applied in water treatment, as it presents
better photocatalytic performances. Still, its photoexcitation
requires the use of ultraviolet irradiation, which limits the
use of solar irradiation. Indeed, the development of new
photocatalysts based on low-cost materials and allowing
photodegradation under natural irradiation (solar radiation)
is a challenge for future work.

8. Conclusions

The widespread presence of emerging pollutants in the
environment has attracted worldwide attention because of
their severe impacts on the environment and human health.
Previous studies have shown that conventional wastewater
treatment plants are not effective in treating these con-
taminants. The data presented in this review summarize the
current knowledge on the occurrence, impact, and treat-
ment of bisphenol A, atrazine, amoxicillin, and para-
cetamol in the environment. These compounds are
frequently detected in various aqueous matrices and are
among the most common emerging pollutants that can
adversely affect humans and the environment. Different
treatment methods have been developed to reduce the
impacts of these contaminants. Likewise, the adsorption
method has the following advantages: reduced energy
consumption, simple operating conditions, reduced sludge
production, and better adaptation to the removal of en-
vironmental pollution from water. Studies have shown that
activated carbon is the most widely used adsorbent for the
removal of different types of pollutants. In addition, the
degradation of contaminants by photocatalysis is a
promising method that allows for complete mineralization,
without the production of sludge and with scalable ap-
plications using sunlight as a renewable and nonpolluting
energy source. Titanium dioxide is the most widely applied
photocatalyst in water treatment. On this basis, the search
for other and more efficient materials is needed. Therefore,
the challenge is to develop a treatment process by coupling
adsorption and photocatalysis using inexpensive and lo-
cally available (Morocco) materials capable of removing/
degrading EPs in a wide range of environments rather than
being limited to one type of emerging pollutant.
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The rapid population growth and economic development have largely contributed to environmental pollution. Various advanced
oxidation processes have been used as the most viable solution for the reduction of recalcitrant pollutants and wastewater
treatment. Heterogeneous photocatalysis is one of the broadly used technologies for wastewater treatment among all advanced
oxidation processes. Graphitic carbon nitride alone or in combination with various other semiconductor metal oxide materials
acts as a competent visible light active photocatalyst for the removal of recalcitrant organic pollutants from wastewater. Rational
designing of an environment-friendly photocatalyst through a facile synthetic approach encounters various challenges in
photocatalytic technologies dealing with semiconductor metal oxides. Doping in g-C;N, and subsequent coupling with metal
oxides have shown remarkable enhancement in the photodegradation activity of g-C;N,-based nanocomposites owing to the
modulation in g-C;N4 bandgap structuring and surface area. In the current study, a novel ternary Fe-doped g-C;N4/Ag,WO,
visible light active photocatalyst was fabricated through an ultrasonic-assisted facile hydrothermal method. Characterization
analysis included SEM analysis, FTIR, XRD, XPS, and UV-Visible techniques to elucidate the morphology and chemical
structuring of the as-prepared heterostructure. The bandgap energies were assessed using the Tauc plot. The ternary nano-
composite (Fe-CN-AW) showed increased photodegradation efficiency (97%) within 120 minutes, at optimal conditions of
pH =8, catalyst dose = 50 mg/100 ml, an initial RhB concentration of 10 ppm, and oxidant dose 5 mM under sunlight irradiation.
The enhanced photodegradation of rhodamine B dye by ternary Fe-CN-AW was credited to multielectron transfer pathways due
to insertion of a Fe dopant in graphitic carbon nitride and subsequent coupling with silver tungstate. The data were statistically
assessed by the response surface methodology.

1. Introduction of water is drinkable [1]. Extensive contamination due to

global industrialization, commercialization, and agricultural
Water constitutes a major part of the planet Earth. Almost ~ practices has led to the release of organic pollutants that
98% of this water is seawater and cannot be used for drinking ~ immensely polluted the freshwater reservoirs. Hence, water
purposes because of the high salt content. Approximately2%  pollution has emerged as one of the foremost global
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environmental challenges. Wastewater discharged from
industries and various human activities has caused perilous
environmental impacts. An alarming population is suffering
every day due to the unavailability of clean drinking water.
This gross negligence from various industrial units for re-
leasing wastewater without any treatment into freshwater
streams has posed grave threats to human health [2].

Previously, conventional methods such as activated
carbon adsorption, filtration, extraction, oxidation, ultra-
filtration, electrolysis, chemical oxidation, and biological
treatment were used which usually caused incomplete
mineralization of pollutants. The shortcomings of these
conventional methods were overcome with progressive re-
search in the development of various advanced oxidation
technologies. Advanced oxidation processes (AOPs) were
firstly utilized in the early 1980s for water treatment and
purification. In wastewater treatment, hydroxyl radicals act
as strong oxidizing agents, breaking down complex organic
pollutants and converting them into less harmful products
[3]. Advanced oxidation processes include ozone, Fenton,
heterogeneous photocatalysis, sonolysis, catalytic wet air
oxidation, and electrochemical oxidation. Sometimes, these
processes can combine to produce strong oxidizing radicals
that attack any pollutant in the water without distinction and
convert them into nonharmful compounds such as carbon
dioxide, water, and inorganic ions. AOPs can make use of
different semiconductor photocatalysts such as binary or
ternary metal oxides and carbon-based support materials
[4].

Heterogeneous photocatalysis based on metal-oxide-
based semiconductor materials has been employed widely
for the degradation of recalcitrant pollutants. Among these
conventional semiconductor materials, a new carbon-based
photocatalyst graphitic carbon nitride (g-C;N,) is being
investigated for the fabrication of heterostructures for en-
hanced degradation under sunlight irradiation. Graphitic
carbon nitride is an excellent visible light active and two-
dimensional polymeric compound that is highly stable
chemically and thermally and has a tunable bandgap from
1.7eV to 2.8 eV [5]. The medium bandgap range of g-C3Ny,
its chemical and thermal stability, polymeric structure, and
simple synthesis methods make it an excellent visible light
active photocatalyst and a good semiconductor material for
the conversion of solar energy [6]. But, the catalytic per-
formance of g-C3N, alone is hindered because of some
limitations such as fast charge carrier recombination [7]. The
limitations due to fast e /h* recombination of g-C;N,-based
photocatalysts can be addressed using various strategies
including doping and coupling with metal oxides [8]. The
photoresponse of g-C;N, can be enhanced through doping
various transition metals including Fe, Mn, Cu. Co, Ni, and
Mo and coupling with other metal oxides to enhance visible
light response [9]. g-C5N, support-based photocatalysts are
now frequently used in various applications of heteroge-
neous photocatalysis because these photocatalysts pro-
foundly satisfy environmental requirements of green
photocatalysis and the formation of hybrid structures [10].
Doping of a transition metal in g-C;N, lattices alters the
physical and chemical properties and enhances the visible
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light absorption response for degradation of pollutants by
changing the structure and surface area of g-C;N, [11]. Iron
(Fe) has proved to be an excellent candidate for doping with
graphitic carbon nitride because of its existence in various
oxidation states. Insertion of Fe into g-C;N, has shown
enhancement in electrochemical conductivity and light
absorption ability [12]. Silver tungstate (Ag,WO,) is a
ternary semiconductor metal oxide having a bandgap be-
tween 2.8 eV and 3.1eV. This ternary metal oxide has been
gaining attention because of its better light-harvesting ability
and photoluminescence characteristics. Silver tungstate
(AW) is functionalized by coupling with other photoactive
materials to increase the photoresponse and improve its
stability [13].

Hence, it is the necessity of time to synthesise such visible
light-reactive ternary systems that are more efficient than those
utilized in conventional methods for wastewater remediation.
This work was proposed for the investigation of rhodamine B
(RhB) dye degradation by ternary Fe-doped g-C;N,/Ag,WO,
nanocomposite. To the best of our knowledge, this composite
has not been studied earlier for the photodegradation of or-
ganic pollutants. Iron-doped graphitic carbon nitride was
coupled with silver tungstate in which WO, has attracted
attention due to high chemical and thermal stability and has
reasonable electron transfer behavior. g-C;N, and WO, have
almost similar bandgaps [14]. The degradation of rhodamine B
(RhB) dye was analyzed over Fe/g-CsN, (Fe-CN), g-C;N,/
Ag,WO, (CN-AW), and Fe-doped g-CsN, Ag,WO,/(Fe-CN-
AW). The photocatalytic activity of these three catalysts to-
wards RhB degradation was studied under sunlight. The effect
of various parameters, for example, pH, oxidant dose, irradi-
ation time, and catalyst dose, was optimized. The interaction of
various parameters was studied using the response surface
methodology (RSM). The catalysts were characterized by
Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy, X-ray diffraction (XRD), XPS, and UV-
Vis techniques.

2. Experimental

2.1. Regents and Materials. Melamine (CsHgNg > 99%) and
silver nitrate (AgNO3; 99.9% purity) were purchased from
DAEJUNG, sodium tungstate dihydrate (Na,WO,.2H,0;
97% purity) and ethanol (C,HsOH; 95.6% purity) were
purchased from UNI-Chem, ferric chloride hexahydrate
(FeCl3.6H,0; > 99% purity) and hydrogen peroxide (H,O,,
35% purity) were purchased from Merck, sodium hydroxide
(NaOH; 98-100.5% purity) and hydrochloric acid (HC; 35%
purity) were purchased from Sigma-Aldrich, and rhodamine
B (C,3H3,CIN,O3; 92% purity) was purchased from Pub-
Chem. Analytical-grade chemicals and solvents were used in
all experiments without additional purification. During the
whole experimental study, distilled water was utilized.

2.2. Synthesis of g-C5N,. Synthesis of g-C;N, was carried out
in a muffle furnace (AB UMEGA SNOL-3/1100) by con-
densation of melamine. The 5g mass of melamine was
measured and placed in a ceramic crucible, covered



Journal of Chemistry

completely, and then, placed in a muffle furnace. Melamine
was heated at 20°C per minute for about 2 hours, and the
temperature gradually rose until it reached the final tem-
perature. The terminal temperatures were 500°C, 550°C, and
600°C. Then, crucibles containing the sample were chilled to
25°C temperature, and the product formed was ground by
using a pestle and mortar [15].

2.3. Synthesis of CN-AW. To prepare the Ag,WO,/g-C5N,
composite, sodium tungstate (0.1 mmol/L) and silver nitrate
(0.2 mmol) were added to 40ml deionized H,O. To the
abovementioned mixture, 1 g of previously prepared g-C;N,4
was added. Then, the whole mixture was sonicated to get a
homogenous solution at a temperature of 20°C for about half
an hour. This uniform mixture was gradually poured into a
50ml capacity autoclave having a Teflon-line. After trans-
ferring the mixture into the autoclave, it was heated at 180°C
for 12 hours in an electric oven. After that, it was filtered and
cleaned with distilled H,O until its pH became neutral. It
was dried at 60°C for 5hours after filtration to obtain the
final product, as shown in Figure 1(b) [16].

2.4. Synthesis of Fe-CN. Iron-doped graphitic carbon nitride
(Fe-CN) was synthesised by a simple process in which 0.5 M
(FeCl;. 6H,0) was mixed in 50 ml ethanol. Then, 0.5g of
graphitic carbon nitride was dissolved into the above-
mentioned solution with constant stirring and stirred
magnetically for two hours at room temperature. The sus-
pension obtained after stirring was then centrifuged at
6000 revolutions per minute for fifteen minutes, and distilled
water, as well as acetone, was used to wash it several times
until it became neutral. Then, it was dried at room tem-
perature, as shown in Figure 1(c) [17].2.5. Hydrothermal
Synthesis of Ternary Fe-CN-AW.

A hydrothermal method was used for the synthesis of the
ternary iron-doped graphitic carbon nitride/silver tungstate
(Fe-CN-AW) nanocomposite. In the first step, 2.5 mmol
(0.28 g) of sodium tungstate (Na,W0O,.2H,0) was dissolved
completely in 40 ml distilled water with magnetic stirring.
Another solution was made in which 5mmol (0.29g) of
AgNO; was added to 20 ml of distilled H,O. Both solutions
were mixed slowly under continuous stirring. The previously
prepared Fe-doped graphitic carbon nitride (2 mol %) was
ultrasonically dispersed in 30 ml of distilled water and added
to solution A dropwise. After that, the whole suspension was
stirred magnetically for four hours at 25°C temperature till a
uniform solution was obtained. The resultant mixture was
transferred into an autoclave reactor lined with Teflon at an
elevated temperature of 180°C for about 24 hours. The final
product was rinsed three times with ethanol and distilled
water. Employing an electric oven, the sample was later dried
for about 12 hours at 60°C. Figure 1(d) explains the stepwise
synthesis of ternary Fe-CNAW heterojunction.

2.5. Characterization and Equipment. The phase identifica-
tion, crystalline nature, and crystal structure of Fe-CN, CN-
AW, and ternary Fe-doped CN-AW were analyzed by powder

XRD (XRD-PANalytical-Xpert pro DY 3805) containing a Ni-
B filter and Cu-Ka radiations (1.54059 A), over a range from
10°to 80" of 26 values. The identification of various functional
groups was recorded using an FTIR spectrophotometer
(Agilent Technologies) in the transmission mode, between
650 cm 'and 4000cm™'. A scanning electron microscope
(SEM-JEOL/EO Japan JSM-5910) was used for observing the
morphology of all samples. The surface chemical states were
analyzed using XPS (XPS system Escalab 250, Thermo Sci-
entific Uk). The optical and photocatalytic properties of doped
and undoped nanocomposites were analyzed utilizing a
double-beam UV-Vis (Cecil CE 7200) spectrophotometer.

2.6. Photocatalytic Degradation Evaluation. The photo-
catalytic degradation of rhodamine B dye was estimated under
UV and sunlight irradiation. Different feasibility experiments
were initially performed to check the activity of the ternary
photocatalyst. For attaining a stage of adsorption-desorption
equilibrium between the catalyst surface and pollutant mole-
cule, the RhB solution was placed for about half an hour in the
dark with continuous stirring on an orbital shaker. The ad-
sorption was measured by taking 5ml solution and taking
absorbance. The adsorption rate usually starts decreasing after
30 minutes. The whole setup was then brought under sunlight
irradiation, and the photodegradation process was started.
Similar experiments were performed under ultraviolet radia-
tion as well. Optimization of various parameters for RhB
degradation was performed, including pH (2-9), initial RhB
concentration (10-50 ppm), oxidant dose (2-15 mM), catalyst
dose (10-100 mg), and time of irradiation (20-120 minutes). A
UV-Vis spectrophotometer was used to check absorbance at
554nm by taking a 10ml clear RhB solution obtained after
separation of the composite through centrifugation. The
degradation process was also studied in the absence of light by
placing a beaker of dye solution in the dark. The blank ex-
periment performed without a catalyst and light revealed no
distinct photocatalytic activity, signifying that the reaction was
driven by the photocatalytic process over the photocatalytic
process of light. The following formula was used to calculate %
degradation:

A
% degradation = 1 — o x 100, (1)
o)

where Ao is described as the initial absorbance and A is the
calculated final absorbance after a performed reaction in
sunlight. A light meter (HS1010 A) and solar power meter
(SM206) were used for measuring the brightness and in-
tensity of sunlight. The measured average light intensity was
1200 W/m?, and the brightness was measured between the
range of 88,000 +2000 Lux. The degradation reaction was
carried out in the afternoon when the sky was bright and
clear. The intensity of the UV light was 254 nm, and the
experiment was performed in a UV chamber ZM144 (ZAM
ZAM Microtechnologies). The catalyst’s reusability was
examined by recycling ternary composites by washing with
distilled water, drying, and then, reusing till five cycles under
sunlight, each at their optimum conditions with 10 ppm RhB
solution prepared fresh each time.
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3. Results and Discussion

3.1. FTIR Analysis. The FTIR analysis was recorded between
the range of 500 cm™" and 4500 cm™" for the determination
of various functional groups present on the surface of the
ternary composite. Graphitic carbon nitride was synthesised
under varying temperature conditions. FTIR spectra showed
all the characteristic transmittance peaks of g-C;N, con-
firming the synthesis of graphitic carbon nitride, without
any prominent change at different temperatures, as shown in
Figure 2(f). The broad absorption band of pristine g-C3N,
can be seen in all the samples synthesised at various tem-
peratures. The bands beyond 3000 cm™" up to 3300 cm ™" are
due to N-H bond stretching vibration resulting from partial
condensation of amino acids. The series of peaks appearing
between 1200cm™' and 1620cm™' shows the stretching
vibrations of CN heterocycles. At 500°C, two bands were
seen at 1598 cm™ ' and 1395cm ™. The peaks at 1228 cm™"
and 1395 cm ™! matched well with g-C3Ny. At 550°C in the
spectrum, N-H stretching vibration was observed by a peak
at 3151 cm ™" while the vibration bands from 1200 cm™" and
1800 cm™" are related to g-C5N,. The spectrum corresponds
to 550°C and at 15°C/min has bands in the range from
1300cm™" to 1828 cm™', representing vibrations of C-N
bonds. The FTIR spectrum of Fe-CN, CN-AW, and Fe-CN-
AW was compared and shown in Figures 2(c)-2(e), re-
spectively. In the Fe-CN spectrum, a broad peak appeared at
3078 cm™' which is a distinctive peak of the N-H group. It is
due to the vibrational mode of the residual N-H group of
graphitic carbon nitride. The vibrational mode of the C-N
band was shown by a range of peaks from 1200cm™" to
1600 cm™'. The peaks appearing at 1234cm™, 1385cm ™,
and 1578 cm ™" related to the CN heterocycles corresponding

to C-NH-C, C-N, and C=N confirm fabrication of graphitic
carbon nitride in all samples [18]. A small additional peak at
2145cm™" indicates the Fe** dopant’s existence in a poly-
meric network of g-C3;N, [19]. A peak near 807 cm™! shows
the occurrence of a triazine ring of aromatic nature. The
prominent and distinctive g-C3N, bands seem to shift to-
wards lower wavenumbers, and the intensity of FTIR spectra
peaks is decreased in the Fe-CN-AW composite. This shift
indicates the weakening of C-N and C=N as a result of
interaction between g-C;N, and Fe [17]. In the CN-AW
composite spectrum, a broad peak was presented at
3153 cm™" which is owing to the N-H band stretching mode
[20]. The peak at 2381 cm™" is owed to amide linkages, and
carbonyl group presence is represented by a peak at
1600 cm ™ [21]. There is a range of peaks from 1200 cm™ to
1600 cm ™" similar to the Fe-CN spectrum which is due to the
IR active vibrational mode of the C-N bond. Two peaks at
739 cm ™" and 630 cm™' show O-W-O and W-O-W groups
that are a special feature of tetrahedral tungstates. All the
peaks present in pure g-C;N, remain intact in ternary the
Fe-g-C3N4/Ag,WO, composite.

3.2. XRD Analysis. To determine the various phases and
crystal structure of CN, Fe-CN, CN-AW, and Fe-CN-AW,
XRD characterization was performed from 26 values 10° to
80°. The XRD spectra reveal peaks at 27.7° which are in
agreement with the actual XRD peaks of g-C3N, (JCPDS-87-
1526) [22]. The diffraction peak at 27.7° indexed to the (002)
plane is a characteristic of g-C;N,, showing stacking of
aromatic systems between g-C;N, layers [23]. The XRD
pattern of Fe-CN exhibited no significant difference from
CN except for a slight shift and gradual decrease in the peak
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FIGURE 2: FTIR spectra of (a) AW, (b) g-C3Ny, (c) Fe-CN, (d) CN-AW, (e) Fe-CN-AW, and (f) g-C;N, at various annealing temperatures.

intensity of the (002) facet in Fe-CN, AW-CN, and Fe-CN-
AW. The incorporation of an iron dopant in CN did not
change the g-C;N, crystal structure, as no peak of Fe was
identified in the samples [19]. The diffraction peaks of
g-C;5N, remain intact which shows that the doping of iron
does not change the peaks of g-C;N, but the intensity of the
peaks in the final composite is reduced, confirming effective
insertion of the dopant [24]. The XRD data displayed well-
defined diffraction peaks consistent with planes (301), (002),
(231), (400), (402), (233), (460), and (462), observed at 26
values 28.4°, 30.58°, 31.67°, 32.88°, 45.4°, 54.9°, 56.9, and
58.04°, respectively, as shown in Figure 3, and are coherent
with the corresponding planes of Ag,WO, (JCPDS#
34-0061) [13]. All the characteristic peaks of g-C;N, and
Ag,WO, are present in the Fe-doped ternary composite but
with lesser intensities than the undoped CN-AW and Fe-CN
composites. However, the strong intensity of diffraction
peaks in both the composites suggests the successful

synthesis and crystalline nature of composites [25]. There is
also a very slight shift of the peak at a diffraction angle of
20=45.3", corresponding to a plane (402) towards higher
diffraction angles, indicating the insertion of Fe into the host
composite lattice. X-ray diffraction is an effective analysis
technique to determine the size of nanocrystallites in bulk
nanocrystalline materials. The average crystallite size of Fe-
doped CN-AW, undoped CN-AW, and Fe-CN catalysts was
assessed using the Debye-Scherrer formula.

KA
" Bcos @

where K is the Scherrer constant (0.94), 8 explains the full
width at half maximum (FWHM) of each diffraction peak, 6
is the angle of diffraction, A is the radiation wavelength, and
D is the average crystallite size in nm. The average crystallite
size of Fe-CN, CN-AW, and Fe-CN-AW was calculated to be
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19.78 nm, 14.29nm, and 13.34nm, respectively. The de-
creased crystallite size indicates the presence of oxygen
vacancies as a result of Fe doping which hinders the further
growth of nanoparticles [26]. The defects caused by Fe
doping reduce recombination chances of charge carriers and
enhance photocatalytic activity [27].

3.3. Scanning Electron Microscopy (SEM) Analysis. The SEM
analysis was used to study the morphology of Fe-g-C;N,,
AW-CN, and Fe-CN-AW nanocomposites at different
resolutions. Figures (4(a) and 4(b)) show the morphology of
Fe-CN, revealing uniform and smooth sheets of g-C;N, and
aggregation of particles as an outcome of Fe doping on
g-C5Ny sheets. In Figures (4(c) and 4(d)), it can be seen that
Ag,WO, is dispersed irregularly in the form of small
spherical particles on the surface of g-C3N, sheets. The
coupling of AW and g-C3;N, reveals that the coupling has
not affected the morphology of AW spheres. Instead, the
g-C5N, aggregates got attached to the surface of silver
tungstate. These particles have smooth particle size distri-
bution when present in the form of nonagglomerated
particles. The g-C;N, serves as a support on which Ag,WO,
particles are embedded. Figures 4(e) and 4(f) signify the
coupling between Fe-CN and AW in the ternary composite.
These SEM images illustrate those agglomerates of Fe-CN
were successfully anchored over AW. In the presence of Fe,
the agglomeration and stacking of particles were enhanced
as compared to simple AW-CN. Similar results of doping
and coupling were also reported in previous studies [28].

3.4. XPS Analysis. The surface chemical composition and
chemical binding states of all the photocatalytic samples
were analyzed using XPS analysis. The elemental compo-
sition of the Fe-CN-AW nanocomposite examined through
an XPS survey scan reveals the presence of peaks at Ag3d
(368.3eV), W (37.51 V), Ols (530.2eV), Cls (284.07 eV),
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Fe (710.8 eV), and N1s (396.21 eV), as shown in Figure 5(a).
The Cls peak position indexed at 285.2eV in all three
samples indicates the presence of adventitious residual
carbon and is ascribed to the tertiary carbon N=C-N, in the
Fe-g-C3;N, lattice. The Nl1s peak present at 396.21eV is
credited to the triazine rings of g-C;N, and the uncondensed
terminal amino groups [20]. The W4f,,, and W 4f;,, peaks at
35.44eV and 37.5eV, respectively, in the W4f spectrum of
Ag,WO, are ascribed to WO,>". The Ag 3d spectra show two
characteristic peaks at 372.1eV and 368.3eV which are
typically allotted to Ag 3ds,, and Ag3ds,,, respectively. The
peaks of Ag3d and W4f XPS spectra moved towards the
higher binding energies in the Fe-CN-AW. The Fe 2p;,, ata
binding energy of 710.8¢eV is ascribed to Fe’* ions. The
binding energy of 710.8eV lies inside the binding energy
range of the Fe" valence state (710-711.8 €V). The Fe 2p1/2
showed a characteristic peak of Fe’* at 731.54eV [19]. The
atomic percentage of Ols, N1s, Cls, Ag3p3, Ag3d, W4f, and
Fe2p3 in Fe-CN-AW is 30.3%, 22.2%, 13.3%, 13.2%, 10.1%,
7.1%, and 4.3%, respectively, while the atomic percentage of
Ols, N1s, Cls, Ag3p3, Ag3d, and W4f in undoped coun-
terpart is 18.9%, 19.4%, 24.3%, 4.6%, 16.0%, 12.8%, and 8.6
atomic percentages, respectively, as shown in Figure 5(b).

In XPS spectra, the Ols peak found at a binding energy
of 528.18 eV is ascribed to the chemisorbed water molecules
on the surface of the sample. Furthermore, oxygen func-
tional groups were investigated through Ols spectra, as
shown in Figure 5(c). The peaks were found around
530.2+.05eV, 531.6 +.06, and 533.5 +.04 eV and attributed
to the metallic contribution of oxygen (O pferanic)> carbonyl
(C=0), and carboxyl (OH), respectively [29, 30]. However,
their contributions varied with the addition of dopants.
Therefore, Fe-CN showed a total contribution of O petaliic
around 74.85%, while C=0 and OH were around 20.93 and
4.23 atomic percentage. The C=0 was noticed at around
41.32% and 27.49% for CN-AW and Fe-CN-AW, respec-
tively. Moreover, the contribution of OH was maximum for
Fe-CN-AW and was around 22.59%. This increment of OH
is also favorable to enhance the photocatalytic activity of
g-C;3Ny-based materials [31].

3.5. Optical Analysis. To further understand the optical
properties of the prepared nanocomposites, an evaluation of
optical response was carried out by taking UV-Vis spectra
and then determining the bandgap energies of nano-
composites Fe-CN, CN-AW, and Fe-CN-AW in the range of
200-800 nm. Using the Tauc plot, the absorption edge of the
ternary Fe-CN-AW nanocomposite was found in the visible
range (2.56eV), as shown in Figure 6. The Fe-CN-AW
exhibited a better light absorption range as related to other
composites. Fe doping has shown enhancement in photo-
degradation upon improved prospect of charge carrier
production upon light irradiation, eventually increasing
photodegradation. The following formula was used to assess
the catalyst’s bandgap energies [13]:

(ahv)* = B(hv - Eg). (3)
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In this equation, energy (E) =hv, at (ahy=0), where
(ahv)? is plotted versus energy (eV). At hv value, energy is
calculated and then extrapolated to a=0. The light fre-
quency, absorption coefficient, and proportionality con-
stant are explained by (a, B, and ), respectively. The

studies reveal that iron doping has strengthened the light
absorption response of the ternary photocatalyst in the
visible region. The estimated band gap energies were
2.56eV, 2.8¢eV, and 3.3eV for Fe-CN/AW, Fe-CN, and
CN-AW, respectively. The presence of g-C3N, as support
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narrowed the bandgap of the ternary composite, sug-
gesting efficient separation of charge carriers [23].

4. Operating Parameters Affecting the
Photocatalytic Process

The photodegradation process of recalcitrant dyes from the
adsorption of molecules of the dye on the photocatalyst’s
surface to their degradation by reactive radical species is

affected by numerous operative parameters. These include
pH of the aqueous solution, initial concentration of dyes
(IDC), catalyst dose, and intensity of irradiating light
sources. These parameters will be discussed in detail as they
directly affect the photodegradation of dyes in wastewaters.

4.1. Effect of pH. The photoefhiciency of any photocatalytic
system is determined by the crucial factor of the pH of
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aqueous solutions. The pH of a solution affects not only the
photocatalytic degradation process but also the rate at which
the dye decolorizes the positive hole (h™) species formed at
lower pH values which act as the key oxidation species, while
hydroxyl radicals are the key species at higher or neutral pH
values for the degradation process. The surface charge
characteristics are determined according to their respective
point of zero charges (pHpzc). Acid-base characteristics of
photocatalysts significantly impact their degradation effi-
ciencies. At pH < pHpyc, the surface of the catalyst is
positively charged, and hence, it develops an electrostatic
attraction for anions and repulsion for cations. Contrary to
this, at pH > pHpy, the surface becomes negatively charged
and develops an attraction for cations and repulsion for
anions [32]. The pH effect on RhB photodegradation was
observed by varying pH values. The remaining factors were
kept constant in which the catalyst dose was 50 mg/100 mL
for doped and 70 mg/100 ml for Fe-CN and CN-AW. IDC
was kept at 10 ppm for all composites, and time of irradi-
ation was two hours. Being a cationic dye, upon dissociation
in water, RhB is positively charged. The pHPZC of Fe-CN-
AW was determined at a pH value of 6.2. The catalyst surface
is positively charged at pH values lesser than pHPZC and,
hence, repels positively charged RhB molecules. Active sites
on the surface of the composite become weaker in an acidic
medium, producing fewer hydroxyl radicals, leading to a
decline in overall degradation, while active sites existing on
the surface exhibited improved production of hydroxyl
radicals in the basic medium. Henceforth, at pH values
higher than 6.2, the nanocomposite surface becomes neg-
atively charged, attracting positively charged RhB molecules

electrostatically, increasing the adhesion property of pol-
lutant molecules on the composite surface [33]. Therefore, in
visible light irradiation, nearly 97% degradation by ternary
Fe-CN-AW in two hours was observed in a basic medium at
an optimum pH of 8, as shown in Figure 7(a). CN-AW and
Fe-CN at pH 7 showed nearly 95% and 90% degradation,
respectively.

4.2. Effect of Catalyst Concentration. The effectiveness of the
photocatalyst for the degradation process is determined by
its concentration in the dye solution. To comprehend the
relation between catalyst dose and RhB photodegradation,
removal of the 10 ppm RhB solution was studied between the
range 10 and100 mg/100 ml, while all other parameters such
as pH =8 for Fe-CN-AW and pH=7 for CN-AW and Fe-
CN, catalyst dosage 50 mg/100ml for doped ternary and
70 mg/100 ml for CN-AW and Fe-CN, and irradiation time
120 minutes remained as such. As the photocatalyst dose was
augmented from 10 mg to 50 mg, an intensification in RhB
degradation was observed, as shown in Figure 7(b). Fe-CN-
AW showed optimum degradation at 50 mg/100 ml, whereas
CN-AW and Fe-CN showed maximum degradation at
70 mg/100 ml. This increased degradation is credited to
increased active sites on the surface of the catalyst, which
then leads to more production of hydroxyl radicals, which
increases the process of degradation. However, above the
optimum catalyst loading limit for each catalyst, the per-
centage degradation starts decreasing. This is because of the
interference of light by the suspension. The additional
amount of catalyst causes aggregation of catalyst particles
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and inhibits the light irradiation and subsequent absorption
of photons by the catalyst surface, reducing the hydroxyl
production and ultimately reducing degradation [34].

4.3. Effect of Initial Dye Concentration. In the degradation
process, the total amount of dye adsorbed on the surface of
the photocatalyst plays a key role, not the dye molecules
present in the bulk solution. The initial dye concentration is
a critical factor for determining the complete adsorption
capacity of dye molecules. The degradation efficiency starts
decreasing as the concentration of dye is increased, while the

amount of photocatalyst used is kept constant. The degra-
dation started decreasing after the concentration of dye was
increased, as shown in Figure 7(c). All samples showed
maximum degradation at a concentration of 10 ppm, at their
optimal values of pH and catalyst dose. The catalyst Fe-CN-
AW showed a degradation of 80% up to 14 ppm, after which
it started declining. Owing to an increase in the number of
dye molecules, more molecules get attached to the photo-
catalyst surface, resulting in lesser photons reaching the
nanocomposite surface [35]. This eventually results in a
decline in hydroxyl ion generation and, subsequently, the
decolorization process. Previously, reports have revealed
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that the dye degradation rate declined as the dye concen-
tration increased. This is because of the reduction in the path
length of photons entering the dye solution as the number of
dye molecules increases [33].

4.4. Effect of Oxidant Dose. In the process of photo-
degradation, oxidants (H,O,) have an important role be-
cause they hinder the recombination of (e"-h") pairs by
capturing the electron. Furthermore, OH radicals are gen-
erated from the oxidant by the Ag*> and Fe*" ion interaction.
Rhodamine B dye is oxidized completely in the presence of
an oxidant (H,O,) and a catalyst. In sunlight, the degra-
dation of RhB dye was enhanced by its adsorption on the
catalyst surface due to high tendencies of formation of
oxidizing species. By the coupling of semiconductors with
g-C;5N, photocatalysts, degradation is also enhanced. The
adsorption ability of g-C3;Nj, is enhanced in the presence of
an oxidant. At pH=7, catalyst dose=70mg/100ml, and
oxidant dose =9 mM, the degradation percentage was 88%
for Fe/g-C3Ny, as represented in Figure 7(d). In the case of
the Ag,WO,/g-CsN, composite at pH=7, catalyst con-
centration=70mg, and oxidant dose=9Mm, maximum
degradation occurs which is 93%, while in the case of Fe-CN-
AW at pH =38, catalyst concentration =50 mg/100 ml, and
oxidant dose =5mM, the degradation was equal to 97%.

4.5. Effect of Time. Light energy is a primary source for
starting any photocatalytic process because it provides the
maximum energy. It is, therefore, necessary to ascertain light
irradiation conditions for a substantial impact on the
photodegradation process. The trend of RhB degradation in
solar light with time over Fe-CN-AW, CN-AW, and Fe-CN
is shown in Figure 8(a), which shows increased degradation
with increasing time. The dye solutions having all these
catalysts in their optimal doses and other fixed reaction
conditions for each catalyst were exposed to sunlight for
around 2 hours. The percentage degradation of the treated
dye solution was observed by taking a plot of percent
degradation versus time. The solution color disappeared
exactly after 40 minutes of exposure to light, and degra-
dation was complete after around 120 minutes of light ir-
radiation using the new ternary Fe-CN-AW, but intensity
decline was slow with CN-AW and Fe-CN. The disap-
pearance of solution color signifies that color-imparting
chromophores are disintegrating slowly with time. Fur-
thermore, kinetic models were fitted to these data in which
first-order kinetic was fitted well.

4.6. Kinetics of Photodegradation Reaction. The first-order

kinetic model was applied for RhB photodegradation by the

ternary nanocomposite as explained in equation (3).
First-order kinetics:

Co
In— =kt 4
o —h “)
Figure 8(b) displays the linear association among In (Co/
Ct) versus time of reaction; here, Co and C explain the initial
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and final concentrations. This shows that RhB degradation
by the ternary Fe-CN-AW, CN-AW, and Fe-CN follows
first-order kinetics. The plot of In (Co/C) with time is linear.
The linear regression slope is equal to the first-order rate
constant (k). The higher k values of Fe-CN-AW than binary
CN-AW and Fe-CN directs that decolorization by Fe-CN-
AW under sunlight is more than that by CN-AW. The R
values for first-order reaction for Fe-CN-AW, CN-AW, and
Fe-CN-AW suggest that ternary hybrids follow first-order
reaction efficiently and doping has accelerated degradation
in the presence of sunlight. This explains that Fe-CN-AW
exhibits more photoefficiency than other composites. An
assessment of correlation coefficients for first-order kinetics
is shown in Table 1.

5. Statistical Analysis

The photocatalytic degradation procedure was mostly de-
termined by the widely employed technique RSM which
studies the optimization of parameters. In RSM, mathe-
matics is combined with statistics for empirical represen-
tation. The purpose of RSM is to optimize photocatalyst
response for different parameters to degrade RhB degra-
dation. It works efficiently for experimental studies. It also
reduced the noise and expenses of analytical procedures. It
minimizes the expenditure of expensive analysis techniques.
In the present work, the Fe-CN-AW ternary composite was
synthesised by a hydrothermal technique and utilized for
RhB degradation. For example, various parameters such as
catalyst dose, pH, oxidant dose, and time were optimized by
RSM, and absorbance was noted by using a UV-Vis
spectrophotometer.

In RSM, for statistical analysis of dye degradation, a
central composite design (CCD) was used. According to the
CCD, 30 experiments were conducted for the study of the
photo-Fenton procedure. Each experimental trial has spe-
cific coRhBinations of four elements, e.g., pH, oxidant dose,
catalyst dose, and irradiation time. After each experimental
trial, percent degradation was calculated and put into a table.
Some experimental trials have the same coordination of
factors to have the idea of experimental error. Analysis of
variance (ANOVA) was used to evaluate the effectiveness of
the regression model, as shown in Table 2.

The photodegradation of RhB was optimized using the
central composite design (CCD) of the response surface
methodology. Among all RSM designs, the CCD method
shows high predictability of responses and is the most ef-
ficient method for optimizing several variables. The CCD is
used for determining the relationship among independent
variables and their responses [36].

Based on the results from batch studies, four effective
parameters for the degradation of RhB by Fe-CN-AW and
their possible interactions were identified using RSM. The
pH (2-9), photocatalyst dose (10-80mg), oxidant dose
(2-12mM), and time (20-180) in minutes were designated
as independent variables, and the effect of their interactions
was determined using the CCD. The statistical software
Design Expert 7 was used for the optimization of parameters.
A total of 30 experiments were obtained randomly for
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FIGURE 8: (a) RhB degradation by all catalysts as a function of time under sunlight and (b) first-order kinetic model fitting.

TasLE 1: Correlation coefficients (R*) and kinetic parameters for RhB (Co = 10 ppm) degradation.

Optimized reaction conditions First-order kinetics

Nanocomposites 1 5
pH Catalyst load (mg/ml) IDC (ppm) k1 (min’) R
Fe-CN-AW 8 50 10 0.0214 0.9943
CN-AW 7 70 10 0.0603 0.9902
Fe-CN 7 70 10 0.004 0.978

studying the optimized parameters and for maximizing RhB
photodegradation. The ANOVA (analysis of variance) was

experimental variables. The predicted and experimental
values are tabulated in Table 2. To understand the association

used to analyze the effect of all independent variables on the
degradation of dye. The response variable (% degradation)
was fitted with the quadratic model for corelating with the

of three variables, a second-order polynomial equation was
employed. The quadratic regression model for the degra-
dation of MB is represented by equation (3).

Y =By + i Xy + B Xy + B X5 + B Xy + B Xy Xy + B3 X1 fX;
2 2 2 2
+ BraXiBXy + Xy + BuXs + B X5 + Bu Xy
Y =+88.67+73xA+7.1*xB-283«xC+69%xD+0.38xAx*xB+1.50%xAxC (5)
+138%x A*D+0.000«xB*xC—-312«B*D+0.50«C D

—6.65 % A* — 1.65 * B — 3.77C* - 2.27 + D*.

The 3D response was studied for the interactive rela-
tionship between the four parameters on dye degradation.
For the determination of maximum degradation, 3D sur-
faces were plotted and taken into consideration. From this,
interaction among two independent variables was estab-
lished, keeping the other variables constant. For the deg-
radation of dye, pH is an efficient parameter. The maximum
degradation of RhB dye over Fe-CN-AW was observed at
pH =8 and catalyst dosage = 50 mg in 100 ml of dye solution.
Figure 9(a) reveals an enhancement in degradation efficiency
by increasing the Fe-CN-AW dose up to an optimal value at
pH value = 8. These interactions show the effect of pH on the

surface charge properties of the Fe-CN-AW ternary com-
posite, consequently affecting the adsorption of RhB mol-
ecules on the surface of the catalyst. Meanwhile, the reaction
amongst holes (h™), present on the surface of Fe-CN-AW,
and hydroxide ions, leads to the generation of OH radicals,
being the chief reactive species to initiate degradation.
Therefore, a basic environment supports more hydroxyl
radical production and reduction in recombination between
e-/h + pairs. Moreover, the electrostatic interactions between
negatively charged Fe-CN-AW and positively charged RhB
dye molecules increase in the basic medium. In an acidic
medium or at higher pH values above 9, the repulsion
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TaBLE 2: ANOVA table for degradation of RhB by Fe-g-C3N,;-Ag, WO,

Source Sum of squares Df Mean square F value p value prob >F

Model 5555.55 14 396.83 62.49 <0.0001*

A-pH 1290.67 1 1290.67 203.25 <0.0001*

B-catalyst dose 1232.67 1 1232.67 194.12 <0.0001*

C-oxidant dose 192.67 1 192.67 30.34 <0.0001*

D-time 1148.17 1 1148.17 180.81 <0.0001*

AB 2.25 1 2.25 0.35 0.5605

AC 36.00 1 36.00 5.67 0.0310

AD 30.25 1 30.25 4.76 0.0454 Signiﬁcant

BC 0.000 1 0.000 0.000 1.0000

BD 156.25 1 156.25 24.61 0.0002

CD 4.00 1 4.00 0.63 0.4398

A? 1211.44 1 1211.44 190.78 <0.0001*

B? 74.30 1 74.30 11.70 0.0038

c? 390.01 1 390.01 61.42 <0.0001*

D’ 141.44 1 141.44 22.27 0.0003

Residual 95.25 15 6.35

Lack of fit 81.92 10 8.19 3.07 0.1136 ..

Pure error 13.33 5 2.67 Not significant$

Cor total 5650.80 29

SD 2.52 R-squared 0.9831

Mean 77.20 Adj R-squared 0.9674

C.V. 3.26 Pred R-squared 0.9131

Press 491.04 Adeq precision 27.897

*Significant model terms. $Nonsignificant lack of fit is good. We want the model to fit.

between hydroxide ions and the negatively charged com-
posite causes agglomeration and hinders the formation of
hydroxyl radicals, leading to a decrease in degradation ef-
ficiency [37]. At higher catalyst dose values above optimum
value, the agglomeration of Fe-CN-AW particles leads to
reduced surface area for irradiation under sunlight, reducing
dye removal efficiency.

Figure 9(b) shows contours and 3D plots of the inter-
action between oxidant dose and pH. Maximum degradation
was observed at an oxidant dose of 5 mM at an optimum pH
value of 8. Oxidant (H,0O,) inhibits the recombination of e~
and h" pairs. The response was observed to increase by
changing the pH of the solution between values of 6 and 8.
An increase in oxidant dose has led to a decline in degra-
dation due to the recombination of hydroxyl radicals and
decline in the absorption of light due to saturation.
Henceforth, at an oxidant dosage of 5mM and pH=3,
maximum degradation was observed. Figure 9(c)) shows the
relationship between pH and time by a 3D contour plot.
Degradation increased as the pH and time were increased
until an optimum condition was achieved. This shows that
pH and time are crucial factors for enhancing the overall
catalytic activity. The increase in RhB degradation by Fe-
CN-AW was studied until the optimum values. After that, it
begins to decrease. The reason behind it was as time in-
creased, the reaction between the catalyst and dye molecules
enhanced, which enhanced the degradation. Figure 9(d)
shows the relationship between catalyst dose and oxidant
dose. The 3D plots show that increasing the Fe-CN-AW dose
from 10 mg/100 ml improved the degradation greatly to an
optimum dose of 50 mg/100ml and an oxidant dose of
5mM, where it showed a maximum degradation. As the

amount of catalyst is increased, the number of active sites for
the dye molecules to get adsorbed also increases; eventually,
degradation is increased. However, a further increase in
catalyst dose resulted in slower degradation rate due to the
agglomeration of particles, thus obstructing the light pen-
etration in the solution. The presence of an oxidant prevents
e /h" pairs from recombining. The improved RhB degra-
dation is attributed to the possible reaction of Fe ions with
oxidant species producing molecular oxygen species and
more hydroxyl radicals leading to enhanced photocatalytic
degradation [28].

From Figure 9(e), the interaction between Fe-CN-AW
dosage and time is evident. It was seen that as the catalyst
dose and time increased up to the optimized values, deg-
radation also enhanced, showing a positive effect of catalyst
amount and time. As the time duration of sunlight irradi-
ation was increased from 1 hour to 2 hours and catalyst dose
up to 50 mg/100ml, the degradation increased. A further
increase in dose above 50 mg at 2 hours of irradiation shows
a steady decline in degradation due to the blocking of the
active sites.

6. Scavenger Study and the
Proposed Mechanism

To investigate the role of key scavengers for RhB degradation
by ternary Fe-CN-AW under sunlight, the following con-
ditions of experimental reaction were used: pH =8, catalyst
loading=50mg/100 ml, IDC=10ppm, H,0, concen-
tration =5mM, and irradiation time 120 minutes. DMSO,
EDTA, K,Cr,0, and ascorbic acid were employed as
scavenging agents for hydroxyl radicals, holes, electrons, and
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superoxide radical (O, %), respectively. The concentration of
all these scavengers was kept at 5mM during the experi-
ments executed under sunlight. The active radical was im-
mediately scavenged by the appropriate scavenger while the
rest of the radicals carried out the dye degradation. The
evaluation of the activities of the investigated scavenging
agents is shown in Figure 10(a). The results indicate that the
maximum reduction in catalytic activity was observed by the
addition of EDTA, ascorbic acid, and then, DMSO and the
least by the addition of K,Cr,0,. Figure 10(a) shows the

decrease in degradation from 97% to 32%, 47%, 54%, and
89%, respectively. Accordingly, h*, ¢0*", and *OH are
produced and involved in the photocatalytic reaction, while
electrons play a minor role. On this basis, the proposed
mechanism of Fe-CN-AW is as suggested in Figure 11.
Under visible light irradiation, both the Fe-CN and
Ag,WO, can be excited and produce light-induced es™ and
h*. Photoinduced es™ in the conduction band (CB) of silver
tungstate is easily transferred to the Fe-CN valence band
(VB). This is probably because of electrostatic interactions
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TaBLE 3: Comparison of the degradation performance of metal/nonmetal doped g-C;Ny-based ternary photocatalysts.

Sr. Photocatalysts Fabrication methods Target Light Degradat'l on time PhOFOFatalyth References
no. pollutants source (min) activity (%)
] Poo-CaNyoag, WO Thermal polymerization Indomethaci Visible 60 91 [1]
) N ag W method ndomethacin light
. Visible
2. Ag-g-C3ny/FeWO, Hydrothermal Rhodamine B light 120 98 [28]
P-S-g-C3Ny/ Ton-exchange deposition 2,4- Visible
> Ag,CO; method Dinitrophenol light 360 » (38
2,4- Visible
4. 0O-g-C3N4/ZnIn,S;  Hydrothermal method Dinitrophenol light 180 92 [39]
P-S-g-C5Ny/ Ion-exchange deposition Visible
5, AV, bod Phenol light 360 99 [40]
6. CO/F;I_ gFCS3N4/ Hydrothermal method Rhodamine B UV/Vis 30 99 [12]
7. Fe- C;N,/Ag,CO;  Hydrothermal method Rhodamine B Vlllsgl}l:tle 180 minutes 97 This work
among electrons in the CB of Ag,WO, and VB holes of Fe- 7. Reusability

CN, ultimately decreasing the charge carrier’s recombina-
tion within the Fe-CN and Ag,WO, heterojunction. The e~
in the CB of Fe—CN becomes trapped by the oxygen present
on the surface of the composite, forming ¢O*". Moreover,
holes accumulated in the CB of Ag,WO, react with water
molecules, producing hydroxyl radicals. The generated «OH
and ¢O”” radicals then participate in the degradation pro-
cess. These characteristic features of the doped ternary
heterostructure lead to the enhancement of photocatalytic
degradation instead of individual and binary components.
The catalyst Fe-CN-AW showed 97% degradation under
sunlight. A comparison of doped graphitic carbon nitride-
based ternary composites is shown in Table 3.

Keeping optimal conditions specified for all three catalysts,
stability of all photocatalysts was confirmed by utilizing
catalysts continually in 5 consecutive runs for ensuring field
application. The catalysts were separated through centrifu-
gation from the treated RhB solution, and distilled water was
used for rinsing thrice. Then, samples were dried at 70°C
utilizing an electric oven. All catalysts were weighed after
each catalytic recycle and inspected for their efficiency of
RhB removal. Reusability trials were conducted at optimized
conditions for each catalyst in a time duration of two hours
for all composites. No considerable catalytic activity loss was
detected even after 5 experimental runs, with a minimal
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reduction after the fifth run, as shown in Figure 10(Db).
Experimental results showed that the Fe-CN-AW ternary
heterojunction has high mechanical stability and reusability.

8. Conclusions

The Fe-CN-AW is a novel ternary heterojunction that shows
a remarkable result for organic dye degradation. A simple
hydrothermal method was employed for the fabrication of
the iron-doped ternary photocatalyst. The ternary nano-
composite exhibited exceptional rhodamine B degradation,
underneath solar light irradiation. The Fe-CN-AW showed
97% RhB degradation in two hours. The improved photo-
catalytic efficiency was accredited to the construction of a
ternary heterojunction formed because of Fe doping and
coupling of graphitic carbon nitride and silver tungstate. The
prominent characteristics of all components were present in
the ternary heterojunction, with doping further suppressing
the recombination of electrons and holes. The catalysts are
very stable and show a minimal reduction in efficiency even
after five repeated experiments.
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