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Abstract: Endocrine-disrupting chemicals (EDCs) in the aquatic environment have garnered a lot
of attention during the past few years. Due to their toxic behavior, which interferes with endocrine
functions in both humans and aquatic species, these types of compounds have been recognized
as major polluting agents in wastewater effluents. Therefore, the development of efficient and
sustainable removal methods for these emerging contaminants is essential. Photocatalytic removal of
emerging contaminants using silver carbonate (Ag,COj3)-based photocatalyst is a promising process
due to the unique characteristics of this catalyst, such as absorption of a larger fraction of the solar
spectrum, wide band gap, non-toxicity, and low cost. The photocatalytic performance of Ag,COj3 has
recently been improved through the doping of elements and optimization variation of operational
parameters resulting in decreasing the rate of electron-hole pair recombination and an increase in the
semiconductor’s excitation state efficiency, which enables the degradation of contaminants under
UV or visible light exposure. This review summarized some of the relevant investigations related to
AgyCOs3-based photocatalytic materials for EDC removal from water. The inclusion of Ag,COs3-based
photocatalytic materials in the water recovery procedure suggests that the creation of a cutting-edge
protocol is essential for successfully eliminating EDCs from the ecosystem.

Keywords: Ag,COjs; degradation; endocrine disrupting compounds; photocatalysis; water recovery

1. Introduction

Water pollution is a global challenge that has increased in both developed and devel-
oping countries; it occurs when a body of water becomes contaminated by chemicals, toxic
and microorganisms. Typically, this was caused by inappropriate sewage disposal, chemical
waste dumping, fertilizer run-off, and rapid urban growth. In addition, a wide range of
contaminants from the agricultural, industrial, pharmaceutical, and plastic industries, as
well as endocrine disruptors, have been developed and are continuously being released,
whether knowingly or unconsciously, into water sources. Many of these compounds are
carcinogenic and difficult to biodegrade, posing a short- and long-term threat to our society
and the environment.
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Endocrine-disrupting compounds (EDCs) are emerging environmental micropollu-
tants that cause serious environmental pollution and consequently affect wildlife and
public health concerns due to their hormone-like behaviors [1-3]. EDCs are described as
substances that prevent the body’s natural hormones from producing, secreting, transport-
ing, binding, acting, or eliminating the hormones necessary for homeostasis, reproduction,
development, and/or behavior [4-6]. Moreover, EDCs are xenobiotic substances that are
typically found in manufactured goods, including toothpaste, cosmetics, plastic bottles,
toys for children, and polyvinyl chloride pipes [1]. Disruption of the endocrine system
in wildlife and humans has recently garnered considerable interest across the globe as a

result of the realization that the

environment is contaminated with a range of endocrine-

disrupting chemicals (EDCs) that induce hormonal imbalance activities [7].

Various chemical, physical, and biological treatment processes are currently being
proposed for the removal of EDCs. However, conventional water and wastewater treatment
plants—for instance, sedimentation/filtration, flocculation/coagulation, adsorption by
powdered activated carbon (PAC), granular activated carbon (GAC), chemical oxidation,

and chlorination—are ineffective
A (BPA) and chlorophenols [8,9].
despite the enormous efforts of
treatment technologies, as highl

and non-destructive for many EDCs, including Bisphenol
The complete elimination of the EDCs remains a difficulty
researchers to advance the currently used conventional
ighted above. As a result, various research from the past

few years that was reviewed by a number of authors investigated and mostly concentrated
on the alternative treatment approach for the removal of EDC micropollutants from diverse

water sources.

In recent times, advanced oxidation processes (AOPs) have emerged as a novel and
proficient approach for the degradation of non-biodegradable organic waste as well as
inorganic pollutants in wastewater [10]. Four different methods are employed with AOPs
to generate hydroxyl radicals and treat wastewater, which includes (i) ozone treatment,
(ii) electrochemical processes, (iii) direct decomposition of water, and (iv) photocataly-
sis [11,12]. Heterogeneous photocatalytic processes are one of the many AOPs that are
efficient at removing a variety of pollutants at room temperature and pressure without
creating potentially harmful intermediates. Thousands of photocatalytic processes have
been studied annually by different synthesis approaches, and silver carbonate (Ag,COg3)-
based photocatalysts have also been extensively studied for the destruction of EDCs. To
date, scientists have published many papers that discuss AgrCOs-based photocatalysts for
degrading EDCs. The entire number of publications about photocatalysts during the past

ten years is shown in Figure 1.
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Recent studies found that most Ag-based semiconductors could exhibit strong visible
light absorption and obvious visible light catalytic activity due to their narrow band gap
energy [13,14]. This paper mainly demonstrated the recent progress in synthesizing and
developing typical Ag-based photocatalysts (including Ag-based heterojunctions, Ag-based
solid solutions, loaded Ag-based semiconductors, carbon materials coupled with Ag-based
semiconductors, etc.) and their applications in decomposing EDCs, particularly phenol
and bisphenol A (BPA). Moreover, the effect of key operational parameters on the Ag,COs-
based photocatalytic degradation of EDCs is thus presented. Finally, the future prospects
together with the challenges for the Ag,COs3-based photocatalysis on EDC degradation are
summarized and discussed.

2. Photocatalysis for Water Purification

Heterogeneous photocatalysis was first discovered by Fujishima et al. in 1972 during
the splitting of H,O in a photoelectrochemical cell comprising a monocrystal-line TiO; elec-
trode [15]. Since then, a lot of studies have been conducted to comprehend and investigate
the basic mechanism and parameters so that this technique can be applied to wastewater
treatment. In the realm of decomposing organic pollutants in water, photocatalysis is
a “green chemistry” approach that has garnered significant interest [16]. Photocatalysis
possesses distinctive advantages in the degradation of these pollutants, such as rapid
degradation rate, high mineralization efficiency, and low toxicity, and the mechanism of
photocatalysis is primarily described by the semiconductors’ capability to generate charge
carriers under light irradiation followed by the generation of free radicals such as OH™,
which leads to further reactions, eventually forming CO, and H,O [12].

The two most extensively researched photocatalysts out of the many available ones
are TiO, and ZnO. Both catalysts have certain evident benefits, such as their significant
power oxidizing capacity for the breakdown of organic contaminants, photo-stability, cheap
operating costs, and environmental friendliness [17-19]. Although these two attractive
photocatalysts have high photocatalytic activity compared to other semiconductors, the
electron—hole recombination, as well as low photoactivity under visible light irradiation,
were the factors that limited their large-scale use in wastewater treatment. The band gap
of TiO; and ZnO (3.2 eV and 3.37 eV) only enables it to absorb the ultraviolet region
which makes up 3-5% of sunlight at a wavelength of 380 nm. To prolong the absorption
of TiO; and ZnO from UV light to visible light range, various alternative methods have
been developed, such as coupling with small band gap semiconductors, transition metal
addition, and non-metal element doping [20-23].

Very recently, Ag-based semiconductors such as AgzPO, [24-26], Ag/AgCl [27,28],
Ag/AgBr[29-31], Ag/AgyO [32], AgyrS [33], AgVOs3 [34,35], Ag/CNTs-TiO, [36], and silver
halides AgX [37,38] have received a lot of interest because of their distinctive ability to
absorb visible light and a few other intriguing photocatalytic qualities. However, in real-
world applications, Ag-based semiconductor photocatalysts frequently have low stability
because, in the absence of a sacrificial reagent, they are easily destroyed by photocorrosion.
Additionally, their poor stability causes difficulties in photocatalyst recycling, which in-
creases the operating cost due to the high price of Ag noble metal. Therefore, one of the
most challenging issues in the field of photocatalysis research today is to figure out ways to
improve the activity and stability of Ag-based semiconductors.

2.1. Endocrine-Disrupting Chemicals (EDCs) Classification

EDCs are a kind of environmental pollutant that relate to the mixture of chemical
agents that interfere with the human body’s endocrine system; for instance, metabolic,
immune systems, hormones, etc. As the EDC disruptors come from a variety of sources,
people and aquatic life are regularly exposed through the air, food, and water. Addition-
ally, EDCs can also enter the human body through the skin. Based on the characteristic
functional groups in the target EDC substrates and their application fields, EDCs can
be classified into a few types: (1) pesticides and herbicides (aromatic rings and hetero-
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cyclic rings containing chlorine substituents) [39,40], (2) hormones and steroids containing
phenolic hydroxyl/carbonyl groups (i.e., estron, 17(-estradiol, estriol, and 17«-ethyl estra-
diol [41]), (3) pharmaceuticals and personal care product [42,43], (4) plasticizers (bisphenols,
polystyrene (PS) and phenol-formaldehyde resin (PF) [44,45]), and (5) other organic pollu-
tants (Figure 2).

pharmaceuticals
and personal
care products

Figure 2. Classification of EDCs.

The existence of EDCs in aquatic systems such as drinking water, wastewater, and
underground water is a pressing environmental concern. It is suspected that a range of
natural chemicals and man-made substances may interfere with the endocrine systems of
both humans and wildlife, with varying sources of exposure and chemical properties. The
proliferation of synthetic EDCs in the environment has added to the already vast array of
chemicals that have been discharged worldwide, resulting in a more complex situation [46].
These compounds, which can be either natural or synthetic, are discharged into aquatic
environments by multiple sources, including industrial discharge or drain water, domestic
sewage effluents, livestock waste, and landfill leachates [47]. While the active components
of some pharmaceuticals, cosmetics, and pesticides are crucial to identify the chemical
constituents present in the environment, particularly those that are highly water-soluble.
Generally, wastewater treatment is the largest contributor to EDC contamination, par-
ticularly in the form of untreated and treated sewage effluents and direct discharge to
rivers.

In recent times, an increasing number of studies have drawn attention to the diverse
health and environmental implications associated with endocrine-disrupting compounds.
These compounds are known to interfere with the endocrine systems of humans and
animals and can impact hormone synthesis, release, transport, metabolism, and excretion
within the body [1]. For instance, the extensive use of pharmaceuticals and personal
care products (PPCPs) in daily life has led to the presence of these compounds in rivers,
groundwater, and even drinking water [42]. The occurrence of such pollutants in water
resources can also be attributed to agricultural practices, accidental spills, leaching from
building materials, disposal of prescription drugs, and chemical runoff from wastewater
treatment plants, among other factors, aside from natural events. Moreover, phenolic
compounds can be detected in water bodies due to various sources such as agricultural
and industrial activities, synthetic resin and plastic waste, food packaging, paper coating,
surfactants, adhesives, flame retardants, and dyestuffs [48]. These compounds can undergo
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a gradual biochemical transformation through microbial processes in the water stream,
potentially leading to the formation of additional toxic byproducts. Table 1 presents
a concise summary of the reported harmful effects of EDC contaminants from various
sources.

Table 1. Sources and harmful effects of endocrine disrupting chemicals (EDCs).

Potential EDCs

Sources of EDCs Harmful Effect Ref.

Pharmaceutical and personal
care products (PPCPs)

e  Display the potential to cause serious
damage to the aquatic environment; for

antibiotics, analgesics, instance, endocrine conduit disturbance,
beta-blockers, lipid regulators, brain injury, and carcinogenic diseases
anti-inflammatory drugs, e Reproductive systems problem: polycystic [4,49]
X-ray contrast media, and ovarian syndrome (PCOS), prostate cancer,
estrogens infertility

° Reproductive disorders, obesity, and
postnatal immune disorders

Hormones and steroids

° Obstructing human and wildlife immune

systems
e  Possess immunotoxin effects including
estrogens, androgens, immunosuppressive properties as well as
glucocorticoids, and the possibility to increase autoimmune [50]
mineralocorticoids reactions, Myelotoxicity, stimulation of the

reticuloendothelial system, depression of
cell-mediated immunity, and natural killer
cell activity

Plasticizers and additive

Reduce the fertilization rate
Increase the risk of miscarriage
Obesity and insulin resistance
Diabetes and liver abnormalities

polychlorinated biphenyls
(PCBs), Phthalates (DEP,

DEHP, DBP), Bisphenol A, Increased the level of cholesterol [47,51]
Polyfluoroalkyl compound Negative health effects mostly on male
(PFOS, PFOA) species, including decrease in sperm counts,
toxicity to testes, prostate, and seminal
vesicle

Pesticides and herbicides

e  Obstructing the natural hormones due to
their aptitude in binding with estrogen or
androgen receptors.

o Affect spermatogenesis leading to poor
sperm quality, hence decreased male
fertility [47,52]
Increase the risk of breast cancer
Influence the reproductive function of
invertebrates, reptiles, fish, birds, and
mammals

. Metabolic syndrome and diabetes

polychlorinated biphenyls

(PCBs), Dichlorodiphenyl-
trichloroethane (DDE),
Organochlorines (DDT)

2.2. EDC Removal from Water by Semiconductor-Based Photocatalytic Materials

The performance and stability of photocatalytic materials based on semiconductor-
based materials have emerged as a critical issue in oxidative environments, particularly
when exposed to light energy (photons), as they are utilized for combating endocrine-
disrupting chemicals (EDCs). Recently, researchers have been focusing on enhancing the
performance of semiconductor-based photocatalysts in degrading endocrine-disrupting
chemicals (EDCs) by designing hybrid or ternary structures or manipulating the surface
compositions and structures of photocatalysts.

TiO, and ZnO are considered the primary contenders for an outstanding semicon-
ductor photocatalyst that can effectively eliminate low concentrations of toxic organic
substances. This is primarily due to its non-toxic nature, cost-effectiveness, high activity,
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photostability, and commercial viability. However, TiO, and ZnO require UV light to
initiate the photocatalytic process due to its bandgap energy, which only allows it to utilize
around 3-5% of the solar radiation that reaches the earth’s surface [53,54]. To overcome
this limitation, researchers have been focusing on modifying these photocatalysts to reduce
their bandgap energy, which would allow them to harvest visible light. Consequently,
there have been several studies investigating modified TiO, and ZnO materials for EDC
removal in aqueous media. For instance, Hayati et al. prepared a ZnO@AC@Fe;0,4 com-
posite mediated with peroxymonosulfate (PMS) for boosting the degradation efficiency of
BP-A under UVC irradiation. The photocatalytic activity of ZnO@AC@Fe3;0O4 mediated
with PMS produced a higher degradation rate of 95.6% BPA, and about 58.9% of TOCs
were eliminated within 60 min of the reaction. It was proposed that the synergistic in-
teraction between PMS-based oxidation photocatalysis contributed toward BPA removal
in the composite process [55]. The optimization of several morphological and structural
properties for improved photocatalytic performance requires the surface modification of
TiO, nanoparticles (NPs). Batista et al. investigated the degradation of acetaminophen
(APP) in the aqueous medium using magnetic photocatalysts based on carbon xerogel/TiO,
composites. This composition showed a maximum degradation efficiency of 99.2 of APP,
respectively [56]. The ability of carbonaceous materials to act as photosensitizers, coupled
with their large surface area and favorable mechanical and electronic properties, has piqued
the interest of researchers, leading to a surge in their functionalization [56]. In another
study, Silvestri et al. synthesized a combination of TiO, and Polypyrrole (PPy) for the
degradation of pesticide 4-CP and pharmaceutical compound DCEF. The performance of
combination photocatalysts showed that the PPy-TiO, was able to convert more than 90%
of DCF and 40% of 4-CP in just 60 min compared to TiO, alone. They postulated that
the introduction of polymers constituent to TiO; facilitates the transfer of charges and
prevents electron-hole recombination, hence improving efficiency [57]. While Monfared
et al. reported that the combination of nano TiO; and the ability of polyaniline to excite
the electrons under visible light (Eg = 2.8 eV) caused the formation of a nanocomposite
with significantly better photocatalytic behavior especially under visible light [58]. An-
jum et al. also reported an enhancement of photocatalytic degradation when combining
ZnO-ZnS with polyaniline (PANI) [59]. This combination of semiconductor materials and
conducting polymer provides a synergistic behavior between the polymer and catalyst
and reduces the bandgap energy in the range of visible light, which was also agreed and
reported by Thakare et al. [60]. Meanwhile, Baishnisha et al. prepared graphitic carbon
nitride (g-CN)/CuO nanocomposite for the photocatalytic degradation of phenol under
visible light irradiation [61]. The combination of g-CN/CuO resulted in high degradation
efficiency (87.8%) within 120 min. They reported that the formation of heterojunction by
combining other semiconductor or carbon materials is a recognized technique to promote
the separation of photogenerated electron-hole pairs which exhibit enhanced photocatalytic
performance and a high efficiency of utilizing solar energy. This also has been supported
by Kumar et al., combining ZnO/5SnO, with reduced graphene oxide (RGO) toward the
elimination of different organic pollutants viz. p-bromophenol, bisphenol A, and ofloxacin
from water [62]. The nanocomposite containing 5 wt% reduced graphene oxide exhibited
a maximum photocatalytic efficiency of approximately 98.64% and 98.50% for removing
p-bromophenol and bisphenol A, respectively, when exposed to UV light for 180 min.
Additionally, this same level of efficiency was observed for eliminating ofloxacin after
120 min of UV light exposure.

2.2.1. Silver Carbonate (Ag,CO3) Photocatalyst

In recent times, the excellent photocatalytic performance of silver-based semiconduc-
tors has led to their increased research attention. Notably, Ag;COj3 has emerged as a highly
efficient material for degrading EDCs in wastewater due to its exceptional photocatalytic
capabilities. Moreover, as Ag-based compounds, they are well known for antibacterial
activity. Ag,COs3, as a highly active visible-light-driven photocatalyst, has been recognized
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as a good photosensitizer since its narrow band gap (~2.17 V) is advantageous for sunlight
absorption [63].

Table 2 presents recent research on the application of composite catalysts, including
ternary and quaternary composites, under visible/solar light irradiation for the degra-
dation of various pollutants. The degradation efficiency is dependent on factors such as
the type and concentration of the pollutant, the amount of catalyst used, and the light
source employed. Notably, the use of Ag,CO3-based catalysts for the degradation of EDCs
under light irradiation has been a recent area of focus in these studies. Mergenbayeva et al.
prepared Ag,CO3 microparticle photocatalysts for 4-t-BP degradation under solar light ir-
radiation [64]. After 60 min, the complete degradation of 4-t-BP (5 ppm) was accomplished
using AgrCO3 (200 mg/L). They postulated that increasing the amount of the catalyst from
100 mg/L to 300 mg/L resulted in an increase in the final degradation efficiency from 41.6%
to 100%. Similarly, Petala et al. observed that increasing Ag,COs3 photocatalyst concentra-
tion from 250 mg/L to 1000 mg/L led to an increase in ethyl paraben (EP) removal, while
increasing EP concentration from 0.25 mg/L to 1.00 mg/L slightly lowered the photodegra-
dation rate constant, kapp from 0.115 min~! to 0.085 min~! [65]. Rosman et al. investigated
AgrCO3/Agy0 heterostructure over a ZnO photocatalyst, and results exhibited a 99.3%
photodegradation of ibuprofen (IBF) solution under visible-light irradiation [66]. Accord-
ingly, the effective interfacial charge transfers observed in the ZnO-Ag,;CO3-Ag,O sample
were facilitated by the compact interfacial heterojunction. This was attributed to the syner-
gistic effect resulting from the Ag,CO3/Ag,0 heterostructure. Another study conducted by
Rosman and her colleagues worked on Ag,CO3-based photocatalytic membrane combined
with poly (vinylidene fluoride) (PVDF) acting as ultrafiltration for degradation similar to
the source of EDC, which is ibuforen classified under pharmaceutically active compounds
(PhACs) [67]. This hybrid photocatalytic membrane resulted in a removal of 35.27% IBF
under visible light irradiation. The use of Ag,COj3 as a photocatalyst is not restricted
to foreign materials; it also involves incorporating polymer materials into the design of
the photocatalyst to enhance its photocatalytic performance toward EDC removal [68].
Pirzada et al. conducted a study where they synthesized a heterostructure of Ag,CO3 with
a perovskite metal ferrite to improve the stability and photocatalytic efficiency through
the strong surface plasmon resonance effect of Ag nanoparticles on the surface [69]. They
successfully achieved a degradation efficiency of approximately 59% for p-chlorophenol
using a novel LaFeO3/ Ag,COj3 heterostructure photocatalyst under natural sunlight within
45 min. Notably, the nanocomposite significantly improved the stability of Ag,CO3, and
no catalyst decomposition was observed even after multiple photocatalytic cycles.

2.2.2. Synthesis Techniques of Ag,COs3-Based Photocatalyst

Today, there are several types of reported Ag-based semiconductors that have been
reported, drawing attention toward the elimination of EDCs in wastewater. Basically, all
Ag-based semiconductors are responsive in the visible light irradiation due to their small
band gap energy (<3.0 eV). Moreover, it has been found as a talented photocatalyst for the
elimination of organic contamination due to nontoxicity and unique structural properties.
More recently, Ag,CO3 has been considered one of the Ag-based photocatalysts with
the distinct advantage of being driven by visible light absorption and relatively narrow
band gap (~2.1-2.7 eV) [63,70]. Nevertheless, Ag,COs3 alone suffers from the problem of
photocorrosion during the photocatalytic reaction [71,72]. Therefore, various strategies
have been researched and implemented to improve its photocatalytic activity and stability.
Ag>COj3 has been designed and constructed by a heterojunction photocatalyst via coupling
with another semiconductor or carbon element to enhance the separation of photogenerated
electron-hole pairs to prevent the occurrence of photochemical corrosion [73]. Moreover, it
should be noted that the photocatalytic performance of semiconductors is affected not only
by their band gap, but also by their physicochemical properties such as crystal structure,
morphology, and crystallinity. Due to their strong visible light absorption, great efforts have
been devoted to the design, preparation, and characterization of Ag-based photocatalysts.
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Table 2. Photocatalytic degradation of EDCs of over-selected semiconductor-based materials from
aqueous solution.

Semiconductor-Based

EDCs Target

Light Source/Experimental

Photodegradation

Photocatalyst Compounds Condition Efficiency (%) Ref.
UV lamp (UV-C irradiation,
ZnO@AC@FeO bisphenol A A =254 nm, OSRAM 8 W 95.6% [55]
60 min irradiation time
125 W mercury lamp, with a
) power density of 80 w/cm? to
Sjri)oglsﬁiogel/TlOz acetaminophen 300 w/cm? and a wavelength in 99.2% [56]
P the range of 266-578 nm> h
irradiation time
Polypyrrole-TiO, pesticide 4-CP and Xenon lamp (600 Wm—2) 90% of DCF and 40% of 57]
composite diclofenac 60 min irradiation time 4-CpP
- S 5 (UV-C) lamps (8 W) with
Pf)ly.amhne/htamum. wavelength of 265 nm and 50% under UV light
dioxide nanocomposite benzene .. . o .. . [58]
- 11 visible light lamps (8 W) 23% under visible light
(PAni/TiOy) .. o
70 min irradiation time
- cool white visible light lamps
Zn0-ZnS@polyaniline 2-chlorophenol (Sylvania s068) of total 104 W 88% [59]
nanohybrid .. .. .
240 min irradiation time
Graphene-TiO,- .. .
- . Visible light o
polyaniline . 4-nitrophenol 5 min irradiation fime 100% [60]
nanocomposite
. 98.64%
Zn0O/SnO, Z-scheme p-bromophenol and UV light (30 W, 365 nm) henol
heterojunctions bisphenol A 180 min irradiation time (p-bromophenol) and [621
98.50% (bisphenol A)
Agr,CO3 Simulated solar o
microparticles 4-tert-butylphenol 60 min irradiation time 100% [64]
solar simulator (Oriel, model
LCS-100, Newport, Irvine, CA,
Ag,CO3 ethyl paraben (EP) USA) equipped with a 100 W 90% [65]
xenon ozone-free lamp)
30 min irradiation time
Visible
. (a white light-emitting diode o
ZnO/Ag,CO3/Ag,O ibuprofen (LED) spotlight (>420 nm, 100 W) 99.3% [66]
480 min irradiation time
PVDF-
Visible
ZnO/Ag:C0s/ Ag20 ibuprofen (Light-emitting diode lamp, 35.27% [67]
ANOTOMPpOStte k = 420 nm, 100 W)
membrane
Visible
LaFeO3;/AgyCO3 ! 450 W xenon lamp operated at Y
nanocomposites p-chlorophenol 400 W with 395 nm filter) 59% [69]

45 min irradiation time

There are various approaches that have been conducted in synthesizing and designing
AgrCOs-based photocatalysts. This synthesis method can be categorized into solution-
based and vapor-based approaches. Physicochemical properties such as crystal structure,
size, and morphology of photocatalysts are significantly influenced by the preparation
method, and this also results in the changes of charge career separation and band gap energy
of the material. This implies that the good control of preparation conditions determines the
efficiency of photocatalysis. A solution-based approach is the simplest and least energy
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consuming. Therefore, an extensive approach has been developed by researchers; for
instance, co-precipitation, sol-gel, and the solid-state reaction method enhance the physico-
chemical properties of the photocatalyst, hence improving the photocatalytic reaction of
EDC removal in aqueous media.

The co-precipitation method is one of the significant and familiar solution-based
approaches for developing Ag,COs-based photocatalyst. Yu et al. developed a series
of AgrS/Agr,CO3 composite photocatalysts at different compositions (Ag,S, Ag,COs,
40/0Ag25-Ag2CO3, SO/OAng-Agz(:O:;, 16%AgZS—Ag2COg, 32(70Ag28-Ag2C03 and 400/0Ag28-
AgrCO3 using the co-precipitation method (Figure 3) [16]. This approach includes three
steps: (1) mixing of Nap,CO3 and NayS-9H,0 in deionized water followed by adding
AgNOs dropwise, (2) stirring for 1 h, and (3) the drying and calcination of the precipitation.
Moreover, a successive precipitation route has been introduced to prepare the core-shell-like
composite of AgrCO3@Ag,S and Ag,S@Ag,CO; composite photocatalysts with 32 wt%
AgyS. They reported that the coupling of Ag,S into Ag,CO3 could produce a well-contacted
AgyS/AgrCOjs interface as represented in TEM results (Figure 3B), which largely enhanced
the photocatalytic activity and stability in decomposing methyl orange and phenol.

(A) (B)
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s &7 S
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4 __0284nm 0.237 nm

AZS  (-121)

Stirring for 60 min Stirring for 60 min Ag,CO,@Ag,S

Figure 3. (A) Fabrication of AgyS-Ag,CO3, AgrCO3@Ag,S, and Agr,S@Ag,CO3 composite photo-
catalysts by coprecipitation/successive precipitation route. (B) Photograph showing TEM images
of (a) AgyS; (b) AgrCOs; (c) 32%AgrS@ AgyCO;3. (d) High-resolution image of 32%Ag,S@Ag,COs3.
Reproduced with permission from [16].

Another study conducted by Rui Zhang and co-workers also involved the synthesizing
of AgrCO3-based semiconductor photocatalysts via the co-precipitation method [74]. They
have designed a Z-scheme heterostructure of ZnFe;O4/Ag,CO3 with an introduction
of polyaniline (PANI) as a surface stabilizer to enhance the photocatalytic ability of the
composite photocatalyst. For the first step, the ZnFe,O4 was prepared by mixing the
Fe(NO3)3-9H,0 and Zn(NO3),-6H,O as a starting material in deionized water followed
by hydrothermal and, finally, the drying process. The second step of the preparation of
ZnFe,O4/PANI/AgyCO3 was performed by mixing the ZnFe;O4, PANI, and AgNO; and
undergoing an ultrasonic treatment under dark conditions; finally, the product was dried
(Figure 4A). They observed that ZnFe,O4/PANI/Ag,CO3, AgrCO;3 presents a regular
rod-like structure, indicating that the addition of ZnFe,O4 and PANI has a great influence
on the crystal growth of Ag,COj3 (Figure 4B). For photocatalytic activity, they found that the
introduction of PANI and ZnFe,O,4 improved the separation efficiency of photogenerated
carriers of AgyCOs.
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Figure 4. (A) Synthesis of ZnFe,O4/PANI/AgyCO3; composite using hydrothermal/co-precipitation
method and (B) Photograph showing SEM images of (a) AgpCOs, (b) PANI, (c) ZnFeyOy,
(d) ZnFey;O4/PANI/AgyCO3, TEM image of (e) ZnFe;O4/PANI/Agr,CO3, and HRTEM images
of (f) ZnFe;O4/PANI/Ag,COj3. Reproduced with permission from [74].

Jindou Hu and colleagues constructed the Ag,O/Ag,COs3 heterojunction by adjusting
the alkalinity of a room temperature solid-state chemical reaction system [74]. A simple
room temperature solid-state (RTSS) chemical reaction through changing the molar ratios
of the starting materials, which are AgNO3; and Na,COj3, was introduced. It is a simple
process that starts with the grinding of raw material and ends with a drying process. They
observed that the molar weight of Na,COj3 is important in the formation of Ag,O/Ag,COs
composites, and the respective contents of Ag,O and Ag,COs in the composites can be ad-
justed by the addition of an amount of NayCOj resulting in the change of physicochemical
and photocatalytic properties of the prepared samples. Table 3 represents a summary of pre-
vious research on the photocatalytic degradation of EDCs by Ag,COs-based photocatalysts
that were prepared using different approaches.

Table 3. Photocatalytic degradation of EDCs by Ag,COs-based photocatalysts prepared by various
experimental conditions.

Photocatalyst Tse}llclllltlllllflslllse g(])jn(l: p};ﬁﬁg; Light Source Photodegradation Performance Ref.
The highest photocatalytic activity
(reaching 54% phenol degradation in
300 W tungsten halogen 150 min) by Ag>S@Ag,CO3
Ag2S/AgCOs Coprecipitation method Phenol and lamp photocatalysts [16]
composite Bisphenol A
(Visible) 32%AgrS@Ag,CO;3 displayed higher
decomposition rate than Ag>,CO; for
degradation of bisphenol A
LaFeO3/Ag,COs exhibited the highest
photocatalytic activity with percentage
Iﬁ;:?os.gﬁ Eéti 23 co-precipitation method p-chlorophenol natural sunlight degradation of 59% for p-chlorophenol [69]
within 45 min under natural sunlight
irradiation.
facile 1 and 2% ZnO/ Ag,CO3 shows highest
Zn0/Ag:COs in situ precipitation- phenal Visible lamp and UV efficiency degrading phonol under UV [73]
deposition lamp irradiation compared to ZnO and
P! AgrCO3
ZnFe;04/PANI/AgrCO3 exhibited the
Hydrothermal/Co- . v .
v . incandescent lamp best photocatalytic ability of bisphenol A
ZnFe;O;/PANI/ Ag2COs p renc.llstﬁzgon bisphenol A (Visible) with percentage degradation of 86.36% (741
under 40 min irradiation
AAC-6 with mass ratio of 36.2 and 63.8
Simple room for AgrCO3 and Ag,O exhibited the
temperature solid-state Phenol and .. highest photocatalytic degradation
Ag20/Ag2COs (RTSS) chemical Bisphenol A 350W Xe lamp (Visible) performance with percentage (751
reaction degradation of 80% for Bisphenol A and
70% for Phenol after 60 min
_ s 350-W Xe lamp with Highest photocatalytic performance in
N;;E?gé%:; /rxg;acxg.;m Pre;;lgﬁzgon phenol 420 nm long-pass phenol degradation was obtained over [76]

(Visible) 3N-CQDs/Ag,COs in 150 min
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3. Endocrine-Disrupting Chemical Removal from Water by Ag,COs-Based
Photocatalytic Materials

The photostability and behavior of Ag,CO3; and Ag,COs-based photocatalysts in
an aqueous environment has become a significant issue, especially when considering
this material for the photocatalytic removal of endocrine-disrupting chemicals (EDCs) in
water. The fabrication and selection of the suitable photocatalysts toward certain organic
pollutants such as EDCs is crucial when examining the photocatalytic activity, degradation
mechanism, kinetics, operational parameters, and reusability of the photocatalysts and
the preservation of their physicochemical characteristics during the process. The judicious
design of water-stable photocatalytic materials implies that the complex behavior of the
photocatalyst during contact with an aqueous medium is a major factor to be explored
for practical applications in real-world problems. Moreover, the growing distress about
the quality of the freshwater that is being used by the public from several sources has
demanded the development of advanced materials to combat the existence of EDCs in
water as pollutants of concern.

In this scenario, Perumal et al. incorporated Ag,CO3; with BiOBr/CdS via a hydrother-
mal and precipitation method to form heterojunctions while simultaneously improving
their charge carriers’ efficiency [77]. The ternary composite demonstrated an outstanding
photocatalytic performance against antibiotic drugs such as tetracycline (TC), in which
almost a complete removal (~99%) was achieved within 70 min of a normal reaction under
visible irradiation (Figure 5a). The performance showed 1.5 times higher than that of pure
AgrCO3, 1.28 times higher than pure BiOBr, and 1.1 times for BiOBr/CdS. These findings
may be due to the reduced band gap of 2.31 eV, and subsequently increased the absorption
toward a higher wavelength (red shift). The lower photoluminescence (PL) emission in-
tensity also infers that there is better electron-hole separation efficiency in the flat square
sheet catalyst structure. The plausible mechanism postulated by the study indicates that
the excellent photoactivity depends on the higher amount of photon absorption ability and
less recombination of the charge carriers. Scavenger analysis confirmed the presence of
eOH and 0%~ as the major reactive species that are responsible for degradation with good
reusability up to five cycles (Figure 5b). Liu et al. intended to investigate the performance
of ternary photocatalysts with flower-like sphere structures, namely Ag/Ag,CO3/BiVOy
plasmonic heterojunctions, for the removal of TC [78]. The results demonstrated the highest
degradation efficiency up to 94.9% within 150 min (Figure 5c). It was postulated that the
degradation mechanism was influenced by eOH and h*, higher photocurrent density, and
reduced band gap energy for higher wavelength absorption. The intermediate products
were produced through a ring-opening and the cleavage of central carbon [79]. With the
presence of active radicals, the ring was further broken, and later, CO,, H,O, and NH**
were finally generated by the oxidation reactions. The reusability of the photocatalyst was
tested up to five runs, and no significant reduction can be seen, suggesting the higher
photostability against visible light (Figure 5d).

In another approach, Chen et al. constructed step-scheme (S-scheme) heterojunctions
by combining Ag,CO3; with BiyOsl,/g-C3Ny4 microstructures via heat treatment and in
situ wet chemistry [80]. It was hypothesized that an S-scheme heterojunction system
have higher potential in strong oxidation ability (lower Fermi level) by accelerating the
separation and conversion of photoexcited charge carriers. In contrast, the reduction
ability has a smaller work function and higher Fermi level (Figure 6A) [81]. The photoac-
tivity was tested against TC, and the results demonstrated a higher degradation rate of
0.03892 min~! (~82%), which is about 2.09, 5.80, and 13.33 times higher than that of pure
Ag,CO;3 (0.01865 min~1), BizOsl, (0.00671 min~'), and g-C3Ny (0.00292 min~!), respec-
tively. The photoactivity is closely related to the visible light absorption performance of
the catalyst in which the surface state energy levels formed between the semiconductors
in the S-scheme heterojunction, which can effectually exploit more visible irradiation and
enhance the degradation rate. Further investigation has been made by Shen et al. regarding
the S-scheme heterojunctions through the incorporation of In,O3 into Ag,COj3 via in situ



Catalysts 2023, 13, 540

12 of 24

hydrothermal precipitation methods [82]. The study examines the transfer of photoex-
cited electrons in the heterojunctions through density functional theory (DFT) calculations
and internal electrical field (IEF). The photocatalytic activity was evaluated by degrading
levofloxacin (LEV) in an aqueous solution under simulated visible irradiation, and the
performance reached 86.1%, the highest for InyO3/AgrCO;3 (35%) compared with InyO3
(3.1%) and AgyCOs (66.0%). The IEF alleviates the potential energy of electron of In,O3
and lessens the potential energy of the electrons of Ag,COj3, resulting in an upward energy
band edge in InyO3 and a downward band edge in Ag,CO3. In this case, the S-scheme
heterojunction promotes the migration of charge carriers directly from the conduction band
(CB) of Ag,COj to valence band (VB) of In; O3, resulting in an outstanding separation of
photoexcited electron-hole pairs in the catalyst structure forming more active free radicals
in the reaction (Figure 6B). Scavenger analysis showed that holes (h*) act as major role in
the degradation of LEV, followed by ¢OH and 0>~ respectively.
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Figure 5. (a) Photocatalytic TC degradation and (b) recycling runs using Ag,CO3/BiOBr/CdS
photocatalysts. Reproduced with permission from [77]. (c) Photocatalytic TC degradation using
as-prepared sample and (d) recycling runs of 3h-Ag/Ag,CO3/BiVO, photocatalysts. Reproduced
with permission from [78].

Due to better electron separation and migration in the photocatalytic system, the
combination of semiconductor photocatalysts with carbonaceous materials like graphitic
carbon nitride (g-C3Ny) could be seen as a promising approach. From this aspect, Raizada
et al. explored the hybrid combination of a phosphorous and sulfur co-doped g-C3Ny
nanosheet (PSGCN) integrated with Ag,CO3 through co-precipitation and a simple ion
exchange method [83]. The co-doping contributes to the narrowing of the band gap
for the enhanced absorption in the visible region (Figure 6C). The photodegradation of
2 4-dinitrophenol (DNP) showed almost a complete degradation within 180 min under
normal conditions, with €OH and h* as the main active species identified in the process.
The reduction in photoexcited charge carriers’ recombination was confirmed by PL and
electrochemical impedance (EIS) analyses. The doping with P and S could greatly influence
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the recombination behavior of the nanocomposite in which they act as electron acceptors
and effectively facilitate the separation of electron-hole pairs [84]. The intermediates
formed were successfully recorded to be hydroquinone/resorcinol/catechol, benzoquinone,
succinic acid, maleic acid, oxalic acid, and formic acid. The recyclability study showed that
the degradation efficiency was reduced to 87% after completing the 10th cycle, suggesting
the high photostability displayed by the nanocomposite. In another perspective, Reheman
et al. integrated Ag,CO3 with reduced graphene oxide (rGO) prepared through a simple
photo-ultrasonic assisted reduction method for the photodegradation of TC under visible
light [85]. The results revealed a remarkable degradation activity, with 90% of TC being
successfully removed by using 1% rGO/Ag,CO3 within 60 min at pH = 4, which was
about 1.3 times higher than that of pure Ag,COg3. This is due to the photocurrent response
value of the optimized composite being higher than that of pure Ag,COj3, and a lower
PL intensity suggesting a higher separation efficiency and charge transfer. The eO?~ was
found to be the major active species, followed by h* and eOH (Figure 6D). Moreover, the
high specific surface area provides more surface-active sites, which in turn enhances TC
degradation. However, increasing the content of rGO up to 2% decreased the degradation
efficiency because excess loading would reduce the light penetration and adsorption of
pollutants on the surface of the composite. The cycling experiments revealed that the
optimized composite exhibited higher photostability and could be reused up to five cycles
without significant deactivation.
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Figure 6. (A) Schematic diagram of charge transfer mechanism based on dual S-scheme heterojunction
in Agy,CO3/BisOs51,/g-C3Ny photocatalysts. Reproduced with permission from [80]. (B) S-scheme
mechanism in In,O3/Ag,CO3 photocatalysts. Reproduced with permission from [82]. (C) Tauc plot
of pure AgrCO3 and Ag,CO3;/PSGCN. Reproduced with permission from [83]. (D) (a) Photolumi-
nescence (PL) spectra of AgrCOj3 and (R-0.25, R-0.5, R-1, R-1.5, R-2) rGO/Agp,CO3 composites; (b,c)
EIS spectra and transient photocurrent response of Ag,CO3 and R-1; (d) photocatalytic degradation
efficiency of TC on R-1 by addition of various scavengers (no pH adjustment). Reproduced with
permission from [85].

The development of photocatalysts with better interaction is further illustrated by
Li et al. [86] in which they constructed Z-scheme heterojunctions by using an in situ cou-
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pling of Agr,CO3 with carbon defect and nitrogen-rich material, and a C3N5 nanosheet
through a simple thermal oxidative exfoliation and deposition methods. Due to the syn-
ergistic effect of nanosheet structures, carbon defects, and Z-scheme heterojunctions, the
AgrCO3/C3N5 (0.3 g, CNAC-10) displayed the highest photoactivity against tetracycline
hydrochloride (TC-HCI), with percentages that reached ~98% with 50 mg/L within 100 min
of reaction. The scavenger analysis showed that €0?~ and h+ are the dominant radical
species in the solution. The results indicate that the nanosheet-like and mesoporous struc-
tures are beneficial for the increased number of surface-active sites and specific surface
area (177.9 m?/g), and subsequently enhanced the visible light absorption at a reduced
band gap (2.34 eV) (Figure 7A) and outstanding migration of the charge carrier [68,87],
thereby boosting the photoactivity. In the meantime, Wen et al. prepared ternary photocat-
alysts of Ag,CO3/CeO,/AgBr via an in situ loading of Ag,CO3 onto CeO, spindles and
subsequent acid corrosion process for degradation of LEV under visible irradiation [88].
The ternary photocatalyst was expected to exhibit enhanced photoactivity by destroying
the LEV compound with up to ~87.63% degradation within 40 min of the reaction via a
Z-scheme mechanism due to a higher specific surface area (46.87 m?/g) and outstanding
photoexcited charge separation (Figure 7B). Scavenger analysis combined with an electron
spin resonance technique confirmed that h*, ¢0?~, and ¢OH all participated in the reaction
and contributed to the photocatalytic stability up to four cycles. Similar observation could
also be seen from the research carried out by Li et al., whereby they constructed Ag,COs
with ZnFe;O4/nitrogen-doped carbon quantum dots (NCDs) and managed to degrade
LEV up to 88.75% under visible irradiation with pseudo first-order degradation kinetics
(Figure 4C) [89]. In this work, the Z-scheme proved to be the mechanism of action due to
the well-matched band structure for wider optical absorbance and superb electron transfer
by the NCDs, which act as solid-state electron transfer mediators [90]. The enhanced
photoactivity was attributed to the superior charge separation efficiency and increased
lifetime of the charge carriers, evidenced by the low intensity of photoluminescence spec-
tra and transient photocurrent response [91]. Superoxide radical anions (eO%7) play a
major role among other active species being studied in the work. Accordingly, the degra-
dation pathway of LEV may involve the piperazine ring oxidation process, quinolone
moieties transformation, and decarboxylation. Additionally, this ternary photocatalyst also
displayed higher photostability up to four cycles.

Some researchers have also investigated Ag-based coupled photocatalysts and pro-
vided some insight for further mechanism understanding. For instance, Jo et al. prepared
Agr,O/AgyCOj3 heterojunction photocatalysts with Janus morphology via simple ion ex-
change followed by an in situ phase transformation method by carefully controlling their
nucleation growth [92]. The nanocomposite not only exbibits remarkable photoactivity
toward 4-chlorophenol, 4-CP (~90%) as compared to pure Ag,COj3 (43%) and Ag,O (35%)
within 180 min according to the pseudo first-order kinetics (Figure 8A), but also photo-
stability during reusability experiment (up to four runs) without significant change in
degradation efficiency under visible light. The actives species responsible for the degra-
dation was attributed by the presence of h+, followed by ¢O?>~ and eOH. Moreover, the
obvious enhancement was ascribed to the intimate Janus interface between Ag,O and
Ag,CO3, which endows for rapid charge migration processes. The higher specific surface
area (38.5 m?/g) of the nanocomposite benefits the better adsorption of 4-CP on the surface
and also provides more available surface-active sites for excellent photocatalytic perfor-
mance [93]. Similarly, Yu et al. examined the performance of core-shell Ag,S@Ag,CO3
heterojunction photocatalysts for the removal of phenol and bisphenol A (BPA) [16]. Results
revealed that outstanding performance was obtained over the composite photocatalyst
with the incorporation of 32% Ag,S against phenol (54%) and BPA (~90%), and lower
degradation activity was also observed with respect to pure Ag,S and Ag,CO; (Figure 8B).
The core-like structure of the composite photocatalyst could play a role in the degradation
activity (Figure 8C). This is because the well-contacted interface contributes to better elec-
tron transfer as evidenced by a higher photocurrent response with higher specific surface
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area (2.65 m?2/ g). The scavenger experiment indicated that all radical species (¢OH, Nelns
and h+) actively participated in the reaction with better photostability up to five cycles.
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Figure 7. (A) Band gap energies of g-C3Ny, g-C3N5, n-C3N5, and Ag,CO3/C3N5 composite. Repro-
duced with permission from [86]. (B) The proposed mechanism for the enhancement of photocatalytic
activity through Z-scheme route. Reproduced with permission from [88]. (C) (a) Photoactivity for LEV
removal under visible light and (b) first-order kinetics of as-synthesized photocatalysts. Reproduced
with permission from [89].
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Figure 8. (A) (a) Comparison of the photocatalytic activities in the decomposition of 4-CP over the
prepared samples under visible-light illumination and (b) pseudo first-order kinetics. Reproduced
with permission from [92]. (B) Photocatalytic activity comparison of the prepared photocatalysts
in the degradation of phenol. (C) The mechanism of enhanced photocatalytic performance in
AgrS@Ag,CO3. Reproduced with permission from [16].
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Previous studies also showed that constructing p—n heterojunctions at the photo-
catalyst interface can be regarded as another alternative to solve the problems of the low
separation and migration efficiency of photoexcited electron-hole pairs. Theoretically, when
a p-type and an n-type semiconductor are combined to form the p—n heterojunction, strong
charge-driven capacity can be formed from the built-in electrical field. This is due to the dif-
ference in terms of the large flat band potential between the two semiconductors, which are
beneficial for the rapid and effective charge carriers’ separation [94,95]. In this perspective,
Sun et al. investigated the performance of AgzVO;/Ag,CO3 p—n heterojunction photocata-
lysts prepared via a simple co-precipitation method [96]. The photoactivity toward LEV
and TC degradation under visible irradiation reached 82% and ~75%, respectively, using
an optimized ratio (1:2). Moreover, the LEV removal alone showed 12.8 and 21.51 times
higher when compared with pure Ag;VO, and Ag,CO;3, respectively. The outstanding
photoactivity is attributed by the accelerated charge carriers’ separation induced by the
internal electrical field, evidenced by the transient photocurrent response and lower PL
emission intensity, reduced band gap, and higher specific surface area (3.28 m?/g). Through
scavenger experiments, the reactive radical species were dominated by h* and ¢O?~ while
o¢OH was the species that was least responsible for the degradation. The degradation of
LEV was majorly attributed by demethylation, decarboxylation, defluorination, piperazine
ring, and quinoline ring destruction. The photostability tests were performed at four cycles
without any significant loss of degradation efficiency. Fascinated by the heterojunction
applicability, Rosman et al. prepared ternary photocatalysts of ZnO/Ag,CO3/Ag,0O via a
precipitation and phase transformation approach for the removal of phenol [71]. The results
demonstrated that the heterojunction mixed phase could degrade the pollutant much better
than their counterparts, reaching up to 41.40% under visible irradiation within 420 min
(Figure 9). The higher photocatalytic performance exhibited by the ternary photocatalyst
can be ascribed based on a crystalline phase transition along with enhanced specific surface
area (11.15 m?/g) and a narrow band gap (2.77 eV). Moreover, the crystal’s growth of
Agy0O over the ZnO/AgyCO;3 heterojunction lattice could promote the electron affinity
and simultaneously facilitate charge transfer, while subsequently inhibiting the recombi-
nation of photoexcited electron-hole pairs. The intermediates formed were identified as
hydroquinone, p-benzoquinone, and catechol. The same research team also carried out
the immobilization of the ternary photocatalysts onto poly (vinylidene fluoride) (PVDEF)
membrane via a phase inversion method for the photocatalytic filtration of ibuprofen [67].
The results revealed some enhancement for the ibuprofen removal with the percentage
obtained reaching 35.27% under visible irradiation. The incorporation of such ternary metal
oxides into the membrane matrix greatly improved the hydrophilicity of the membrane
for a better photodegradation interaction in an aqueous solution based on the lower water
contact angle value. It was previously reported that the presence of a polar group (-OH) on
the surface of the photocatalysts could promote better interaction with water molecules via
hydrogen bonds and van der Waal’s forces [97]. Such improvement provides synergistic
contact between the mixed phase membrane, water, and pollutant molecules for effective
degradation activity.
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Figure 9. UV-vis spectra of phenol photo-oxidation process in the presence of (a) ZnO,
(b) ZnO/AgyCO3, (c) ZnO/AgryCO3/Agr0 and (d) ZnO/AgyO nanocomposites. Reproduced with
permission from [71].

4. Challenges and Perspectives

Preliminary studies highlighted that Ag,COj is a very promising candidate for a high-
efficient photocatalyst that can work well under visible light due to its intrinsic electronic
property of low-energy bandgaps. Working in the visible spectrum region is crucially
important to ensure that natural sunlight can be fully utilized, which will significantly
reduce the source of energy and the cost of the photocatalytic process, especially in a
large area water treatment reservoir. On top of that, AgyCOj3 has a wider selection of
decomposing organic pollutants, which can reduce the type of photocatalyst use and the
purifying process of the water treatment. Another important benefit is that the Ag,COs
has poor solubility in water, which easily can be removed using a proper filtration system
after the treatment was performed. This can ensure that the water supply to the users is
clean and safe from impurities that may be harmful to the body system in the long term.

Despite this strong point, Ag,COj3 also has some challenges that need to be overcome.
The stability of the compound is relatively low and tends to degrade over time. The
photocatalytic activity slowly reduces to become weaker and less performative when the
same compound was used for several cycles. Although operating in the visible region
is an advantage for the low-energy photocatalytic process, it is still not fully utilized in
the spectrum range of sunlight as a natural and environmentally friendly resource. The
sunlight spectrum covers three main regions, which are ultraviolet (5%), visible (40%), and
infrared (55%) [98], as illustrated in Figure 10. It is beneficial if the compound can also
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operate well in the infrared region, which is wider than the visible region and covers almost
all spectrum of the sunlight.

Juv: Visible
18 I5%+ 40%
5x10 =

Infrared
55%

N
b
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3
1

Solar Photon Flux (m'zs"nm")

500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Figure 10. Sunlight emission spectra. Reproduced with permission from [98].

Owing to metal elements in the compounds make the Ag,CO; categorized as toxic
materials that may be harmful to the human body. Proper segregation and filtration of the
compound from the water supply after the pollution treatment are compulsory to avoid or
at least reduce the risk of toxicity effects on the human being and the environment. Another
issue that should be considered is that the price of this compound is relatively high as
compared to the other common photocatalyst agents, such as zinc oxide (ZnO). An amount
of 100 g of AgrCOg is sold at USD 351, while ZnO only costs about USD 139 for the same
amount. High materials costs will contribute to the increase of operating costs for water
treatment, for example. A simple but efficient synthesis route with a high yield of end
compoundcould be the best solution to lower the product cost in the future.

Notwithstanding all the challenges, Ag,COj3 has a bright prospect to be looked at.
Many research works have started to explore the potential of this material. The stability
and efficiency of Ag,COj3 for photocatalytics can be enhanced by forming heterojunction
structures with other semiconducting materials and modifying the energy band structure.
The dimension of the compound could also be compressed as small as possible to form
quantum dots for a larger surface area and tunable optical and electronic properties to
enhance the photocatalytic activity [99,100]. Beyond that, the compound can be utilized in
medical diagnosis and treatment, especially for cancer. For example, in a cancer diagnosis,
with a proper surface modification, the compound could self-search and attach to the cancer
cell and then be detected by using a bio-imaging method [101]. The cancer cell then could be
destroyed by exciting the Ag,COs that attached to the cell to produce oxidation agents. This
could be a solution for drug-free sustainable cancer therapy that can reduce toxic side effects
to the patient [102]. A recent study shows that by manipulating temperature and humidity,
the photocatalytic processes can be utilized to inactivate airborne viruses from indoor air
by means of altering the photocatalytic rate. The primary mechanisms for the inactivation
of airborne viruses are thought to involve chemical oxidation by reactive oxidative species,
toxicity of metal ions released from metal-containing photocatalysts, and morphological
damage to airborne viruses caused by sharp edges of two-dimensional nano-structural
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photocatalysts [103]. Prior to that, Ag particles have been shown to be very promising as
an antibacterial agent via photocatalysis mechanism [104]. The latest technology shows
that the photocatalyst compound was embedded into the paint to improve the hygiene
and air quality of the building [105]. With suitable formulation, this is a new direction for
Ag>CO; for the development of smart buildings. Ag,COs3 could also be implemented as
a photocatalyst for hydrogen production through the water splinting process, which is
recognized as an ideal solution for renewable and green energy [106]. Moreover, hydrogen
also can be extracted from biomass to produce valuable carbon-free energy and, at the same
time, provide an avenue of production for industrially relevant biomass products [107].
All the prospects of Ag,COj that are illustrated in Figures 11 and 12 summarized several
strengths, weaknesses, threats, and opportunities of Ag,COj3 as a photocatalysis compound.
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Figure 11. Prospect of Ag,COj3 photocatalyst.
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5. Conclusions and Future Outlooks
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AgyCOs-based photocatalysts via several techniques and reaction conditions have
been rapidly established as one of the most highly innovative research in photocatalytic
degradation and are especially well suited to degrading organic pollutants in wastewater,
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specifically EDCs. Much effort has been designed in the development of methods for
enhancing and stabilizing Ag,COs-based photocatalysts. The modification of Ag,COs3-
based photocatalysts with other elements were found to increase visible light activity,
improve electron migration, and effectively separate electron-hole pairs. Moreover, due to
the high aspect ratio and novel physicochemical properties, Ag,COs3-based photocatalysts
also significantly enhanced visible-light-driven photoactivity for EDC removal.

However, there are certain crucial considerations in relation to this emerging designed
Ag,COs-based photocatalyst. For instance, improving the stability of the photocatalyst
and the viability of the photocatalyst separation along with the reusability factor is a
difficult challenge toward eventual commercialization. In fact, creating this photocatalyst
on a big scale for water treatment requires considerable costs. Consequently, as a nation
that currently emphasizes environmental sustainability, future goals need to identify the
practical and sustainable strategies to develop an affordable photocatalyst. Additionally,
an increasing amount of research have been published on the processes, methods, and
pathways for the degradation of EDC molecules. Generally, this key aspect is crucial and
significant since it will help in understanding the relationship between the properties
of the photocatalyst and reaction activity, resulting in maximizing the mineralization
of the pollutant. With this review article, we seek not only to provide an overview of
recent advancements in the Ag,COs-based photocatalyst for the degradation of EDCs
from environmental sources, but also to encourage further research in this area and attract
researchers to join this field. With the impressive progress over the last few years and clear
goals for future work, we anticipate reading a lot of intriguing study publications in the
near future.
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