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Abstract: Roxarsone (ROX) is used extensively in the broiler chicken industry, and most is excreted
in poultry litter. ROX degradation produces inorganic arsenic, which causes arsenic contamination of
soil and aquatic environment. Furthermore, elevated arsenic concentrations are found in livers of
chickens fed ROX. Microorganisms, light, and ions are the main factors that promote ROX degradation
in the environment. The adsorption of ROX on different substances and its influencing factors have
also been studied extensively. Additionally, the remediation method, combining adsorption and
degradation, can effectively restore ROX contamination. Based on this, the review reports the
ecological hazards, discussed the transformation and adsorption of ROX in environmental systems,
documents the biological response to ROX, and summarizes the remediation methods of ROX
contamination. Most previous studies of ROX have been focused on identifying the mechanisms
involved under theoretical conditions, but more attention should be paid to the behavior of ROX
under real environmental conditions, including the fate and transport of ROX in the real environment.
ROX remediation methods at real contaminated sites should also be assessed and verified. The
summary of previous studies on the environmental behavior and remediation methods of ROX is
helpful for further research in the future.
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1. Introduction

Roxarsone (3-nitro-4-hydroxyphenylarsone acid; ROX) is a low-toxic form of an
organoarsenical, that has been widely used as an additive in livestock feed to control
coccidiosis, improve feed efficiency, and promote weight gain [1]. Their disease prevention
and growth accelerative effects were first observed in the 1940s and 1950s. It was later
approved for use in poultry and pig production [2,3]. However, almost all of the ROX
consumed by poultry is excreted in feces and urine chemically unchanged because ROX
is not metabolized by animals [4]. Around the world, thousands of tons of poultry waste
are used on land every year. This treatment is economical because poultry waste is rich
in nutrients and is an effective fertilizer. In any case, repeated use of poultry waste on
land introduces organoarsenicals into the environment and increases arsenic levels in the
soil [5,6]. Figure 1 illustrates the environmental behavior of ROX. ROX that enters the
environment can quickly and completely be transformed on soil surfaces through biological
and abiotic processes [7]. The catabolites of ROX include 3-amino-4-hydroxyphenylarsine
acid (HAPA) [8-10], monomethylarsine acid (MMA), dimethylarsine acid (DMA), As(III),
As(V), and other arsenic-containing compounds [11]. Inorganic arsenic species (As(III)
and As(V)) more readily migrate and are more toxic than organoarsenic compounds, and
inorganic arsenic species can be adsorbed to and accumulated in soil. This can lead to high
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arsenic concentrations in soil, surface water, and groundwater [12,13] that can pose risks
to human and environmental health. Concern about arsenic pollution in environmental
media and arsenic residues in chickens has led to arylarsenic feed additives, including
ROX, to be banned in China, the European Union, and the USA [14,15]. However, ROX
has already accumulated in the environment after decades of use. And ROX is still used in
many countries, including Australia, Brazil, and India [16,17].

Groundwater level

Figure 1. Environmental behavior of ROX used as feed additives.

ROX degradation, conversion, migration, and the effects of ROX on organisms are
currently receiving attention around the world. In order to comprehensively master the
research progress of ROX on environmental behavior and remediation, the existing lit-
erature were fully reviewed. In the Web of Science Core Collection, we searched for
“roxarsone*environment” and “roxarsone*remediation” and 235 and 38 records were ob-
tained, respectively. After removing the literature with weak correlation, the keywords
of all downloaded articles were analyzed, and the correlation diagram between ROX and
the keywords was drawn (Figure 2). Keywords “degradation” and “adsorption” appeared
most frequently, 9 times and 11 times, respectively, and other keywords appeared 2~3 times.
Keywords that appeared only once were not plotted. These keywords have been com-
pletely covered in this review. The aim of this review is to compile and analyze currently
available information about the environmental behavior and remediation methods of
ROX, including ecological hazards, transformation, adsorption, biological response, and
remediation methods.
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Figure 2. The correlation diagram between ROX and keywords. The yellow circles indicate frequent
occurrences, and the blue circles indicate rare occurrences.

2. Ecological Hazards of ROX
2.1. Arsenic Residues Caused by ROX Use

The U.S. Food and Drug Administration (USFDA) requires animals fed with arsenic
to have a 5-day rest period before slaughter to prevent residues in poultry. The World
Health Organization recommends that the arsenic content of food should be <0.1 mg/kg,
and the Chinese national standard for “pollution-free food” requires the arsenic content of
animal-based food (including aquatic animal products) to be <0.5 mg/kg [11]. However,
small amounts of ROX in food can be absorbed by chickens, meaning chicken flesh can
contain arsenic. In 2011, the USFDA found elevated arsenic concentrations in livers of
chickens fed ROX [18]. In 2011-2012, Nachman et al. [19] found ROX residues in half of the
samples they analyzed and found inorganic arsenic contents twice as high in samples of
chickens fed ROX than samples of chickens not fed ROX. The allowed total arsenic content
of feed in China is 2 mg/kg, but the total arsenic content of feed is higher than this in some
areas [20]. If the arsenic dose is high, the arsenic will not be completely excreted during
the arsenic-free feeding period before slaughter, and the meat will contain arsenic. Drug
withdrawal periods before slaughter are not complied with for some livestock in China, so
it is likely that some meat will contain arsenic, which can seriously harm human health.

2.2. Arsenic Contamination Caused by ROX

When broiler chickens consumed food containing ROX at a content of 45.4 g/t, about
150 mg of ROX was excreted by each broiler chicken during the 42 d growing period [4]. In
an area in which 100 x 10° chickens were reared and with 70% of the chickens consuming
feed containing ROX at a content of 45.4 g/t, 4300 kg of arsenic would therefore be present
in the manure produced by the chickens each year [21]. Poultry manure is usually applied
to farmland to minimize disposal costs. This would cause large amounts of arsenic to enter
the environment. The US Geological Survey found arsenic concentrations in rivers and silt
in livestock farming areas that were higher than the average arsenic concentrations in rivers
and silt in the USA, and they found arsenic levels much higher than the relevant limit in
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groundwater in livestock farming areas [22]. Gupta et al. [23] found high arsenic content
in the vadose zones of farmland and in river sediment near poultry farms, the manure
from which was applied to farmland. Dust near stored poultry waste containing ROX in
Arkansas had a high arsenic content, the total arsenic contents being 10.7-130 mg/kg [24].
The main arsenic species was As(V), but small amounts of As(IlI) and ROX were found.
The arsenic species found in house dust were similar to the arsenic species found in
poultry waste and suspended particles in the atmosphere. It was found that arsenic in
poultry waste in intensive poultry-rearing areas can contaminate the environment through
being transported in the air and can pose risks to human health [24]. The toxicity of ROX
leachate increased after passing through the soil column. Therefore, applying manure
containing ROX to fields may lead to ROX being transferred to nearby soil, surface water,
and groundwater through leaching and transfer in run-off of rainwater and irrigation water.
Pig farm waste has also been found to have a high ROX content and to contain other forms
of arsenic [25,26].

2.3. Enrichment of Arsenic Supplied by ROX

Introducing ROX to the environment in livestock manure has been found to affect
the soil microbial community structure and diversity and to lead to arsenic becoming
enriched in plants. When livestock are fed ROX and manure containing ROX is applied
to farmland, the arsenic contamination sequence will be ROX in feed—animal—animal
feces—soil—crops. ROX or p-arsanilic acid can markedly decrease the heights rice plants
grow to, the effective number of tillers, the mass of straw produced, and the yield of rice
grains and cause the rice grains to contain arsenic at contents that can pose risks to human
health [27]. Roots were found to be more sensitive than above-ground plant tissues to stress
from ROX because the ROX content of the plant roots were higher than the ROX content
of the above-ground plant tissues [28]. The median effective concentration for inhibition
of wheat root elongation by ROX is about 20 mg/L [29]. Different forms of arsenic can
accumulate to different degrees in plants and different plant organs. ROX metabolites
(DMA, As(IlI), and As(V)) have been found to accumulate in plants (turnips and water
spinach), but ROX and MMA were not found to be absorbed by the plants. Only As(III) was
detected in garland chrysanthemum shoots, but both As(Ill) and As(V) were detected in the
roots [30-33]. Applying phosphorus or nitrogen fertilizer to farmland can increase arsenic
absorption by crops, but adding Fenton reagents to soil can decrease arsenic absorption
and enrichment in rice [34]. Soil containing abundant free iron oxides and/or with a high
pH causes straight-head disorder in rice to be more likely when ROX is present [35].

3. Transformation of ROX

When ROX is introduced to the environment in livestock manure, reactions, such as
methylation, oxidation, and photolysis, can occur through biological and abiotic processes,
and various degradation and transformation products are generated. Microorganisms,
light, and ions are the main factors that promote ROX degradation and transformation.

3.1. Microbial Degradation

It has been found in many studies that microbes mainly control ROX degradation
in livestock waste and environmental media. Sterilizing soil markedly decreases the
degree to which ROX is degraded, and ROX degradation processes are strongly affected by
environmental factors, such as the temperature, humidity, and organic matter content [36].
ROX is stable in fresh and dried animal feces, but composting manure with a moisture
content of 50% at 40 °C causes ROX to be rapidly converted into inorganic arsenic within
30 d through mainly biological processes [4]. ROX can be degraded by both anaerobic and
aerobic microorganisms, as shown in Table 1. ROX is more readily and more efficiently
degraded in an anaerobic environment than an aerobic environment [37]. ROX-degrading
bacteria have been isolated from animal manure, soil, and sediment. Organic-rich manure
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and soil provide the necessary conditions for microorganisms to transform ROX into more
toxic inorganic arsenic.

The metabolic pathway involved in microbial degradation of ROX begins with nitro-
reduction, which produces HAPA. Glucose, hydrogen, and lactate can be used as electron
donors to accelerate the reduction of nitrogen substituents. As(Il) and As(V) are produced
through the cleavage of As—C bonds and aromatic rings in HAPA [38]. HAPA can also be
acetylated to give N-acetyl-4-hydroxy-m-arsanilic acid [6]. A novel sulfur-containing arsenic
species (AsCoH13N2O¢S) has also been detected during the biotransformation of ROX by
Enterobacter sp. CZ-1 [39]. Various proteins and genes are involved in ROX degradation,
including 816 proteins involved in ROX degradation by Alkaliphilus oremlandii OhILAs [40].
Two nhoA genes (nhoAl and nhoA2), encoding N-hydroxyarylamine O-acetyltransferases,
were found to be responsible for HAPA acetylation by Enterobacter sp. strain CZ-1 [41].
Exoelectrogenic bacteria can effectively use ROX as an electron acceptor for anaerobic
respiration. MtrC and UndA are the key cytochromes involved in extracellular reduction
in ROX by Shewanella putrefaciens CN32, but extracellular and intracellular reduction occur
simultaneously and As(IlI) is the main inorganic arsenic species that is produced [42]. ROX
degradation is also associated with proteins that detoxify arsenic (ars operon) and proteins
that allow respiration using arsenic (arr operon). The arsI gene encodes ArsI C-As lyase [43].
The arsM gene abundances in samples of anaerobic granular sludge were found to positively
correlate with the arsenic volatilization rates for ROX-loaded digesters [44]. arsEFG genes
cloned from Shewanella putrefaciens 200 were found to be responsible for the production and
efflux of HAPA(III) and to contribute to HAPA mobilization and toxicity [45]. ArsK is a
novel efflux protein for As(Ill), trivalent ROX (ROX(III)), and methylarsenite (MAs(III)) [46].
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Table 1. Microorganisms that degrade ROX.
Degradation Efficiency
Type Phylum Species Isolation Environment  (Additive Concentration, Catabolites Reference
Time, Degradation Rate)
Firmicutes Clostridium sp. strain OhILAs Manure 84 h, 100% HAPA and inorganic arsenic [47]
Firmicutes Alkaliphilus oremlandii sp. nov. strain OhILAs Sediments - HAPA and As(V) [48]
Anaerobic mi- Shewanella oneidensis MR-1 - 1 mmol/L,96 h, 100% HAPA [49]
croorganisms Shewanella putrefaciens CN32 - 0.2 mM, 84 h, 100% HAPA, As(III), As(V)
Proteobacteria Shewanella decolorationis S12 - 0.2 mM, 24 h, 100% HAPA, As(IIT), As(V) [42]
Aeromonas hydrophila ATCC 7966 - 0.2 mM,4 d, 50% HAPA, As(III)
Geobacter sulfurreducens PCA Sediments 0.2mM,4 d, 100% HAPA, As(III)
Alphaproteobacteria Uncultured Rhizobiales bacterium, Rhizobium Soil fertilized with inorganic arsenic, mainly
d Firmicutes sp., Agrobacterium sp., Sphingomonas sp., poultry litter containing 7 d, 81.04% As(V) ! [50]
Aerobic mi- and Hrmicd Aurantimonas sp., Bacillus sp. ROX
croorganisms As-contaminated As(V), As(II),
Proteobacteria Enterobacter sp. CZ-1 72 h, 60% N-AHPAA, HAPA, [39]

paddy soil

ASC9H13N2065
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3.2. Abiotic Degradation
3.2.1. Photolysis

Light can cause ROX to be transformed through photodegradation or photocatalytic
oxidation. At pH 4-8, ROX can be converted into As(III) through photolysis, and the degra-
dation rate increases as the pH increases. As(IlI) can then be photochemically transformed
into As(V), which is less mobile and toxic than As(III). With the strengthening of light
intensity, the degradation efficiency of ROX gradually increased [51]. Nitrate and organic
matter increase the photolysis rate, so storage of livestock waste and composting can affect
ROX degradation through photolysis [52].

Advanced oxidation processes involving ultraviolet light (UV), such as UV /chlorine
treatment [53], UV/ZnO treatment [54], UV /TiO, treatment [55], UV /H,0, treatment [56],
and UV/photosensitizer treatment [57], can effectively degrade ROX. The UV/H,O, treat-
ment process requires high chemical doses and large amounts of energy because radicals
are not efficiently produced because of poor UV absorbance [58]. ROX can be degraded to
As(III) and then to As(V) using a derivative of riboflavin as a photosensitizer [57].

3.2.2. Chemical Degradation

Chemical reactions, particularly oxidation of metal ions, such as copper and iron ions,
can transform ROX. Andra et al. [59] added ROX to give a concentration of 500 pug/L to
aliquots of wastewater containing different concentrations of copper. After 16 d, ROX
degradation products were detected in the wastewater with high copper concentrations,
but no ROX degradation products were detected in the wastewater with low copper
concentrations, indicating that organic copper reagents promote ROX degradation. Iron
ions also promote ROX transformations. Microorganisms can reduce Fe(III) to Fe(II), which
is a very effective reducing agent [49]. ROX can be transformed in the presence of Fe(Il)
and tetrapolyphosphate, the tetrapolyphosphate efficiently promoting activation of oxygen
by Fe(Il) to give -OH radicals [60]. Ferrate ions can attack As—C bonds and cause cleavage
of ~AsO(OH), groups and oxidation to give As(V) [61].

4. Adsorption of ROX

Adsorption of ROX to soil occurs to a similar degree to adsorption of As(V) because
of the presence of arsenate. ROX strongly adsorbs to metal oxides and clay minerals in
soil, and the physical and chemical properties of soil strongly affect ROX adsorption [62].
Environmental factors that affect ROX adsorption include the mineral type, metal ions, ion
strength, pH, and dissolved organic matter (DOM) content.

Soil minerals are mostly responsible for providing ROX adsorption sites. Adsorption of
ROX depends strongly on the characteristics of the soil minerals, including the particle size,
specific surface area, hydrophobic partitioning, surface coordination, hydrogen bonding
sites, and main adsorption sites, which all play important roles in the adsorption process.
Goethite is an iron oxide mineral that is widely present in soil. Goethite has stable chemical
properties, a high specific surface area, and high surface charge, so is an effective adsorbent
for ROX. Aluminum oxides and hydroxides are widely present in acidic soil and aquatic
environments. Fewer studies of arsenic adsorption by aluminum oxides than by goethite
have been performed. Silicate minerals are widely present in the aquatic and terrestrial
environment. Many water-bearing silicate minerals contain aluminum and magnesium,
and the main minerals are kaolinite, illite, and montmorillonite. These minerals and aging
of these minerals significantly affects arsenic adsorption, desorption, and oxidation.

Ions affect ROX adsorption to soil. Metal ions, particularly Cu?*, Fe3*, and Zn?*, can
form complex precipitates with ROX and enhance ROX adsorption to goethite [63]. Con-
ventional ions in natural water also affect ROX adsorption. Na*, K*, and other monovalent
cations affect ROX adsorption through competitive adsorption. Divalent cations, such as
Mg?* and Ca?*, decrease the adsorption capacity for organoarsenical by competing for
adsorption sites. Divalent cations can also form complexes with organoarsenical or form
bridges between organoarsenical and the adsorption substrate to increase the adsorption
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capacity for organoarsenical. Sulfate and nitrate affect ROX adsorption little, but phosphate
strongly affects ROX adsorption because As and P have relatively similar properties. It has
been found in many studies that phosphate can strongly compete with ROX for adsorption
sites [63,64].

The pH can affect ROX adsorption by changing the charge state of the adsorbent
and the hydrolysis characteristics and stability of ROX. Wang et al. found that the pH
affects ROX adsorption by changing the degree of ionization of montmorillonite modified
with Fe/La, the morphologies of the ionizable chemicals, and the surface charge of the
adsorbent [65]. At alow pH, ROXis poorly dissociated and strongly hydrophobic, which
will be conducive for linear distributive adsorption of ROX [4].

The morphology, mobility, and bioavailability of arsenic can be affected by DOM. DOM
can occupy adsorption sites on typical soil minerals (nano alumina, goethite, and kaolin)
through electrostatic interactions, decreasing the amount of ROX that becomes adsorbed.
ROX can form DOM-ROX complexes through interactions with amino, carboxyl, hydroxyl,
and nitro groups in DOM [62,66]. Binding to DOM markedly changes the chemical and
biological reactivities and bioavailability of arsenic, and so affects ROX bioavailability,
mobility, and morphology.

5. Biological Responses to ROX

Various biological, chemical, and physical processes can transform ROX that has been
released into the environment in livestock manure. ROX also causes various biological
responses. ROX does not markedly affect soil respiration, but can suppress ammoniation,
nitrification, and denitrification. ROX can stimulate alkaline phosphatase and urease
activities to different degrees. At a high concentration, ROX can inhibit catalase and
protease, which can have wide implications for the efficiency of nitrogen use and nitrogen
cycling in agroecosystems [67]. ROX metabolites can decrease soil nitrate and nitrite
contents [68].

Microorganisms are physiologically and biochemically affected by ROX, and ROX
can affect the microbial community structure and diversity. Microbial populations have
been found to increase more in the presence of ROX than the absence of ROX and to
increase more as the ROX concentration increases. ROX can affect microbial community
diversity, and the microbial community structure changes to different degrees at differ-
ent ROX concentrations [69,70]. ROX can affect microbial activity but not always in a
concentration-dependent manner. Microbial activity decreased as the ROX concentration
increased in the range 0-100 mg/L but increased as the ROX concentration increased above
100 mg/L [71]. ROX is not toxic to soil microorganisms, but inorganic arsenic produced
from ROX gradually inhibited the hydrolytic activity of fluorescein diacetate, indicating
that the toxicity increased [36].

The presence of ROX strongly affects sewage treatment processes, so when treating
wastewater containing ROX it is necessary to adjust the treatment scheme according to
the ROX concentration. ROX can markedly inhibit the reduction in COD and the release
and sorption of phosphorus during wastewater treatment [72]. In anaerobic environments,
such as sediment, anoxic groundwater, and anaerobic wastewater treatment systems,
methanogenesis is the last step of microbial degradation of organic matter. ROX, p-arsanilic
acid, and HAPA inhibit methanogens, and particularly acetoclastic methanogenic activity,
and the degree of inhibition increases rapidly with time [73-75]. Nevertheless, the addition
of zero-valent iron (ZVI) has great potential to alleviate the methanogenesis inhibition
induced by ROX, which can enhance anaerobic digestion and effectively treatment of
organoarsenic-contaminated wastewater [76].

6. Remediation Methods of ROX Contamination

The livestock breeding industry has used ROX as a feed additive for a long time.
However, ROX in the environment can be biologically and abiotically degraded to give
inorganic arsenic, which is harmful to the environment. Avoiding arsenic pollution caused
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by livestock breeding and rearing therefore requires solid waste containing ROX to be reme-
diated. The main methods for treating wastewater containing ROX involve adsorption [77],
biodegradation [78], and photodegradation [52]. Adsorption is considered to be the most
economical and effective method for removing ROX from contaminated water [79].

6.1. Adsorption

Adsorption is cheap and simple and is an effective method for removing benzene
arsenic acid compounds from aqueous solutions. Commonly used adsorption materials
include metal oxides, nanomaterials, and metal-organic frameworks (MOFs).

Materials based on iron and aluminum are often used to adsorb ROX. Aromatic
organoarsenic compounds adsorb to adsorbent materials through the As—C bond on the
benzene ring. The acidity of organoarsenical means arsenic-containing organic compounds
strongly sorb to iron and alumina. The adsorption of ROX was carried out through the
AsO43~ functional group [4]. ROX adsorbs similarly strongly to alumina and goethite, but
there are fewer adsorption sites on alumina surfaces than goethite surfaces, meaning that
the adsorption efficiency is lower for alumina than goethite [64]. Research into nanomate-
rials for adsorbing ROX has mainly focused on the synthesis of efficient organoarsenical—
adsorbent, including multiwalled carbon nanotubes, iron, and aluminum nanomaterials.
The O-H bond plays a major role in the adsorption process of ROX on multiwalled carbon
nanotubes, and the increase in pH value and ionic strength would reduce the adsorption
capacity of ROX on multiwalled carbon nanotubes [80].

Researchers in China and abroad have recently been trying to develop new adsorbents
or improve existing adsorbents to improve the removal efficiencies for ROX from water to
allow the adsorbents to be used to prevent and remediate ROX pollution of the environment.
The specific surface area and pore volume of montmorillonite are increased by modifying
the montmorillonite with Fe/La, and the adsorbent was found to have a good affinity
for ROX and an adsorption capacity of 32.82 mg/g [65]. More ROX was found to adsorb
to goethite modified with humic acid than to unmodified goethite, and the maximum
adsorption capacity of goethite modified with humic acid for ROX was 80.71 mg/g [81].
The adsorption process included diffusion through the outer liquid film, surface adsorption,
and internal particle diffusion, but chemical adsorption was the key factor affecting the
adsorption rate [81]. Fe3S4 nanosheets have been used to adsorb ROX, and ROX was first
transformed into HAPA through structural sulfide in the Fe;S4 nanosheets and then the
HAPA adsorbed to the Fe3Sy surface [82]. This occurred more strongly at neutral to alkaline
pH values than at lower pH values [82]. MOFs, such as MIL-100-Fe, can be used to remove
organoarsenic compounds from contaminated water because of its high adsorption capacity,
and rapid adsorption [83]. The maximum adsorption capacities of modified sorghum straw
biochar for ROX, As(Ill), and As(V) were 12.4, 5.3, and 23.0 mg/g, respectively, and the
adsorption behavior was described well by the Langmuir model and a quasi-second-order
rate model [84]. The results described above indicate that continual improvements are
giving adsorbents with increasing adsorption capacities for ROX that offer great promise
for economically and efficiently remediating water contaminated with ROX.

6.2. Combined Degradation and Adsorption

Removing ROX from a contaminated medium by adsorption often requires several
hours for adsorption equilibrium to be reached. Organoarsenical is generally more difficult
than inorganic arsenic to remove by adsorption [61]. Adsorbents, such as aluminum and
iron, more strongly adsorb inorganic arsenic than organoarsenic [85], so first oxidizing
organoarsenical to As(V) could improve the total arsenic removal efficiency achieved by
adsorption. ROX is, therefore, usually removed by combining adsorption with degradation
or oxidation. First, inorganic arsenic is produced through degradation or oxidation using
light, then the degradation products are adsorbed to an adsorbent to effectively remove the
arsenic completely. Combinations, such as photochemical oxidation + adsorption, chemical
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oxidation + adsorption, and heat treatment + adsorption, have been used, as shown in
Table 2. Iron ore, Fe(Il), and Fe(IIl) have been used in most combinations.

Combinations of photodegradation and adsorption have been used to remove ROX.
Examples include UV /Fe(Ill) [86,87], Fe(Il) + UV /chlorine [53], hematite + UV /oxalate [88],
and UV/a-FeEOOH@GCA activated persulfate [89]. Oxalate can chelate to surface Fe(IIl) in
hematite to give plenty of €OH radicals through an oxygen activation process mediated by
a surface Fe(III) / Fe(II) cycle under simulated solar light, and this can transform ROX into
inorganic arsenic species that will adsorb to the hematite surfaces [88]. Almost 100% of
ROX was transformed by o-FeOOH@GCA activated persulfate in an UV irradiation system
using light at a wavelength of 365 nm, and the As(V) released immediately adsorbed to the
o-FeOOH@GCA surfaces [89].

Bifunctional CozO4-Y>03 with excellent catalytic and adsorption performances has
been used to activate peroxymonosulfate to eliminate ROX and simultaneously adsorb
secondary inorganic arsenic, with Co3O; acting as the primary catalyst and Y,0O3 as the
main adsorbent [90]. ROX can be effectively oxidized by ferrate, and the arsenic can then
be removed by the ferric nanoparticles that form through the oxidation reaction [61,91,92].

A thermal treatment combined with a chemical stabilization technique can degrade
ROX efficiently and completely and also stabilize the products and effectively and safely
remediate soil contaminated with ROX [93].
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Table 2. ROX main pollution remediation methods.
Remediation Type Remediation Method ROX References
yp Initial Concentration and Removal Rate
Cellulose-goethite composites 0.04 mM, 24 h, 100% [94]
HA-a-FeOOH 20mg/L, 12 h, >60% [81]
Modified sorghum straw biochar(MSSB) 1.0mg/L, 4 h, 67.09% [84]
. magnetic greigite (Fe3S4) 1-10 mg/L, 4 h, 100% [82]
Adsorption method Goethite modified biochar(GMB) 10 mg/L, 24 h, 98% [95]
Zerovalent Iron Nanocomposite 30 mg/L, 40 min, 86.74% [96]
Bifunctional cationic cyclodextrin material (GD-DTAC) 50 mg/L, 51% [97]
Zr-based metal-organic frameworks 1mg/L, >99.1% [98]
UV /Fe(III) 10 mg/L, 99% [87]
UV /Fe(IlI) 10 umol/L, 90 min, 97.8% [86]
UV /chlorine + Fe(I) 5 umol/L, >98% [53]
UV /oxalate + hematite 20mg/L, 6 h, 85.1% [88]
. N . UV/alpha-FeEOOH@GCA /persulfate 20 mg/L(in As), 2 h, 100% [89]
Photochemical oxidation + adsorption UV/hematite/sulfite 19 umol /L, 50 min, 92.55 + 0.05% [99]
UV/TiO, /FeOOH hybrid 10 mg/L, 12 h, 96% [100]
UV/a bifunctional membrane modified by BiOCly g75Brg 125 and polydopamine 17.5 mg/L, 5 h, 100% [101]
UV /permanganate 14.29 umol/L, 20 min, 78% [102]
FeS, decorated resorcinol-formaldehyde resins (FeS,-RFR) photocatalyst 20mg/L,2h, >97% [103]
Co304-Y,03+peroxymonosulfate 50 umol/L, 15 min, 100% [90]
Ferrate 5 umol/L, 10 min, >95% [61]
KMnQOy4-Fe(III) 0.13 mmol/L, 240 min, >99% [92]
Chemical oxidation + adsorption Heterogeneous Fenton 10 mg/L, 3 h, >80% [104]
0.1-ball milling mulh—wall?d carbon nanptubes /electrolytic manganese 40 mg/L, 60 min, 90.96% [105]
residue/peroxydisulfate
Chlorination + Fe(II) 5 umol/L, 120 min, 100% [106]
Heat treatment + adsorption Heat treatment + FeSO,4.7H,O 500 mg/kg (in As), 300 °C, 60 min, 98% [93]
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7. Conclusions

The environmental behavior and remediation methods of ROX, including ecological
hazards, transformation, adsorption, biological response, and remediation methods, were
reviewed. Several treatment techniques (e.g., adsorption and degradation + adsorption)
have been used to remove ROX from environmental media, and a list of methods that have
been used was compiled.

Through the summary and analysis of existing studies, the following two gaps are
identified to the future research needs. Firstly, the fate and transport of ROX in the real
environment need to be characterized. Organic matter in manure can markedly increase the
organic matter content of a shallow layer in the vadose zone of soil. ROX will migrate and
be transformed to different degrees in a vadose zone with a high organic matter content
and a natural vadose zone, and such differences will affect the ROX removal efficiency
and arsenic compound speciation and concentrations into the groundwater. It is therefore
necessary to study ROX migration and transformation mechanisms in a vadose zone with
a high organic matter content at an open manure dump.

Secondly, there have been many attempts to develop materials to remove ROX from
environmental media, and the removal mechanisms have also been studied. However,
most of the current research on remediation methods is carried out through liquid phase
experiments in laboratory, which have not been used in practice. The remediation effect
will be affected by actual environmental conditions. Remediation methods should therefore
be applied to real contaminated sites and the remediation effects assessed.

ROX, as a feed additive for livestock, has been increasingly proved to be a great threat
to human and the environment. Therefore, it is necessary to ban the use of ROX all over the
world, especially in areas where scientific research and regulation are weak, and to raise
people’s awareness of the drug.
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