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G W N e

Abstract: Arsenic (As), a poisonous and carcinogenic heavy metal, affects human health and the
environment. Numerous technologies can remove As from drinking water. Adsorption is the most
appealing option for decentralized water treatment systems (DWTS) for small communities and
household applications because it is reliable, affordable, and environmentally acceptable. Sustainable
low-cost adsorbents make adsorption more appealing for DWTS to address some of the small
communities” water-related issues. This review contains in-depth information on the classification
and toxicity of As species and different treatment options, including ion exchange, membrane
technologies, coagulation-flocculation, oxidation, and adsorption, and their effectiveness under
various process parameters. Specifically, different kinetic and isotherm models were compared
for As adsorption. The characterization techniques that determine various adsorbents” chemical
and physical characteristics were investigated. This review discusses the parameters that impact
adsorption, such as solution pH, temperature, initial As concentration, adsorbent dosage, and contact
time. Finally, low-cost adsorbents application for the removal of As was discussed. Adsorption
was found to be a suitable, cost-effective, and reliable technology for DWTS for small and isolated
communities. New locally developed and low-cost adsorbents are promising and could support
sustainable adsorption applications.

Keywords: heavy metal removal; water treatment; low-cost adsorbents; arsenic adsorption;
ion-exchange; membrane technologies; coagulation-flocculation; oxidation

1. Introduction

Heavy metals such as arsenic, copper, cadmium, nickel, mercury, cobalt, lead, and
chromium are a group of metals with specific densities over 5 g cm~3 [1]. They are
widely used in industrial, agricultural, domestic, and technological applications. The most
significant environmental pollution of heavy metals is from metal-based industries such as
mining and metal casting [2].

Heavy metals, which are extremely soluble in water and non-degradable, occur as
free ions or are bound in chemical compounds in surface and groundwater. Dissolved
heavy metals can interfere with microbial processes and impair aquatic life [3]. Organisms
consume heavy metals and incorporate them into the food chain, where they accumulate
and impose detrimental effects on health. Short overexposure and chronic exposure to
heavy metals can impair vital organs and neurological systems and kill the organism [4].
Typically, arsenic (As), cadmium (Cd), chromium (Cr), and nickel (Ni) are carcinogenic.
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They cause the mutation, deletion, or oxidative damage of deoxyribonucleic acid (DNA) [2].
Figure 1 depicts a simple schematic of the consequences of exposure to heavy metals.
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Figure 1. Toxicity mechanisms of heavy metals (modified from [3]).

Heavy metals in drinking water come from either natural geological sources or in-
dustrial activities [4]. The application of various standard methods, including chemical
precipitation, evaporation, ion exchange, electrolysis, and reverse osmosis, has been inves-
tigated to remove heavy metals from drinking water. However, the search continues for
cheaper, more efficient, and environmentally friendly methods [5].

1.1. Arsenic, A Toxic Metal

Among the heavy metals, As is toxic and carcinogenic; thus, its inhalation and inges-
tion pose a cancer risk. Arsenic poses maximum adverse effects on human health through
As-contaminated drinking water and the environment since As is a significant groundwater
pollutant [6]. The World Health Organization (WHO) set the maximum allowable level
of arsenic in drinking water at 10 ppb. Arsenic contamination in groundwater affects
roughly 108 countries, with concentrations exceeding 10 ppb. About 32 countries in Asia,
31 in Europe, 20 in Africa, and 20 in North and South America suffer from As pollution.
Arsenic poisoning threatens more than 230 million people worldwide [7]. Figure 2 shows
the global extent of As contamination. Due to the poor water quality in rural areas, people
living in small, rural, and remote communities suffer from health problems and diseases
caused by dangerous pollutants such as As [8]. Even at low concentrations, exposure to
As increases the risk of cardiovascular disease and stroke [9-11]. In addition, As exposure
can cause hypertension [9], and As in drinking water can also cause liver damage and skin
cancer [12,13].
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Figure 2. The global extent of arsenic contamination (modified from [7]).

1.1.1. Arsenic Occurrence

Arsenic concentrations increase in surface and groundwater because of mine and
refinery wastes, wastewater sludge, agrochemicals, ceramic industries, and coal fly ash [14].
Weathering, erosion of rocks/soils, and volcanic emissions are all natural sources of As
in aqueous systems. Naturally, arsenic exists in about 200 different mineral forms. The
percentages of these forms are 60% as arsenates, 20% as sulfides and sulfosalts, and 20%
as arsenide, arsenite, oxides, silicates and elemental arsenic [6]. Arsenic is found in water
in inorganic (arsenite, arsenate) and organic (methyl and dimethyl arsenic compounds)
forms [15]. Table 1 provides the most common As species in the environment.

Table 1. The most common arsenic species in the environment (adapted from [16]).

Name Chemical Formula
Arsenous acid (arsenite) H3AsOj3

Arsenic acid (arsenate) H3AsOy4
Monomethylarsenic acid CH;3AsO(OH),
Dimethylarsinic acid (CH3),AsO(OH)
Trimethylarsine oxide (CH3),AsO
Trimethylarsoniopropionate (CH3)3AsTCH,CH,COO™
Arsenobetaine (CHj3);AsTCH,COOH ™
Arsenocholine (CHj3);As ™ CH,CH,OH ™
Dimethylarsinyolacetic acid (CH3),AsOCH,COOH
Phenylarsine oxide CgHs5AsO
Phenylarsonic acid C¢H5AsO(OH),

Dissolved As usually has an oxidation state of +III (arsenite) and +V (arsenate). Re-
moving As(V) is easier than removing As(IIl) because As(III) has to be oxidized to As(V) in
the early stage of the removal process [17].

1.1.2. Arsenic Structure

As is listed as the 33rd element on the periodic table and belongs to Group 15 (the
nitrogen family). It has an atomic mass of 74.92 and an atomic number of 33. Arsenic-75
(75As) has 33 protons and 42 neutrons inside its nucleus; 33 electrons in various energy
shells surround the nucleus. Arsenic-75 is the most stable and non-radioactive isotope of
As. With an empty p orbital available for electron occupation and five valence electrons
allowing As to engage in chemical bonding, the electronic configuration of the stable As
form can be represented as 15?25?2p°3s23p®3d104s%4p3 [18].

The electrons contained in the first, second and third shells of arsenic atom are 2,
8, and 18, respectively, and only five electrons occupy the fourth shell. Arsenic has four
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common redox states: 3, 0, +3, and +5. Placing three more electrons in the p orbital brings
the total number of electrons in this orbital up to six and creates an oxidation state of 3. The
elemental arsenic forms a trigonal pyramidal structure by sharing three electrons in the 4p
orbital equally with the three arsenic atoms around it [18,19].

Arsenic has a higher electronegativity than nitrogen and is similar to phosphorus.
Compared to nitrogen and phosphorus, As has a greater oxidation potential, allowing it
to easily show the +3 and +5 oxidation states. These variable oxidation states allow As to
form covalent compounds with various elements, but in nature, it most frequently bonds to
oxygen and sulfur. By sharing its valence electrons, As can display ligands characteristics
and occupy electrons in bonding and antibonding orbitals. Thus, arsenic can change from
an electropositive to an electronegative state (metal arsenides). It can react with methyl
groups to create organic molecules in both oxidation states. Monomethylarsonic acid
(MMA) and dimethylarsinic acid are two typical organic forms of As (DMA). However,
compared to inorganic forms, they are less common in nature [18,20].

1.1.3. Arsenic Oxidation and Reduction

Redox potential and pH levels significantly impact the oxidation and reduction of As.
When naturally occurring in water sources, As is primarily present as the oxyanions of
trivalent arsenite or pentavalent arsenate [18]. An Eh-pH diagram can explain the effects
of complexes, temperature, pressure, potential, and pH. The system is assumed to be in
equilibrium with water, or the three components of water (H (+1), O (—2), and e (—1)), in
all Eh-pH diagrams. Each of the areas in the diagrams shows a species that predominates
there. While pH indicates the activity of the hydrogen ion (H+), Eh shows the electrical
potential relative to the standard hydrogen potential (SHE). The thermodynamically stable
water region is usually represented by two diagonal dashed lines [21].

In the system of As-O-H at 25°C and 1 bar, Figure 3 shows the dominance of As species.
As(III), As(V), arsenious acids (H3AsO3, HyAsO; ', and HAsO; 2), and As acids (H3AsOy,
H>AsO,, HAsO4_2) are the main forms of As discovered in environmental samples. As
behaves anionically in aquatic systems. Arsenate predominates under oxidizing conditions,
either as the H,AsO, at low pH (less than about 6.9) or as the HAsO;2 at higher pH levels.
At pH levels lower than about 9.2, the uncharged arsenite species H3AsO3 dominates in
reducing conditions. As can exist as pentavalent oxyanions (arsenate) at moderate or high
redox potentials (EO (V)= 0.56 V at 25°C). These include H3AsO4, HyAsO,, HASO;Z, and
ASOZ?’ [22,23]. Below (Equations (1)—(6)) are the dissociation reactions of H3AsO, and
H3As0O;3, as well as the associated equilibrium constants [18].

Arsenite (As(III))
H3AsO3 <> HyAsO; + H' pKa :2.24 1)
HAsO; <> HAsO;2 +H'pKa : 6.69 2)
HAsO;? <+ AsO; 2+ HpKa : 11.5 (3)

Arsenate (As(V))
H3AsOy4 <+ HyAsO, + H"  pKa:92 4)
H;AsO, <> HAsO,? +H*' pKa:12.1 (5)

HAsO, % <> AsO,° + H"  pKa:134 (6)
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Figure 3. Eh—H diagram for aqueous arsenic species at 25 °C. (reprinted from [15] with
Elsevier permission).

1.1.4. Arsenic Treatment

Adsorption, coagulation-flocculation, ion exchange, electrochemical reduction, and
membrane filtration technologies are currently available to remove As. Adsorption is
frequently employed because, in comparison to the alternatives, it is more affordable and
easier to implement in small, rural, and remote communities, and has higher efficiency.
Adsorption is defined as the adhesion of ions or molecules to the surface of solid substances
(the adsorbents) [24].

Many of the conventional adsorbents such as activated carbon, activated alumina, and
iron oxide-based adsorbents are economically infeasible for small communities, particularly
in developing countries. Hence, locally available natural adsorptive materials provide
sustainable and affordable options for removing As pollution in developing countries and
rural areas [24].

Adsorption is one of the most efficient and economical methods to eliminate As from
a water-based solution [25,26]. The price of the adsorbent affects how much the procedure
costs. [26]. Some common As adsorbents are hydrous titanium dioxide (TiO,) [27], iron
oxides/hydroxides [28], synthetic zeolites [29], activated carbon, and activated alumina [30].
Biomass, wastes, and industrial by-products are also used for As removal. Due to the
toxicity of As, researchers are working to develop more rapid and cost-effective adsorbents
compared to the current adsorbents. The development of nanoparticle-based adsorbents
is attracting great attention because they offer a large surface area and a high tendency to
adsorb As from water [31]. Metals and metal oxides, e.g., gold [32], titanium oxide [27],
cupric oxide [33], iron oxide [28], impregnated granulated activated carbon [34], and
synthetic nanostructured Fe(III)-Cr(IIl) mixed oxides [35] have been used in As removal in
different studies.

Recently, scientists have concentrated on converting waste materials into adsorbents
for heavy metal removal from water because such adsorbents are low-cost and effective.
However, there is still a need to develop low-cost, high-efficiency, and eco-friendly adsor-
bents targeting As removal based on material availability in different locations [36].
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The primary goal of this work is to discuss the widely used options for removing
As from drinking water and provide an appropriate starting point for new researchers
who want to compare traditional heavy metal removal techniques. Despite its significance
as a toxic water contaminant, few comprehensive reviews concentrate on removing As.
Particularly, the number of review papers focusing on As removal in decentralized systems
is very limited. This review paper aims to provide an overview of the recent development of
decentralized drinking water treatment technologies and evaluate the feasibility of various
methods, especially adsorption for small treatment systems. In the following sections, As
removal methods (with a focus on adsorption) in decentralized water treatment systems and
the most common adsorbents are explained and discussed, and their removal efficiencies are
evaluated. Finally, several low-cost adsorbents are introduced as cost-effective substitutes
for expensive ones.

2. Conventional Methods for Arsenic Removal from Aqueous Solutions in
Decentralized Systems Other Than Adsorption

One of the problems facing community water treatment systems worldwide is the
removal of pollutants, particularly pathogens and heavy metals, to provide clean drinking
water; these pollutants put the local residents’ health in danger [37]. The contamination of
groundwater has been reported in both developed (Canada, Japan, and USA) and underde-
veloped (Bangladesh, China, and India) nations [38]. Centralized water treatment plants
have been essential to managing water supplies in highly populated areas. In centralized
water treatment, reasonably high-quality water from various natural sources is treated
before water is distributed and used. In contrast, in decentralized water management
systems, water from local sources is collected and treated on a small scale (community
level) or using a household filtration system [39,40].

The current centralized water treatment facilities cannot provide safe drinking water
to millions worldwide [41]. Some areas of developing countries do not have water infras-
tructure or reliable water sources. In developed countries, centralized systems face several
difficulties, such as reaching their capacities due to population growth, excessive energy
and water use due to the aging infrastructure, and downstream re-contamination [42].
Decentralized water treatment is a suitable solution for households in rural and remote
areas where the central water treatment system is unavailable, or in times of emergency,
such as epidemic disease. A decentralized water system may also be more affordable due
to the lower maintenance and transmission costs [43]. Various treatment methods, such
as ion exchange, membrane technologies, and coagulation, are available in decentralized
systems. Still, these methods” applications in small communities are limited because they
usually require skilled operators, complicated maintenance, high-cost chemicals, and timely
procedures [44].

The market for decentralized water treatment was USD 21.45 billion in 2020 and was
projected to increase at a compound annual growth rate (CAGR) of 10.70% from 2020 to
2026, reaching USD 39.48 billion [45]. Figure 4 demonstrates a detailed segmentation of
the decentralized system industry. Household filtration units (including point-of-entry
(POE) and point-of-use (POU) systems) and community filtration units are two main
approaches to providing clean water for communities and rural areas (Figure 5) [46]. Point-
of-entry (POE) systems are installed at the location where the water enters the building
and is constantly treated for the entire house. In contrast, the point-of-use (POU) systems
are installed before a single outlet, such as a kitchen sink tap, to eliminate impurities
in drinking water [47]. Small-scale systems or community filtration units are smaller in
size than centralized systems but larger than POU or POE systems. Typically, small-scale
systems treat the water used by several households or a community [48].
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2.1. Ion Exchange

Ion exchange is a chemical reaction that removes dissolved metal ions from the so-
lution and replaces them with other similarly charged ions [49]. It has been used for a
long time to soften and demineralize water and eliminate nitrate and other water treat-
ments [50]. Figure 6 shows the schematic of calcium ion exchange (water softening) and
resin regeneration.

(a) (b)

Figure 6. (a) Schematic of the ion-exchange process and (b) resin regeneration.

For As species removal, strongly basic ion exchangers are commonly used [51]. The
arsenic-chloride ion-exchange reaction is as follows (EPA 2000). Where R = matrix, over-
barred symbols refer to the exchanger phase. At the exchange sites, the chloride ions are
replaced by As ions; thus, the exiting water contains a higher concentration of chloride and
a lower concentration of As than the input water.

R — [N(CH3),]"Cl™ + HpAsO; = R — [N(CHj);] "HaAsO, +Cl™ @)

when As occupies all or a significant portion of the exchange sites, resin exhaustion occurs
and should be regenerated [52]. The ion-exchange resin is regenerated using methanol or
other organic solvents, an inorganic salt such as sodium chloride, a base such as sodium
hydroxide, or a mix of different regenerants [53]. Ion exchange removes As species though
sulfate, and to some extent nitrate anions impose significant interference. To remove arsen-
ate species efficiently, sulfate concentrations cannot exceed 50 mg L~ if filter throughputs
of 750 bed-volumes between successive regenerations can be obtained; otherwise, the
treatment cost-effectiveness is jeopardized because the service cycles become too short [54].

Ion exchange is not efficient for As(Ill) removal because it exists mostly as an un-
charged ion (H3AsOs3) in water at a pH below 9.0 [55]. Thus, As(III) must first be oxidized
to As(V) prior to being removed by resin [56]. Water passes through one or more ion-
exchange resin beds to remove As. Arsenate ions and a few other anions, such as sulfate,
and follows the preference order for exchange; therefore, competing ions, such as total
dissolved solids (TDS) and sulfate, strongly affect the efficiency of the ion-exchange process
for As removal. Table 2 represents the effectiveness of various resins for As exchange
under different conditions. The performance of the ion exchange depends on other process
parameters such as empty bed contact time and spent brine. Various ions compete for
available ion-exchange sites and can significantly impact and reduce the efficiency and
economic viability of ion-exchange systems [57].
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Table 2. Operating conditions and efficiencies of different resins used to remove arsenic.

As Concentration

Removal Efficiency (RE; %)

Resin Material 1 Regeneration and Adsorption Capacity Process Conditions Ref.
(mg L—1) -1 i
(AC; mg g~ 1 Resin)
pH: 4-85
Hybridized ion-exchange fibers containing dispersed hydrated 2% NaOH + 2% NaCl ) Confpetmg 1ons:
ferric oxide (HFO) nanoparticles 0.1 In <40 bed volumes, AC:5 Na* =100 ppm [58]
As recovery >98% SO4%~ =5 ppm
HCO3™ =100 ppm
Polymer-clay nanocomposite ion-exchange resin based on AC:5S5 30 mg nanocomposite resin+

y N—}r,ne thvl-D- plucamine licand grou S 60 (Max retention at pH 3.5-6.0, 5 mL As solution [59]

yee gand group 25°C, 24 h) pH: 2-12

N-methyl-D-glucamine functionalized resins revealing gel (1JW) RE: 35.8 Flow rate: 5 mL min~!
Expanded gel (2JW) 0.176 RE: 28.8 Resin concentration: 1JW, 2 [60]
Epidermal-like structure (2PTN RE: 224 PIN:4g L1 2W:2 g L1

B . . . . 0.1 M NaOH + 200 mg RE: As(III): 70 pH: 4-12
Ion-exchange fiber with amino groups (RPFA-I) 5 fiber +100 mL As solution RE: As(V): 93 T:25 °C [61]
Amine-doped acrylic ion-exchange fiber 10 O.;nﬁ Eiz_(;ig vljgt?:l , RE: 83 pH: 3.04 [62]

. AC: 205 T:25°C

sequentially

Amberlite IR-400 (polystyrene DVB strong base anionic pH: 3-10

5-15 RE: 91-99.28 Resin dose: 100-800 mg Lt [63]

exchange resin

Voltage: 520 V
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Typically, the background ion concentration dictates the applicability of the ion-
exchange procedure at a specific condition. For strong base anion (SBA) resins, the selectiv-
ity order is SO4 > NO3 > HAsO4 > NOy, Cl > HpAsO4, HCO3 >> Si(OH)4, H3AsOy4 [64].
Therefore, high sulfate and TDS levels can significantly reduce As removal efficiency [64].
When the water contains Fe(Ill), it forms Fe(Il[)-As complexes, which affect the As removal
because ion-exchange resins cannot remove Fe(Ill)-As complexes [57]. At high sulfate
concentrations, a resin bed may release previously adsorbed As(V), increasing the As
concentrations in the effluent compared to the feed water. This phenomenon, which can be
dangerous when toxic ions are involved, is called chromatographic peaking (dumping).
To avoid this phenomenon, the resin bed should be monitored and regenerated before the
onset of the peaking [57].

Ion exchange is a scalable technique used in centralized and decentralized water
treatment systems, such as household treatment units [65]. However, its applicability
in decentralized systems is significantly constrained due to the frequent regeneration
needed [66]. Since cost is the main factor in waste management, choosing brine treatment
methods depends on their technical ability and the implementation strategy, including
whether they use centralized or decentralized systems [67]. Finding cheap, available, and
harmless materials to use as ion exchangers is crucial to improve this technology because
the high cost of operation and disposal of the toxic regeneration sludge are among the
problems facing this method. Although a resin can be reused after regeneration, it must be
replaced after several years [68,69]. Installing an ion-exchange system is often determined
by the price of regeneration salt and waste brine disposal. For instance, regenerant salt
accounted for 77% of operating costs in an As system. Capital costs could become more
affordable by centralizing brine treatment even in decentralized systems [67]. In other
words, a decentralized system’s household cartridges can be regularly sent to a centralized
regeneration facility and replaced [70]. A hazardous waste brine produced by the ion-
exchange process is too saline to be released into surface water, even if the heavy metal
concentration is very low in the inlet. The waste brine heavy metals levels exceed the
allowable limits. As a result, waste management improvements are required to make the ion
exchange an affordable and environmentally friendly method for small communities [67].

A research study showed that cations and anions in the solutions slow down heavy
metals removal [71]. Due to their electrical structure, transition metals can form stable
complexes with charged substances such as NH4*, inorganic anions, and water molecules,
which typically give their solutions colors. The high stability of the complexes made of
S04% and HPO,? in the solution caused the poor removal of Cr3* Cu?*, and Fe®*. These
complexes may also precipitate on resin pores and surfaces and clog them, reducing the
resin’s capacity for ion exchange [71,72].

2.2. Membrane Technologies

Membrane technologies are pressure-driven processes where membranes selectively
allow the particles (atoms and ions) to cross them. In this case, the membrane allows water
to pass through the filter and retains heavy metals. These technologies are categorized
into four main groups (Figure 7): microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis based on particle size. Table 3 reports the results of different membranes for
As removal under specific conditions. As in Table 3, the removal effectiveness depends
on the type of membrane, the solute, and how those two interact. The temperature,
pH, pressure, and concentration influence the rejection. The advantage of this method
is that the membrane eliminates As and some dissolved minerals or even pathogenic
microorganisms [73]. Another benefit of membrane technologies is that since membranes
do not accumulate impurities, chemical usage is limited to cleaning them [74].
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Figure 7. Applicability ranges of different membranes based on pore sizes.

Reverse osmosis (RO), ultrafiltration (UF), or microfiltration (MF) are possible options
for decentralized membrane systems [75]. The most common membrane types in decen-
tralized systems are the RO systems, mostly used to desalinate water, while MF and UF
membranes are designed for disinfection. However, most membrane-based small-scale
systems fail to meet all the evaluation criteria, such as performance, ease of use, and low
cost [76].

Membrane-based water treatment plants are among the most efficient and clean tech-
nologies; however, they have high construction and operation costs and need high-tech
maintenance and operation procedures [69]. Membrane fouling and scaling are still obsta-
cles preventing the widespread industrial utilization of membranes. Effective pre-treatment
and cleaning techniques are crucial for managing this issue [77]. There are two types of
membrane cleaning: physical cleaning and chemical cleaning. The physical cleaning of
membrane surfaces eliminates loosely attached substances and is typically referred to as
reversible fouling. In contrast, chemical cleaning removes resistant compounds and is
frequently referred to as irreversible fouling [78]. Although chemical methods are more
effective, they may harm membranes [79].

2.3. Coagulation-Flocculation

Coagulation-flocculation is another standard method for As removal from water.
Although these processes are sometimes used interchangeably, they are two different pro-
cesses [80]. In the coagulation process, a coagulant is added to destabilize the colloid
particles to start aggregation by neutralizing their charges (Figure 8) and thus the electro-
static repulsive forces [81]. Cationic coagulants lessen the negative electric charge of the
colloids by providing positive charges to destabilize the non-settleable particles. Then, gen-
tle (slow) mixing is maintained to promote the agglomeration of the new neutral colloids
into larger flocs; the slow mixing process is called flocculation [80]. The pH can be adjusted
in these units to increase removal efficiency. The floc size, strength, and structure may be
affected by pH adjustment [82]. Aluminum sulfate (Al,(SO4)3) and ferric chloride (FeCls)
are among the common coagulants for water treatment [83]. Equations 8 and 9, respectively,
show the As removal reactions when iron and aluminum are used as the coagulant [84].

The efficiency of several coagulants/flocculants under specific operating conditions
is listed in Table 4. It was proven that pH has a significant effect on the performance
of coagulants/flocculants. Initial concentration and coagulant dose are two other major
parameters affecting coagulation performance. Flocculation is the activity of polymers
to bridge flocs and form large agglomerates. Bridging happens when portions of the
polymeric chains are adsorbed on some particles, causing the particles to aggregate. An
anionic flocculant will be used for a suspension with a positive charge to destabilize the
colloid by bridging the particles or neutralizing the charge [80].
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Table 3. Overview of pressure-driven membrane processes and their characteristics.

Initial Concentration

Type Membrane Model (ug L~ Unless Indicated Process Conditions Result Ref.
Otherwise)
SWHR rejection %>
. As(V) =50 pH:2.1-10.4 BW-30 rejection %
RO SWHR and BW-30 (FILMTEC) AS(IID) =12 P: 10-35 bar Final concentration: [85]
2.86 ug L1
. _ pH: 2-9 Cano
Desal AK, General Electric Co., USApH As(III) = 50-400 P: 0.41-0.82 MPa Max: 90% [86]
NF-45, a fully aromatic, polyamide, thin-film composite NF B pH:4-8 N
NF membrane from FilmTec (Minnetonka, MN) As(V) = 10-316 P: 550 and 690 kPa (80-100 psig) 60-90% [87]
NE 90 membrane (Woongjin Chemical, SouthKorea), a TFC P e As(V): 89-96%
negatively charged polyamidemembrane. As(V) =20-100 pH: 4-10 As (ITI): 44-41% [88]
. . e pH: 2-11 o
UF Negatively charged UF membrane, Osmonics (DESAL) GM As(V)=50-5000 T: 20-40 °C 88% [89]
Cationic surfactants: hexadecylpyridinium oz Cado
Micellar-enhanced ultrafiltration (MEUF) As(V) =243, 486 chloride (CPC), hexadecyltrimethyl ammonium Cre: 9?32’_ g;[;? B: 94%. [90]
(Amicon 8400, USA) i bromide (CTAB), octadecylamine acetate (ODA) oD A 803 Y
and benzalkonium chloride (BC) e
. L L . B pH: 4.57-9.53 02 90
ME Coagulation/microfiltration: a 0.2 Im membrane disc As(V) =100 Coagulant: Ferric (1-7 mg L~1) 92.8-98.2% [91]
Micro-/nanostructured MnO2 spheres and microfiltration As(V) = 0.2 mM pH: 2-10 590% [92]

(ADVANTEC MFS Inc., pore size: 0.2 Im, diameter: 47 mm)

RO = Reverse osmosis; NF = Nanofiltration; UF = Ultrafiltration; MF = Microfiltration.
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Figure 8. Mechanism of coagulation by cationic and anionic polymers.

Table 4. Coagulants/flocculants used in arsenic ion exchange, their operating conditions,

and efficiencies.

Removal

Initial Concentration Coagulant Dose . .
Coagulant/Flocculant (g L-1) pH (mg L-))/Intensity (A) Efﬁ(c(;e)ncy Ref

o
Ferric chloride As(V) =50-60 7,8 0.84-3.00 >80 [93]

. As(V) =10

Aluminum sulfate As(V) = 500 66, 42 91 [94]
Ferric ions and coarse calcite As(V) =5000 5-11 100 >99 [95]
Titanium xerogel coagulant As(III) = 1000 5-10 10 >90 [95]
Electrocoagulation (Al and Fe anode) As(V) =100 8.4 02A 99% [84]

Although the substances usually used in coagulation and flocculation processes are
efficient and available, they produce toxic sludge in most cases. Therefore, sedimentation
and filtration are needed as downstream processes after flocculation. There are still ar-
guments on the effects of some metal coagulants and flocculants, such as aluminum and
iron, on people’s health and the environment [96,97]. Another problem with these plants is
that they are not feasible in remote areas due to the lack of skilled workers and laboratory

facilities to monitor, analyze, and control the process parameters [98].

Conventional chemical coagulation-flocculation is unsuitable for small communities
because of the lack of capital to support their high operating costs, expensive installation
and transportation cost of chemicals, and challenging management of the chemical sludge
generated [99,100]. Electrochemical technologies offer a potentially appealing alternative
for decentralized applications since they cut out the chemical distribution chain and solve
the challenges of working with chemicals involved in traditional coagulation-flocculation
methods [100]. In electrocoagulation, the anode is sacrificed into the water in ionic form,
which occurs when a direct electric current passes through electrodes. The metal ions
can create a variety of coagulated species that can either adsorb dissolved pollutants or

destabilize suspended particles [101].
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2.4. Oxidation

Oxidation processes are not considered independent As removal methods; they are
the primary stages of other technologies. In other words, since the removal of As(III) is less
effective than As(V), As removal procedures start with the oxidation of As(III) to As(V),
followed by other processes such as adsorption, co-precipitation and coagulation [102]. The
oxidation of As (III) to As (V) can be expressed as follows [103]:

H3AsOy +2H' +2¢~ — H3AsO3 + H,O (10)

This process’s oxidant (oxidizing agent) can be air or oxygen, ozone, chlorine, hypochlo-
rite, chlorine dioxide, manganese compounds, and hydrogen peroxide. Table 5 presents the
oxidation yields of different oxidants for arsenite oxidation. Table 5 shows that oxidation
happens slowly when pure oxygen or air is used. On the other hand, ozone, chlorine,
hypochlorite, chlorine dioxide, or H,O, can speed up oxidation [17]. Other possible means
of As oxidation utilize advanced oxidation processes (AOP) such as UV or microbiological
oxidation when bacteria are present [17].

Table 5. The standard potential of different oxidants and their efficiencies in arsenite oxidation.

Oxidant Standard Potential Sample Oxidation Yield (%) Ref

(V,25°C) (ug L1 after (Time) :

Air N/A GW: 46-62 54 (5 days) [104]
Pure oxygen 1.23 GW: 46-62 57 (5 days) [104,105]
Ozone 2.07 GW: 46-62 >96 (10 min) [104,105]
Hypochlorite 1.7 DW: 50 >80 (5 min) [105,106]
Chlorine dioxide 1.27 DW: 50 >50 (2 days) [105,106]

. DW: 50 >90 (5 min)
Potassium permanganate 1.23 300 590 (5 min) [105,106]
Hydrogen peroxide 1.78

Note: GW = groundwater; DW = demineralized water.

Conventional oxidation in some treatment plants is one of the first steps because it
makes the As removal process easier; however, one of the limitations of air or oxygen
oxidation processes is their slow rate and moderate yield (Table 5) [17]. As a result, ad-
vanced oxidation processes (AOPs) were developed for treating As-contaminated water.
The AOPs use highly reactive radical species to treat environmental waste and pollutants.
The main AOPs include hydroxyl-radical-based processes, UV-photolysis-driven processes,
ozonation, Fenton oxidation, electrochemical oxidation and heterogeneous photocataly-
sis [107,108]. The combination of various oxidation techniques such as UV, ozone, hydrogen
peroxide, and TiO,, improves the production of OH radicals. As a result, compared to
using one type of oxidant, this combination typically speeds up oxidation reactions [109].
For instance, O3/H,0O,, O3 /UV, UV/H,0,, TiO,/UV, HyO; / catalyst, and photo-Fenton
processes are commonly used combinations in drinking water treatment [110]. AOPs
are typically employed in full-scale systems or laboratories, mostly for conditions where
conventional methods are not highly effective since they often need complex chemicals
and light or electricity energy [111]. The major challenges of evaluating AOPs are the
operational costs (energy and chemical input), sustainability (resource use and carbon foot-
print), and production of oxidation by-products [112]. Centralized water systems mostly
rely on conventional oxidation and AOPs such as O3/H;0, and UV /H;0, techniques.
However, electricity-based techniques like the electrochemical production of oxidants such
as chlorine and hydrogen peroxide have great potential in decentralized systems because
they do not require chemical transportation [113,114]. In electrochemical oxidation, water
contaminants are mostly oxidized by the anodic oxidation surface, by charge transfer on
the anodic surface or interaction with the hydroxyl radical produced as a result of water
oxidation [115].
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Photo-Oxidation

Photocatalytic oxidation is a promising method among AOPs [116]. Generally, As(V)
is less harmful than As(IIl) and easier to be removed; thus, oxidizing As(V) to As(Ill) is
an effective step in the removal process [117]. Table 6 presents the results of the photo-
oxidation of arsenite under different operating conditions. These studies show that in the
presence of a heterogeneous catalyst such as titanium dioxide, the As(III) oxidation rate
can be significantly improved. Among the catalysts used in the photo-oxidation process,
TiO, is the most important one. The TiO; is important because it has high efficiency
in oxidizing As(V) to As(Ill) due to its large surface-to-volume ratio, stable chemical
properties, affordability, non-toxicity, great oxidizing power, and excellent electronic and
optical properties [118,119]. The TiO, nanopowder can be used as suspended particles
or immobilized on a surface. However, the literature revealed that the immobilization
of TiO; leads to better results from an engineering and economic point of view. The
major limitation of immobilization is that particle aggregation may cause a reduction in
surface area. The main parameters that affect the TiO, photocatalytic performance include
energy gap, particle size, specific surface area, porosity, crystallinity, and exposed surface
facets [120].

Table 6. Oxidants used in the photo-oxidation of arsenite to arsenate, their operating conditions,

and efficiencies.

As (III) Initial Concentration

Oxidant 1 Process Conditions Results Ref.
(mgL-1)
Hydrogen peroxide and 1:20°C QOY =10% (30 min)
L 0.2 IC (H,0,): 0-30 mg L~! o - [121]
UVC radiation pH: 5.6-6.7 As (IIT) oxidation t; j, = 3.5 s
TiO,-impregnated T=25°C
2~ .
. 100, 1000 TICB: 17.5 mg chitosan 2198 mg As(III)/g TICB and 2050 mg
chitosan b‘ifdhiHCB)/ uv and 10,000 +7.5 mg TiO2 in 40 mL As(V)/g TICB [122]
& solution
MoOx/TiO; (+UVA) 5 pH:72 OY =100% (120 min) [118]
ZnO: 0OY =9.1%((2 h)
. . Zn0O: 20 mg in 40 mL ZnO-Au (0.5%): OY =17% (2 h)
Zn0-Au nanocomposite 2 solution ZnO-Au (1%): OY = 45% (2 h) [123]
ZnO-Au (2%): OY =23% (2 h)
Few and multi-layer 0.7 pH:7 Multi-layerTizC, Tx: 20% (90 min) [119]
TizC, Tx nanosheets ’ under UVA Few-layer TizC,Tx:, 44% (45 min)
Dissolved Fe(III) in the 10 Fe(IT): 180 mg L~! Complete oxidation process time: [124]
presence of UV pH:7 1-6h

OY: Oxidation yield for As (III).

3. Adsorption

Adsorption is the use of solids to eliminate substances from gaseous and liquid solu-
tions. Activated carbon, metal hydrides, and synthetic resins are common adsorbents used
in water and wastewater treatment plants [80]. The most common adsorbent categories for
water treatments are presented in Figure 9. Comparing several water treatment methods for
heavy metals removal (Table 7) shows that adsorption is more affordable than membrane
technologies, simpler, and more secure to deal with than contaminated sludge produced by
precipitation, and it is multipurpose in contrast to ion exchange [125]. The main limitation
of the adsorption method is that its effectiveness is affected by the presence of other ions.
Various ions compete for the adsorbent’s active site, affecting the adsorption capacity [126].
For example, phosphate ions can compete with As ions due to their similar chemical struc-
ture; thus, they can significantly lower the As removal efficiency (Gallegos-Garcia et al.,
2012). The presence of 10 mmol L~! H,PO4* decreased the adsorption efficiency of As(III)
on zero-valent iron nanoparticles from 99.9% to 66.3% [127].
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Figure 9. Classification of adsorbents for water treatment (adapted from [128]).

Figure 10 shows the different configurations previously suggested for As adsorption.
Batch experiments, fixed configurations, and fluidized-bed reactors are the primary cat-
egories that are widely used. Adsorbent particles are in motion in the fluidized reactor
configurations, while they are stationary in a fixed-bed reactor [129]. In batch experiments,
a liquid solution containing a known amount of adsorbate is brought in contact with a
given mass of adsorbent, and the adsorbate’s concentration is monitored over time. [130].
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Figure 10. Different configurations for adsorption of impurities: (a) Packed-bed adsorber,
(b) Fluidized-bed adsorber, and (c) Batch experiments.

3.1. Adsorption Kinetic

The concentration data and adsorption rates obtained from experiments should be
interpreted using kinetic models such as pseudo-first-order (PFO) and pseudo-second-
order (PSO). PFO (Equation (11)) and PSO (Equation (12)) models are the most common
models employed in explaining the kinetic data of heavy metal removal [131].

In(g. — q¢) = Ing, — k1t (11)
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t_1 1,
g kagz - qr
where g, (mg g~ ') is the removal capacity of metals at equilibrium state; g; (mg g~!) refers
to the removal capacity at time ¢ (min); k; (min—1) introduces the velocity constant of
Equation (11); and k, (mg g~! min~1) is the velocity constant of Equation (12), respectively.
The magnitudes of k; and g, are found by plotting In(q. — g:) versus t. The values of
ko and g, are obtained by plotting t/g; against t. Table 8 provides the kinetic parameters
for the As adsorption on different adsorbents. Generally, the literature confirms that the

pseudo-second-order model fits As adsorption data better than the pseudo-first-order
model [132].

(12)

Table 7. Advantages and disadvantages of common treatment technologies for arsenic

removal [7,71,128,133-142].

Methods

Advantages

Disadvantages

Ion exchange

. Simultaneous removal of other dissolved pollutants
like sulfate

. Less affected by the water pH

. Specific resins available for specific ions

. Relatively well-known process and widely
commercially available resins

. Competing ions impact arsenic elimination

. Low efficiency in highly concentrated effluent

. Replacement and regeneration are required, and
regeneration leads to sludge disposal problems.

. Not Suitable for high-TDS.

. High-cost and high-tech operation and maintenance
required

. High removal efficiency

. Do not create toxic solid waste

. Effective for eliminating some microorganisms and
some other pollutants

. Very high capital and running cost

. High-tech operation and maintenance
« Requires pre-treatment

« Requires membrane replacements

Membranes . Need fewer resources (labor and area) than . Possibility of membrane pore fouling/biofouling
alternative treatment method resulting in lower flux, higher energy consumption,
ernative treament Methoas . weak membrane performance and more frequent
. Eliminate further dissolved contaminants and chemical cleanin
partially disinfect the water . 5 .
. Less effective for arsenite
. Ideal for waters with Fe and Mg content ' lelted removal of AS(I.H) e
Removes other suspended solids in case of surface . Might not remove arsenic below the allowable limits
c lati ;Nater Source p . Might need pre-oxidation which could form toxic
oagulation .. .
/flocculation . Relatively low capital cost disinfection byproducts
Relativelv simple in operation . Depends strongly on the coagulant type and dose,
’ Commonychenrljicals a\}:ailable solution pH, and other competing ions like
' phosphates or silicates
. In most cases, these processes are very slow
. Relatively simple and low-cost process . Processes remove only some of arsenic
Oxidation/AOP . Oxidizes other impurities and kills microbes . Used as pretreatment for other processes (needs to be
. Effective for total As removal followed by another method)
. Toxic by-product formations (organo-chlorides)
. High As removal efficiency, low costs, simple
operation, handling, and maintenance . Efficiency is affected by other ions such as phosphate.
. Relatively well-known method and commercially - Adsorbent material should be regenerated or
Adsorption available adsorbents replaced frequently as the adsorption bed becomes

. High removal efficiency and cost efficiency
. Additional chemical and sludge free.
« No harmful by-products.

exhausted
. Challenging recycling of conventional adsorbents
(especially very small-sized powders)
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3.2. Isotherm Models

Adsorption isotherm is the relation that describes the equilibrium between the quantity
adsorbed to the unit mass of adsorbent and the concentration of the remaining adsorbate
(pollutant) in a solution at a fixed temperature. The standard adsorption isotherm models
are Langmuir and Freundlich’s isotherm models [143]. The adsorbed species, adsorbate,
adsorbent, and other physical and chemical characteristics of the solution, such as pH, ionic
strength, and temperature, play a role in the adsorption isotherm [144]. Different isotherm
models have variable model parameters since the interaction between the adsorbent and ad-
sorbate varies [145]. Two main isotherm models, Langmuir and Freundlich, used in heavy
metal adsorption, are discussed here. Based on the Langmuir isotherm model, monolayer
adsorption occurs on a homogenous surface without interaction between adsorbate species.
In contrast, the Freundlich isotherm is based on multilayer and non-ideal adsorption on
heterogeneous surfaces [146].

3.2.1. Langmuir Isotherm

The equations describing this model are based on the assumption that the adsorbent
provides homogeneous monolayer adsorption because it has sites with uniform energy for
adsorption. Equation (13) is the linear form of the Langmuir model.

l _ 1 1
qe bCeﬂmax Gmax

(13)

where g, (mg g~ 1) and gyuax (mg g~ 1) stand for the amount of adsorbed metal particles at a
specified equilibrium and the maximum amount of the metal particles per 1 g of sorbent;
and b (mg g_l) is a constant that has a relation to the adsorption energy [143]. According
to Figure 11, which is a graphical illustration of Equation (6), q increases sharply from
zero with the filling of the adsorption sites on the monolayer as the solute concentration
in the solution rises, and it peaks at a limiting surface density of §;.x when the surface is
saturated. Then, no further increase in q with increasing solution concentration is possible
once the surface is saturated. However, a dynamic equilibrium is still maintained with
equal solute adsorption and desorption rates [147].

(a) (b)

(Jmax

qe(mg gh)
qe(mg gt)

C.(mg L) C,(mg L")

Figure 11. (a) Freundlich adsorption isotherm, and (b) Langmuir adsorption isotherm.
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Table 8. Kinetic parameters for the adsorption of arsenic on different adsorbents.
Pseudo C
Adsorbents 1st or 2nd (m I(j—l) k ( qe_l) R? Ref.
Order Kinetics & HE &
Untreated powdered 1
eggshell 1st 0.5 0.717h 30 0.944 [148]
2nd 18.47 gmg~1-h~! 724 0.999
Dolomitic sorbents 1st 2 6.8x107% ug g~ ! min~! 652.04 0.970 [149]
2nd 1.75x107° pg g~ ! min~! 652.04 0.975
Ist 0.016 min~" 11,060 0.833
A MIL-53(Fe) 2nd > 0.0120 g mg~! min~! 5180 0994 1]
Hematite nanoparticles 2nd 10 6.45+3.11 gmg ' h™! (10-4) 2899 £7L1 0997 0
Hematite agglomerate 2nd 6.45+1.39gmg ' h! (10-4) 1689 £90.2 099
Copper (II) oxide 1st 1 0.02 min~! 742.48 0.94 [152]
nanoparticles 2nd 0.03 gmg ! min~! 1014.41 0.9
3.2.2. Freundlich Isotherm
The Freundlich model is used when heterogeneous surfaces and multilayer sorption
are studied. Equation 14 provides the mathematical expression of Freundlich isotherm.
1
Inge = Inks, + p Inc, (14)
where ky indicates the extent of adsorption, 7 is the non-linearity degree between solution
and adsorbent, and both are constants. The k¢ (mg!~1/n g=1 11/) becomes higher as the
surface accessibility for pollutants becomes greater [143]. The Freundlich model can be
used for multilayer adsorption because it is not constrained to monolayer creation like the
Langmuir isotherm model. Freundlich isotherm expression assumes that the surface is
heterogeneous and active sites” distribution and energy are exponential. Figure 11 shows
that the mass of adsorbate adsorbed per unit mass of adsorbent is not constant at various
concentrations of the solution. The stronger binding sites will first be occupied, and the
adsorption energy will begin to fall exponentially once the adsorption is complete [147].
In most metal adsorption studies, Freundlich isotherm provides a more accurate fit to
the data [143] since arsenic adsorption on the adsorbents is often non-ideal multilayer
adsorption on heterogeneous surfaces [153]. Table 9 details the equilibrium isotherm
parameters for As adsorption.
Table 9. Equilibrium isotherm parameters for arsenic adsorption.
Langmuir Freundlich Ref.
Qmax b kf 2
Adsorbent @g 1) (Lmg1) R; (mg g~ 1) n R
Zeolite (H-MFI-24) 0.0358 0.009 0.9566 3.52 1.11 0.9962 [154]
Zeolite (H-MFI-90) 0.0348 0.0109 0.9642 421 1.12 0.9993 [154]
Chitosan magnetic graphene oxide 55 0.021 0.9605 86.640 0514 09776 [155]
nanocomposite
Watermelon rind 0.0031 1.39 0.96 1.99 0.40 0.88 [156]
Hydroxyl-eggshell 0.529 0.005 0.81 104.11 5.05 0.92 [157]
Maghemite nano-adsorbents 0.0072 17.5 0.98 13.8 1.95 0.93 [158]
Starch functionalized maghemite 0.0086 9.1 0.98 16.5 1.60 0.98 [158]
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4. Characterization Techniques for Investigation of Adsorbents Properties

Understanding and identifying the various retention phenomena (adsorbent-adsorbate)
and interpreting the kinetic results depend on the characterization results. Moreover, de-
veloping technical adsorption methods and conducting adsorption studies require a basic
understanding of adsorbents’ physical and chemical characteristics. Furthermore, the
adsorbent surface characteristics are crucial in determining its sorption capacity because
adsorption is a surface phenomenon [159-161]. Figure 12 presents the most common
characterization techniques. Table 10 presents an overview of the characterization results
of different adsorbents (proximate and ultimate analysis, specific surface area, and bulk
density). Table 11 details typical examples of Fourier transform infrared spectroscopy
(FTIR) and X-ray powder diffraction (XRD). Table 12 shows typical examples of scanning
electron microscopy (SEM) and particle size.

cC
C |
9 Surface morphology 8 | Elemental analysis
% © (XRF, CHN/O)
N — Bulk density N
05 E
) [ | .
t; | ] BET-surface area 8 Functional groups (FTIR)
S L .
T <
L —  Particle size distribution O .
[8) et — Zeta potential
TU ()
O | Proximate analysis (Moisture o
— content, Ash content
g ) E || Proximate analysis (fixed
e . g carbon, volatile carbon)
o — Crystallinity (XRD) @)

Figure 12. Overview of main characterization techniques.

4.1. Surface Morphology

Microscopic methods such as optical microscopy (OM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) can
be employed to directly observe the adsorbent morphology or topography [162]. SEM
characterization, a common technique for investigating surface morphology, produces high-
resolution images of a sample by applying a focused electron beam on the sample’s surface
and measuring the secondary or backscattered electrons. An Energy Dispersive X-ray
Analyzer (SEM-EDX) is employed to determine certain elements” atomic percentages [163].

4.2. Bulk Density and Particle Size

An untapped powder sample’s mass-to-volume (including void volume) ratio deter-
mines its bulk density. As a result, the powder particles” density and spatial arrangement
within the powder bed affect the bulk density. After weighing the contents of a container
(m) with a known volume, V, the bulk density can be determined [162].
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Table 10. Proximate and ultimate analysis, specific surface area and bulk density of different adsorbents.

Adsorbents Type Adsorbent Proximate Analysis Ulhmati Analysis Specific Szurfalce Area Bulk Degsﬂy Ref.
(%) (m*g—1) (g cm—3)
Moisture 7.53% C 68.32
1 O,
Carbon-based Activated carbons Fix\efgl‘z:rlle)on 52202 E ;E 720 0.43 [164,165]
Ash 9.58% (@) 26.44
Volatile 9.24% SiO, 86.1
Fixed carbon 3.94% A1583 gzg
Ash 86.57% Na,O 5.08
FEZOQ, 0.039
Natural Zeolites CuO 0.009 211.97 0.068 [166,167]
MnO 0.064
Br 0.04
TiO, 0.012
Cl 222
ZnO 0.005
Moisture 5.83% C 46.1
Volatile 76.44% H 6.39
Agricultural waste Sawdust Fixed carbon 12.02% N 0.37 303 0.152 [168,169]
Ash 5.73% (@) 41
S 0.55
Volatile content 3.68% Si0, 60.5
Industrial Fixed carbon 22.30% Al,O3 154
waste/byproducts Fly ash Ash content 74.00% CaO 29 450 1.01 [170,171]
Fe203 49
MgO 0.81
Moisture 15.40% C 49.7
Protein 14.88% H 1.72
Biosorbent Chitin/chitosan Fiber 76.40% N 0.2 300 1.008 [172]
Ash 9.40% (@) 48.3
S 0.1
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Table 11. Fourier transform infrared spectroscopy (FTIR) and X-ray powder diffraction (XRD) results
of different adsorbents.

Adsorbent FTIR XRD Ref.
§
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Table 12.
different adsorbents.

Scanning electron microscopy (SEM) and particle size distribution results of

Adsorbent
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4.3. Dynamic Light Scattering (DLS)

DLS is a non-destructive, low-cost, relatively easy, and fast technique for measuring
particle size distributions in colloidal suspensions and emulsions and detecting the presence
of agglomerates and aggregates. The light scattered by small particles irradiated by a laser is
recorded with high time resolution under a particular angle; the fluctuation of the scattering
signal represents the dynamics of microstructural processes such as the Brownian motion
of the particles. Particle size can be measured by analyzing the change in the scattered light
intensity in a colloidal suspension. A numerical transformation of spectral measurement
signals is required for this purpose [183,184].

4.4. Brunauer-Emmett-Teller (BET)-Surface Area

The BET method for determining surface area is a popular characterization method
for different adsorbents. The BET theory states that surface areas can be determined from
gas (typically Ny) adsorption isotherms at the boiling point of the gas. In other words, a
formation of layers that consists of atoms, ions, or molecules on the surface of a substance
that adsorbs gas produces van der Waals forces, which are responsible for this phenomenon.
Based on this theory, the surface area and the amount of gas adsorbed on the adsorbent
material are correlated [185].

4.5. Crystallinity

XRD techniques are frequently employed to identify present phases (qualitative analy-
sis) and to calculate their corresponding quantities (quantitative analysis). X-ray scattering
from atoms leads to a diffraction pattern that carries information about the atomic structure
in the crystal. Amorphous materials do not show any noticeable peaks in the diffraction
pattern because of the lack of periodic arrays with long-range order. The intensity (amount
of X-rays recorded in a certain peak) is shown against the detector angle, 26, in a diffraction
pattern known as a diffractogram (Table 11). The wavelength influences the peak position
in a diffraction pattern. Bragg’s Law, which is the principle of XRD, explains that the
incident X-rays” wavelength, the incident angle, and the distance between atoms in crystals
are related [186].

4.6. Ultimate (Elemental) (XRF, CHN/O)

The ultimate analysis provides information about the elemental composition of the
adsorbent [185]. X-ray fluorescence (XRF) spectroscopy is an accurate, reliable, and non-
destructive analysis that is often used to determine the elemental compositions of various
materials. According to the wavelength-dispersive principle, each atom emits an estimated
relative quantity of X-ray photons of a certain energy or wavelength. The electron of an
atom is forced out of its inner orbital by the incoming X-rays from an XRF instrument.
As a result, the atom is excited, and high-energy radiation is produced (photons, protons,
and electrons). The final step involves identifying emission lines and converting the line
intensities to elemental concentrations [187]. The elemental analysis of some adsorbents
can be derived from a CHN analyzer. Dried samples are burned in the combustion box
of an elemental analyzer when conducting a CHN test. The complete oxidation of the
organic substance, in the presence of ultrapure O, and the carrier gas (ultrapure helium),
converts carbon, hydrogen, and nitrogen content into CO,, HyO, and N, respectively. The
quantities of the gases are measured by changes in the products’ thermal conductivity after
the gases are homogenized, depressurized, and separated by analytical columns [188].

4.7. Proximate Analysis

The proximate analysis determines the solid, gaseous, and non-combustible compo-
nents of an adsorbent, respectively, as fixed carbon (solid), volatile matter (gaseous), ash
content (ASH), and moisture content [185]. After being heated to 110 °C in an N, environ-
ment, a sample loses mass, and this mass loss is used to calculate the moisture content.
Except for mineral hydrates that break down beyond 110 °C, the moisture content includes
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any water that may be chemically or physically bonded. The volatile matter content is
equivalent to the products produced by a thermal breakdown at temperatures between 110
and 900 °C in the presence of N,. What remains after moisture and volatile materials have
been removed, minus the combustion ash, is called fixed carbon. For the combustion, the
sample is maintained at 900 °C, and the environment is changed from N to air, and what
is left over, after burning fixed carbon at 900 °C in air, is ash [189].

4.8. Functional Groups

Fourier transform infrared spectroscopy (FTIR) can identify the functional groups in
materials by producing infrared beams. The spectrum produced by infrared spectroscopy,
which measures the amount of IR radiation absorbed by each bond in a molecule, is often
expressed as a percentage of transmittance vs. wavenumber (cm~!). The covalent bond of
materials with an electric dipole absorbs energy when IR radiation interacts with it, and
the bond begins to oscillate back and forth. When a molecule’s dipole moment changes
due to the oscillation of its bonds, IR light is absorbed by those bonds [190].

4.9. Zeta Potential (ZP)

This is an analytical method to indirectly report the surface net charge and reflect the
stability of the particles. It is the electric potential at the shear/slipping plane of a moving
colloid particle in an electric field, and it describes the electrochemical equilibrium between
particles and liquids in solutions. The electric potential of a surface is defined as the amount
of work required to move a unit of positive charge from infinity to the surface without
acceleration. Extremely positive or negative ZP values represent strong repulsive forces
that restrain similarly charged particles from aggregating, and as a result, the re-dispersion
of the solution is guaranteed [191,192].

5. Adsorbent Performance
5.1. Removal Efficiency and Adsorption Capacity

The success of adsorption is evaluated by calculating the removal efficiency, removal
capacity, and removal rate. The adsorption rate can be measured by determining the
residual heavy metal after different contact times. Equation (15) calculates the adsorption
efficiency [193].

C—-C
Adsorption efficiency (%) = ( : = e) x 100 (15)
i
where C; is the initial concentration, and C, denotes the metal ion concentration in the
equilibrium state. Equation (16) is employed to calculate adsorption capacity, as given
below [193]:

Adsorption capacity (mg g_l) =((C—Ce) xV)/W (16)

where V stands for the volume of the metal solution, and W represents the mass of the
adsorbent [193].

5.2. Reusability

Effective reusability refers to the ability of an adsorbent to be regenerated and utilized
multiple times without considerably losing its adsorption capacity [194]. Many factors
can decrease the performance of an adsorbent over time (Figure 13). These factors include
incomplete adsorbate desorption, surface precipitation, active sites loss as a consequence
of adsorbent wear and tear, and changes in adsorbent characteristics such as surface area,
porosity and crystalline structure [195-197]. Table 13 shows examples of changes in removal
efficiency or capacity after several adsorption-desorption cycles.
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Figure 13. Effects of multiple regeneration cycles on the performance of adsorbents.

Table 13. Results of previous studies for several consecutive sorption/regeneration cycles.

. Number Removal Capacity (RC) or
Contaminant Adsorbent of Cycles Removal Efficiency (RE) Change Ref.
As (IIT) Fe-Mn binary oxide 5 RC: —14% [198]
As(V) impregnated chitosan bead RC: —17%
Metal-organic framework a0
As(V) MOF-808 5 RE: 17% [199]
As (IIT) Magnetite/non-oxidative 5 RC: —14%, RE: —22% [200]
As(V) graphene composites RC: —6%, RE: —0.26
As (ITD) Chltosgn magnetic graPhene 5 RE: —13% [155]
oxide nanocomposite
As(V) MIL-101(Fe) 3 RE: —40% [201]

5.3. Effects of Parameters on Adsorbent Performance

It is essential to optimize removal conditions to improve adsorbent performance.
Optimization studies have traditionally been conducted by tracking the impact of one
factor at a time on an experimental response, while the other variables remained constant
(one variable at a time). This method does not consider the interactions between the
variables being researched; this approach increases the number of experiments required to
find the optimum values [202]. As a result, it is preferred to use a different approach that
will be more successful and flexible for the parameter optimization of adsorption studies.
One of the most used statistical tools for optimizing adsorption conditions is response
surface methodology (RSM) [203]. Recent predictive polynomial equations developed in
adsorption research studies to optimize operational conditions (i.e., maximum removal
efficiency or maximum adsorption capacity) are summarized in Table 14. The effects of
process variables (pH, temperature, contact time, initial concentration, and adsorbent dose)
on heavy metal removal efficiency and the adsorption capacity of adsorbents are described
in the following sections. Table 15 shows the effect of different parameters on the adsorption
of As from aqueous solutions.
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Table 14. Summary of previous studies on the mathematical models of arsenic removal by different adsorbents.

. Max Adsorption
Method Conditions and Factors Models Capacity/Removal Efficiency (%) Ref.
Adsorbate: As(V) and As(III)
Adsorbent: iron-impregnated sugarcane carbon Breakthrough time (min) ) 1
(Fe-SCC) = 473.0 — 317.6A + 316.5C — 174.2F — 111.4 AC — 87.0AF AC: 1477 ug g [204]
Factors: A, C,and F —57.8CF + 3.7A% + 486.9C2 + 38.0F2
Adsorbate: As(V) Adsorption capacity = 4.4+ 2.10A — 0.9941B + 0.3521D — 0.4235P—
Adsorbent: mill scale-derived magnetite particles 0.7756 AB + 0.1931AD — 0.1272 BD + 0.1477BP— AC:8.13mg g{1 [205]
8 Factors: A, B, D, P 0.33063AP — 0.0212DP — 1.2551A2 — 0.6767B%+
) 0.3406D? — 0.1976 P2
Adsorbate: As(V) . .
Adsorbent: iron oxide immobilized graphene Removal efficiency (%) RE: 94.8¢ 206
oxide gadolinium nanocomposite = —1.760 + 0.548A -+ 5.014B + 184.496C + 0.291D :94.8% [206]
Factors: A, B, C, and D +0.017AB — 0.590AC + 0.001AD — 1.362BC — 0.002BD
—0.010CD — 0.015A2 — 1.129B% — 111.685C2 — 0.001D?
Adsorbate: As(V) Adsorption capacity
Adsorbent: metal oxide-precipitated clinoptilolite — 2.583769 + 0.885829 A — 0.184399B — 0.074153T AC:6.1mg g*1 [207]
£ Factors: A, B, and T —0.135264 AB + 0.005606 AT + 0.002475BT
;é +0.000546 T2 — 0.008533 A2
@ Removal efficiency (%) (AS(III))
[aa) .
D gogsorbate: S/(;H) gnc/l AsV) — 89.71 — 80.20A — 9.45B + 2.91C — 3.25AB + 1.24AC
2 sorbent: el /rext s/ graphene +0.39BC — 1.73A2 — 25.21B — 0.078C> As(III): 98.53% As(V): 97.26% [208]

nanocomposite
Factors: A, B, and C

Removal efficiency

(%) (AS(V))
= 66.98 — 7.63A — 27.20B +2.77C + 0.53AB + 1.68 AC
—0.028BC + 3.48 A2 — 8.27B2 + 4.38C2

A = Initial concentration, B = pH, C = Adsorbent dose, CCD = Central composite design; D = Contact time, F = Flow rate, P = Particle size and T = Temperature.
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Table 15. Summary of studies on the effect of process parameters on arsenic removal by different adsorbents.

Contact or

Optimum As

Optimum

Optimum Equilibrium Initial Adsorbent Removal Adsorption
Adsorbent Adsorbate Optimum pH Temperature qu . Efficiency (%) Capacity Ref.
(K) Time Concentration Dose (Max) (mg g—1)
(min) (mg L-1) (gL a 88
Pb (1) 3-9 10-65 Pb (II): 99.97 Pb (II): 200
Cr (III) (Pb (I): 5 (Pb (II), Cu (1I), Cr (I1I): 97.78 Cr (III):24
Magnetic graphene oxide Cu (IT) Cr (IID): 6 298 Ni (IT): 25 60 0.002-0.016 Cu (II): 96.65 Cu (I):62 [209]
Zn (1) Cu*2:7 Cr (IIT), Zn Zn (II): 91.88 Zn (I1):63
Ni (II) Ni (II):8) (I1):35) Ni (II): 95.28 Ni (II):51
Carboxyl modified Pb (IT) 157.21. 88.98
lignocellulose-biomass Cd (II) 2-6 (6) 298 0-180 (20) 200 1.0 e [210]
. . 43.98
jute fiber Cu(ID)
. Pb (II): 243, Cu
Magnetic carboxymethyl - Pb(ID), Cu(I) 52 298 2-60 (60) 100 1.0 ):232, Zn (M):  [211]
chitosan nanoparticles Zn (1) 131
Pb (I): 99% < 60
. . N g B ppm
Esterified hydroxyapatite Pb(II) 3-7 (3) 298 10-720 (60) 30—300 (100) 0.1 Pb (I1): 99.99% 2397 [212]
=63 ppb)
Peanut hull Cu(Il) 1.5-4 (4) 298 to 338 (298) 5-180 (60) 150- 500 (150) 0.1-1 (1) >80% 14 [213]
Microcrystalline o
cellulose-based nanogel Cd (1) 6 300 10-90 (30) 20 0.05-1 (0.5) 97% 595 [214]
Pb (II) Pb (D) 1-7 (4) 10-250 Pb(%?dSTSOO Pb (II): 273
Magnetic Zr-MOF Cr(vI) Cr(V(I;)l—lo 298 (P]é Eg}l )6(; S)nd Cr(VI):10-1000 1 Cr(VI): 429 [215]

(1000)
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53.1. pH

The solution pH significantly impacts the distributions of the elements of metals, their
mobilization, and the surface charge of the adsorbents during the adsorption process [216].
In a lead (Pb)-removal study, the adsorption capacity of the mussel shell increased from
43.62 mg g~ ! to 63.49 mg g~ ! upon an increase in pH (4-6). Low pH decreased the Ca**
dissociation in the solution, and Pb(II) swaps with a limited quantity of Ca?*; when the pH
is high, there is more dissociation of Ca®*, and Pb() exchanges with more Ca®, implying
that the adsorption capacity increases. [217].

As(V) adsorption on the granitic material gradually reduced from pH 4 as the pH
value was increased, according to a previous study [218]. The granitic material compounds
with variable charges, such as Fe and Al oxyhydroxides, kaolinite-type clays, and organic
matter, pose a positive charge at an acidic pH, which helps them retain HyAsO and HAsO,.
Still, as the pH rises, they suffer from progressive deprotonation and an increase in negative
charge, which can reduce As(V) adsorption [218].

The effects of pH on the removal of As (IIl and V) were studied to find the ideal pH
for the highest adsorption of As on biochar-stabilized iron and copper oxide nanoparticles.
In the pH range of 6-8, the highest adsorption of As occurs at pH 7.0, with >95% removal.
The surface charge of the composite-based adsorbents and the ionization potential of the
As species are both influenced by the pH of the solution. A pH between 6.5 and 7.0, which
is mildly acidic to neutral, encourages the ionization of H3AsO4 to produce H;As04%,
which has a negative charge, while the composite mixture acquires a mildly positive charge
as a result of the conversion of Fe-OH and Cu-OH to Fe-OH?* and Cu-OH?*. Due to the
opposite charges of the composite mixture and As (V) species, the electrostatic attraction
between adsorbate and adsorbent increases, leading to higher adsorption [219].

In a pH range of 1.0-13.5, the behavior of As adsorption on octahedral TiO, nanocrys-
tals was studied. As(III) and As(V) exhibited their highest adsorptions at pH values of 8
and 4, respectively. The smallest As (III) and As (V) adsorptions occurred at pH 12, and at
higher pH levels, such as 13.0 and 13.5, their adsorptions increased once again. The primary
cause of the significant adsorption of As should be the electrostatic interactions between
the As species and the TiO; surface [220]. Another work assessed the effects of solution
pH and ionic strength on As (III) uptake by a new nanostructured iron-copper-manganese
tri-metal oxide. As the pH of the solution increases, As (III) sorption decreases. Strong
repulsive forces between the produced anions of As(V) and the surface of tri-metal oxide
with a negative charge may be the reason for the relatively low adsorption of As(III) at high
pH levels [221].

The impact of pH has been investigated (CMGO) in As (III) removal by a chitosan
magnetic graphene oxide nanocomposite. The removal efficiency improved by increasing
the pH from an acidic to a neutral pH; at an alkaline pH, it dropped. The maximum
removal and adsorption capacities were attained at pH 7.3. The pH of the point zero charge
(pHpzc) of the nanocomposite was about 6.8. As a result, the surface of the adsorbent
will be negatively charged at pH levels greater than pHy,. and positively charged at pH
levels lower than pHp,c. Thus, the surface of the CMGO is negatively charged, where the
maximum As (III) was found. Since As (III) usually exists in the nonionic state (H3AsO3) at
pH levels below 9.2, surface complexation rather than electrostatic interactions govern the
adsorption of As(III) [155].

5.3.2. Temperature

The endothermic process experiences an increase in sorption capacity with increasing
temperature, and the exothermic process exhibits a reduction in sorption capacity with
increasing temperature [222]. As temperature has little effect on the adsorbent’s ability to
adsorb heavy metal, room temperature is frequently used in this kind of study [223].

Mussel shell powder was added to a Pb (II) solution, and the sample was stirred until
equilibrium was achieved in the range of 293-308 K, in order to investigate the impact of
temperature on the adsorption performance of the adsorbent. According to the results, as
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the temperature was increased from 293 to 308 K, the ge of the calcined shell powder was
improved from 53.86 to 65.41 mg g~ . This may be due to increased molecular mobility at
higher temperatures, which increases the likelihood that Pb (II) will come into contact with
the adsorption sites [217]. As (V) removal effectiveness and modified saxaul ash removal
effectiveness increased with temperature from 293 to 323 K. By increasing the temperature,
the viscosity of the solution was reduced. The increased removal efficiency was also caused
by increasing the release of adsorbent molecules in the pores of adsorbent particles and
through the external boundary layer [224].

In the adsorption of lead and As ions by activated carbon from Tamarix leaves, the
adsorption efficiency decreased upon an increase in the temperature between 25 and 55 °C,
because heavy metal ions have a strong tendency to leave the adsorbent surface and return
to the solution as the temperature goes up [225]. According to the findings of a different
investigation, as the temperature increased from 25 to 45 °C, the percentage of As removed
by co-modified bentonite with manganese oxides and poly (dimethyl diallyl ammonium
chloride) increased gradually from 87% to 91%. This might be caused by an increase in the
mobility of As species or by the adsorbate faster diffusion rate through the pores due to a
reduction in the viscosity of the solution [226].

5.3.3. Contact Time

Since it influences the operation’s economic viability and adsorption kinetics, it is
crucial to determine the ideal contact time for the adsorption process [227]. A Pb (II)
solution (100 mg L~!) was mixed with shell powder (0.02 g), the pH was adjusted to 6, and
the adsorption process was carried out at 25°C for 10-540 min. The results demonstrated
the existence of more active sites that caused the calcined sample’s adsorption capacity
to grow quickly, 360 min after the process began. Due to the gradual saturation of the
powdered calcined mussel shell, a further extension of the adsorption duration led to a
marginal increase in the adsorption capacity. [217].

In another study, with increasing contact time, the effectiveness of removing cadmium
increased from 56 to 78%, chromium from 90 to 94%, and lead from 93 to 96% [18]. The
green mussel shell adsorbed more metal ions as the agitation time increased. After a certain
amount of time, the adsorbent surface area slowly exhausts, reducing the adsorption
capacity. According to the results, the equilibrium adsorption capacities for these metals
were 2.1, 2.6, and 2.7 mg g~ !, obtained after 8 h (h). The uptake trend increased and then
became constant after 8 h [228].

An experiment was conducted for 48 h with initial concentrations of 100, 500, and
1000 g L= of As (IIT) and 50 mg L' of nanoparticles to examine the influence of the contact
time evaporation of As (III) and As (V) by Fe/Cu nanoparticles. The findings showed
that most of the reaction occurs within the first hour [127]. According to the findings of
an investigation on As (III) sorption (As(Ill) removal by a nanostructured iron-copper-
manganese tri-metal oxide), the removal rate was rapid within the first 2 h, and over 85%
of the equilibrium uptake capacity was achieved. Afterward, As(IIl) sorption began to slow
down, and sorption equilibrium was attained after about 24 h [221]. Arsenic was quickly
absorbed into the Fe-modified biochar and Cu-modified biochar adsorbent during the first
5-40 min, increasing significantly after that. The process continued at quite a slow rate until
the equilibrium was achieved after 60 min. After 60 min of stirring, there was no noticeable
change in the amount of As that was adsorbing; hence, 60 min was regarded as an effective
equilibrium contact period for 95.3% As removal efficiency [219].

Furthermore, the impact of contact time on lead and As ion adsorption by activated
carbon prepared from Tamarix leaves was examined for 5-120 min. After 60 and 40 min for
lead and As, respectively, the adsorption efficiency stabilized, revealing that the adsorbent’s
active sites had been saturated [225]. Modified saxaul ash was used to remove As (V) from
water-based solutions, and the As removal increased with longer contact times. The
absorption rate was high in the first 30 min and equilibrium time was 60 min; changing As
initial concentration did not affect the amount of time to reach equilibrium [224].
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In general, the quantity of adsorption sites in the adsorbent structure is what causes
the rapid adsorption process in the initial stages of the process. As a result of the ions
occupying these sites, the efficiency starts to decline progressively, but after a period,
no changes in the adsorption efficiencies are noticed. The occupation of the remaining
unoccupied sites becomes more challenging as the contact time increases because of the
gradual occupancy of the vacant sites and the ions-liquid phase repulsive interactions [225].

5.3.4. Initial Concentration

Increasing the initial metal ion concentration in a solution usually enhances the ad-
sorption uptake [229]. A research study showed that as a function of equilibrium As and
initial concentration, As adsorption on mussel shell ash increases linearly [230]. Another
study showed that the adsorption capacity of Pb (II) on the calcined shell powder gradually
increased from 14.72 to 57.79 mg g~ ! as the starting lead concentration increased from
20 to 100 mg L~!. Lower Pb (II) concentrations prevented the adsorbent from reaching
saturation, whereas larger concentrations caused the accessible adsorption sites on the
surface of the calcined shell powder to gradually fill up and attain saturation [217].

Batch mode investigations on the adsorption of heavy metals on the green mussel
shell-derived adsorbent revealed that with an increase in the initial concentration from 1
to 20 mg L, the removal efficiency of cadmium, chromium, and lead was changed from
80 to 59%, 28 to 92% and 79 to 95%, respectively. The pattern may be justified because a
higher initial concentration of ions increases the adsorption capacity temporarily, but as the
process progresses, an increasing amount of ions come into contact with fewer active sites
on the adsorbent surface. [228]. Investigations were conducted on the removal efficiency of
As by co-modified bentonite with manganese oxides and poly (dimethyl diallyl ammonium
chloride) as a function of initial As concentrations between 0.25 and 2.00 mg L~!. The re-
moval efficiency of As was initially high, reaching 90% (initial concentration =0.25 mg L~1),
then constant for values between 0.25 and 0.5 mg L=}, then gradually declined with increas-
ing concentration, and finally, the decrease was rapid for the initial concentration higher
than 1.5 mg L~! [226]. In another study, 2 mg of nanofibers was fixed at a neutral pH by
conducting the adsorption at various concentrations from 10 ppb to 10 ppm. The highest
absorption of the porous carbon nanofibers was at 1 ppm concentration [231].

In the adsorption of lead and As by zeolite modified with copper oxide and iron
oxide, initial concentrations of 20 to 100 mg L~ did not significantly change the removal
efficiency [232]. Changes in lead concentration between 1 mg L~! and 180 mg L~ were
used to maximize removal efficiency by Bentonite clay. It was observed that lead removal
efficiency increases initially upon an increase in the initial concentration. From 35 mg L1,
the lead removal efficiency slightly declines. Adsorption reduces once the saturation level is
reached since no more ions can be absorbed [233]. The reduction in the removal percentage
at higher concentrations is likely because of the adsorbent’s limited available active sites
and the additional heavy metal ions that compete for these sites, which become more
saturated as metal ion concentration increases. [232].

5.3.5. Adsorbent Dose

Adsorbent dose affects adsorption surface area and the number of exchangeable sites
on the adsorbent’s surface. If interference from active sites interacts after a specific dose
limit, adsorption may stay the same or even decrease [234]. The effect of the mussel shell
adsorbent dose (0.01-0.05 g) on the adsorption of Pb(Il) was studied. The results showed
that the removal rate increased from 41.21% to 65.08% as the adsorbent dose increased,
while the ge of the adsorbent steadily reduced from 82.42 to 26.03 mg g~ ! [217]. This might
be explained by taking into account the greater number of adsorption sites provided by
increasing the shell powder concentration [228]. The authors decided that 1.0 mg mL ™!
was the ideal adsorbent concentration for further testing [217].

The presence of larger concentrations of green mussel shell increased cadmium,
chromium and lead removal efficiency from 50% to 67%, 70% to 93%, and 51% to 97%,
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respectively. [228]. The percentage of As(Ill) adsorption rose with the increase in adsorbent
dose, as the results of As removal by iron oxide/nano-porous carbon magnetic compos-
ite showed that 1.8 g L~! of adsorbent removed the maximum percentage of As (about
75%). After that, an equilibrium was reached, and subsequent additions did not affect the
percentage of adsorption [235]. The impact of the adsorbent dose on the As (III) adsorp-
tion was examined by adjusting the concentration of chitosan magnetic graphene oxide
nanocomposite (CMGO) in the solution between 1 and 5 g L~!. As the adsorbent dosage
was increased from 1 to 5 g L1, the removal efficiency improved, but the adsorption
capacity dropped [155].

According to the investigation of the effect of Fe/Cu nanoparticle dose (10-100 mg L~1)
on the removal of As (III) and As (V), the removal percentage increased with increasing
adsorbent dose. However, the rate of increase in As removal was less noticeable when the
dose of nanoparticles was increased from 50 to 100 mg L~! [127]. The highest removal of As
was determined to be nearly 98% at the adsorbent (co-modified bentonite with manganese
oxides and poly (dimethyl diallyl ammonium chloride)) dosage of 15 mg/70 mL, according
to the results of another experiment. The removal of As rose slowly with increasing adsor-
bent dosage. After a dosage of 15 mg/70 mL, the As removal percentage did not change
noticeably [226]. The optimum quantity of clay for lead removal was identified for an initial
metal concentration of 50 mg L~! at a pH of 6 by adjusting the clay amount from 0.1 g
to 0.9 g. It was found that as the clay dose increases, the adsorption efficiency increases.
This is because the adsorbent’s surface area increases. The optimum clay concentration for
removing lead (Pb) was 0.3 g/50 mL [233].

Generally, increasing the number of adsorbent particles generates bigger surface areas
and more accessible active sites, which in turn increase the adsorption capacity. Obviously,
a higher adsorbent dose adsorbs more ions. In contrast, the decrease in the percentage of
adsorption with a higher adsorbent dosage after a certain amount may be caused by the
loss in adsorbent surface area due to the accumulation of adsorbent particles or the low
quantity of ions in the solution in comparison to the accessible vacant sites, or interference
between the high adsorbent dosage and active sites [232].

6. Arsenic Adsorbents

Some known adsorbents used to remove As are hydrous titanium dioxide (TiO)m [27],
iron oxides/hydroxides [28], zeolites [29], activated carbon [225], and alumina [30]. Nanopar-
ticles such as gold [32], cupric oxide [33], metal oxide nanomaterials [236], impregnated
granulated activated carbon [237], and nanostructured Fe(IlI)- Cr(III) mixed oxides [35] have
also been used in As removal. The literature showed that nanomaterials can be efficient
adsorbents for heavy metal removal. Due to the toxic nature of As, scientists are seriously
working on developing new adsorbents, which should be more rapid and cost-effective
than reported methods. Table 16 provides examples of the efficiency of different adsorbents
under different process conditions.

6.1. Low-Cost Adsorbents

Although commercial adsorbents such as activated carbon [238], activated alumina [30],
and iron oxide-based [28] sorbents have shown high efficiency in removing As, finding
economically feasible adsorbents and locally available solutions is still strongly desired.
Nowadays, researchers investigate the application of natural materials, including soils [239],
rocks [240], hydroxylapatite and struvite [241], zeolites [29], industrial wastes [242], poly-
mer resins [243], and biosorbents [244]. Recent studies used low-cost adsorbents such as
iron oxide-coated fungal biomass [245], methylated yeast biomass [246], residue rice pol-
ish [247], crab shells [248], modified coconut coir pith [249], cotton-based adsorbents [250],
bone char [251], shrimp wastes [252], and modified sawdust [253]. The leading low-cost
adsorbents used in recent studies can be classified as industrial waste, animal waste, natural
materials, bio-adsorbent, and agricultural waste [5]. Table 17 provides an example of each
category in specific conditions.
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6.1.1. Industrial Waste (Fly Ash-Based Adsorbents)

The presence of toxic elements in fly ash makes this powdery material toxic; therefore,
fly ash disposal is a challenging process [254]. Researchers have studied the application of
waste material such as fly ash in different processes since the utilization of fly ash, rather
than its disposal, has environmental and economic benefits. Fly ash can be efficiently used
as a low-cost adsorbent of heavy metal and organic pollutants from water solutions and
flue gas. Bagasse fly ash (3 g L 1) at pH 7 and 20.0 °C removed 95.0 and 89.5% of As(V) and
As(III) from water, respectively, after 50 min, with an initial concentration of 50 g L-1[170].
Another adsorbent for As (V) removal was synthesized using special iron-abundant fly
ash. The adsorption capacity of the adsorbent was 19.46 mg g~ ! and removal efficiency
was above 99% [255]. In another study, a low-cost adsorbent was developed to remove As
from Bell Island’s (NL, Canada) well water using modified fly ash from the Corner Brook
Pulp and Paper (CBPP) mill. For local well water, the highest adsorption capacity was
35.6 ng g~ ! and 1428.6 ug g~ ! for local well water and synthetic water, respectively [256].

Coal, as a source of energy in electric power generation, produces tons of fly ash
worldwide. Coal fly ash (CFA) is 65-95% of the total ash generated by burning coal.
Some coals contain high ash content (30-50%), while others have a low ash content, of the
order of 10-15% [257-259]. The type of coal that is burned (anthracite, bituminous, sub-
bituminous, and lignite) and the way it is handled and stored affect the coal fly ash chemical
properties. The main components of fly ash are generally carbon, silica, alumina, iron oxide,
and calcium. Using fly ash in heavy metal adsorbents not only prevents environmental
problems caused by this contaminant but also is a convincing way to remove heavy metal
pollutants from water and wastewater streams [260].

Burning biomass is another source of fly ash that causes environmental problems;
however, in contrast to coal ash, there are no toxic metals in fly ash produced after burning
biomass. The composition of this type of fly ash depends on the type of the original biomass.
The combustion method determines the crystallinity and mineralogy of this fly ash.

In general, Ca, Na, Si, P, and silicon and alkali metals, in some cases, are the inorganic
elements that form biomass fly ash. Biomass fuels have higher concentrations and amounts
of inorganic material variation than coal. Therefore, depending on the origin of the biomass
and production factors such as weather and storage conditions, there are various composi-
tions of biomass fly ash [261-263]. Due to this variation, there are not sufficient records of
the utilization of biomass fly ash in contrast to coal fly ash. However, several studies have
demonstrated the applications of biomass fly ash as an adsorbent [264], raw material for
ceramics [265], cement [266], and concrete additive [267]. Table 18 provides the chemical
composition of several types of fly ash.

6.1.2. Animal Waste (Fisheries Waste-Based Adsorbents)

Crab shell has been used to prepare an adsorbent to remove heavy metal ions (Pb, Cd,
Cu, Cr) from solutions. The preparation procedure included separating the shell and meat
by boiling or steaming, washing, and drying the shell, and finally pulverizing the dried
shell. Compared to conventional methods, crab shells showed a higher removal rate than
cation exchange resin (CER), zeolite, powdered activated carbon, and granular activated
carbon for Pb, Cd, and Cr. In contrast, the capacity of the crab shell was less than CER for
Cu [4]. In another study, calcined mussel shell showed an adsorption capacity of 102.04
mg g~ ! for lead removal, proving that calcined mussel shell is a promising adsorbent for
heavy metals [217].
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Table 16. Different adsorbents used in arsenic removal, their operating conditions, and efficiencies for arsenic removal.

Adsorbent Conditions RE (%) and/or AC (mg g~—1) Ref.
pH:7.6, .
Activated alumina IC (As(IlI)) =1 mg L! EaE lggrzegs(’)(‘lgl) [268]
Contact time: 0-6 h p
) pH:7.9 . .
Manganese oxide IC: <1 mg L1 AC: (As (V)): 0.172 [269]
. . . — . IC: 0-5 mmol L™! Equilibrium time: >6 h
Porous resin loaded with crystalline hydrous zirconium oxide pHA4.5 for As(V), pH: 8.0 for As(ITI) AC (As(V)): 79.42, AC (As(ITD)): 53.94 [270]
Adsorbent concentrations 0-0.2 g L™
Iron-oxide-impregnated activated carbon pH:7 AC:45 [271]
IC (As(V)): Tmg L1
- Lo . . . pH (As(v)): 1-5, pH (As(IlI)): 5-10 Contact time (As(v)): 6 h AC (As(V)):9.74
Titanium dioxide-loaded Amberlite XAD-7 resin Contact time (As(ITD)): 2 h AC (As(TID)): 4.72 [272]
RE = Removal efficiency; AC = Adsorption capacity (mg (As) g~ (Adsorbent)); IC = Initial concentration.
Table 17. The results of using some low-cost adsorbents in arsenic removal.
. Adsorbent Max
Adsorbate Adsorbent pH Tem:iecr;\ture Conta:;t) Time (n?SI{i) Dose RE (1:;[1 ax 1§1C) Ref.
& (gL (%) 8
. 87.6
As(III) As(V) Industrial waste (fly ash) 7.3 20 24 1 0.5 99.6 - [256]
As(V) Animal waste (mussel shell) ~10 - 24 0.5-100 100 96 - [230]
Agricultural waste 68 37
As(V) (1: natural orange peel 6.5 20 24 200 4 ’ [273]
98 60.9
2: charred orange peel)
Natural materials 1
As(I (Fe-Mn binary oxides-loaded zeolite) 70 25 3 2mg L 05 9 )
As(IIT) As(V) Biosorbent (modified chitosan beads) 7.0 25 36 5-60 1 - ?,3? [198]

RE = Removal efficiency; AC = Adsorption capacity (mg (As) g’1 (Adsorbent)); IC = Initial concentration.
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Fish scales are another available waste that is abundant and easy to prepare as an
adsorbent. Fish scales were used to investigate their efficiency in removing lead (II) and
zinc (II) ions [274,275]. In a study, fish scales were used in batch adsorption experiments.
The results proved the potential of fish scales for lead (II) and zinc (II) removal with a
maximum removal efficiency of 81.97% and 80.37%, respectively [276].

Fish bones have been used to remove copper and cobalt from wastewater. The results
revealed that the contact time for equilibrium is 270 min for Cu (II) and 300 min for Co
(II). By increasing the initial metal concentration from 50 ppm to 300 ppm, the removal
efficiency dropped from almost 40% to nearly 25% [143].

Table 18. Chemical composition of coal and biomass fly ash [277-279].

Fly Ash

Type Si02 CaO A1203 Fe203 Kzo MgO Na20 P205 Ti02

Coal 54.08 3.27 26.38 6.12 1.64 1.55 0.51 0.80 1.44
Biomass 36.03 27.41 8.33 4.12 4.92 3.56 0.87 3.21 0.94
Biomass 44.41 23.84 10.80 3.63 3.99 3.76 1.27 2.02 1.05
Biomass 20.38 40.13 8.20 17.40 241 3.26 0.43 3.20 0.42
Biomass 37.43 10.96 12.97 9.74 3.21 2.30 1.50 1.61 0.91

6.1.3. Natural Materials (Zeolites)

HDTMA-Br and HDTMA-CI as surfactants were employed to modify two natural
zeolites (clinoptilolite and phillipsite). These developed adsorbents were synthesized
and evaluated as adsorbents for As(V) removal from wastewater. Results revealed that
As(V) removal has a fast adsorption rate and follows a pseudo-second-order kinetic model,
with 100% removal occurring in all samples in 2 h [280]. In another study, the adsorption
capacity of zeolite (Z, micrometric size), nanomagnetite (Mt), and a nanomagnetite-zeolite
composite (MtZ) were found to be 0.3, 4.7 and 6.2 mg g~ for the adsorption of arsenate in
hydroponic tomato cultures, respectively [281]. The application of 2D zeolitic imidazolate
framework-67 porous nanosheets (ZIF-67-NS) was evaluated as a potential adsorbent for
As(III) removal from water. In contrast to its 3D bulk-type counterpart, ZIF-67-NS showed
much better adsorption capacity (516 mg g~!) and faster absorption kinetics (2 h) (ZIF-67-
NB). After three cycles, ZIF-67-NS was effectively regenerable, with minimal adsorption
capacity loss [282].

6.1.4. Bio-Adsorbent (Chitin/Chitosan)

Silica-stabilized hybrid chitosan microspheres were used to remove As from water.
When compared to chitosan beads alone, hybrid beads have a higher As(V) adsorption
efficiency because the addition of magnetite (Fe3O4) nanoparticles increases the beads’
surface area. Furthermore, the hybrid and chitosan beads” adsorption capacities were 1.699
and 0.082 mg g, respectively [283]. Fe-Mn binary oxide was impregnated into chitosan
beads to produce a sorbent known as Fe-Mn binary oxide impregnated chitosan bead
(FMCB). The highest adsorption capacities for As(V) and As(IIl) were 39.1 and 54.2 mg g_l,
respectively. NaOH solution could be employed to effectively regenerate and reuse the
As-loaded FMCB [198]. In another study, chitin was pyrolyzed and treated with nitric acid
to increase surface area. Then, Ca(OH)2 was loaded onto the char to develop a new type of
biomaterial to eliminate As. According to the kinetic experiments, an adsorbent dosage of
0.4 g L~! and a concentration of 10 mg L~! produced an optimal equilibrium time of 2 h.
The highest removal efficiency was around 99.8% with 0.4 g L~ of adsorbent [284].

6.1.5. Agricultural Waste (Fruit Peels)

Column-scale laboratory experiments were conducted using synthetic solutions and
groundwater to determine the As removal efficiency by orange peel and banana peel. In
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As-contaminated groundwater of 5, 10, and 50 ug L~! after 1 h, the removal efficiency of
both adsorbents was 100%, 100%, and 90%, respectively. In synthetic As-spiked water of
10, 50, and 100 pg L1, the removal efficiency was 50%, 90%, and 90%, respectively [285].
Batch sorption studies were used to compare the biosorption capacities of natural orange
peel (NOP) and charred orange peel (COP) for As(V) removal in aqueous environments.
The largest amount of As(V) adsorption occurred at pH 6.5, and COP removed As(V) by
98%, which was higher than that obtained by NOP (68%) at the optimal adsorbent dose of
4 ¢ L~ [273]. The peel (PAC-500) and pulp (PPAC-500) of the Citrus limmeta fruit were
used to develop activated carbon with magnetic characteristics at 500 °C. The PAC-500 has
a higher As (III) adsorption capacity (714.3 g g~ !) than the PPAC-500 (526.316 g g~ !). For
As (V) removal, PAC-500 and PPAC-500 showed an adsorption capability of 2000 g g~ 1.
Concentrations < 300 g L~! were completely removed by PAC-500 and PPAC-500 [286].

7. Application of Adsorption in Drinking Water Treatment Systems

Adsorption is regarded as the most economically advantageous method for removing
As for small communities because of its high removal and energy efficiency, ease of design
and operation, and minimum disposal cost and toxicity. As can be removed from water
using commercial adsorbents such as activated carbon. However, its relatively high cost
might exclude its use in rural areas [41]. Numerous adsorbents have been developed over
recent years; however, few options are efficient, affordable, or easy to install, particularly in
developing nations [105]. Another challenge is that removing fine powder adsorbents from
the water after adsorption is not easy. Additionally, fine powders may block the filters and
cause hydraulic issues in columns, increasing the energy and maintenance costs [41]. Gran-
ulating the adsorbents and using them in fixed-bed filters represents a common solution to
this issue; however, these treatments significantly reduce the active sites available for As
and raise the price of adsorbents’ production [105,287]. When fine particles or micro-sized
fractions (<250 um) are used in a fluidized-bed reactor for As removal, a downstream mem-
brane reactor is required to separate the adsorbent [287]. The necessity to regenerate and
reuse adsorbents to lower costs adds another difficulty. The regenerating process requires
strong basic solutions, which challenge the maintenance of the reactors and the treatment of
basic waste [105]. As a result, these important issues must be solved to promote adsorption
in decentralized systems. More research and engineering investigations are required to
successfully employ adsorption in the treatment of community drinking water supplies,
since most adsorption studies are limited to laboratory-scale experiments. Table 19 includes
several pilot-size (small-scale) investigations of As removal by different treatment methods.
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Table 19. Arsenic removal efficiency by different methods (pilot scale).

Flowrate (m3 d—1)

Initial Concentration

Removal (%)/Final

Removal Agent Volume (ugL-1) Concentration (ug L 1) Other Available Data Ref.
ZV1 Operation life: 30 days
adsorption—aeration 0.14-14 130 90-95 Initial ZVI loading = 500 g [288]
Laterite 5 220-300 86.0 Mn: 96.9%, Cd: 7%5 ;Z/ZH: 52.9%, and Pb: [259]
GFH-based adsorbent 96-3840 12-28 >80 Hydraulic EBCT: 3-10 min [290]
Adsorption Ad pH = 7_280 5 mas/oF
. . 3 sorption capacity: 20.5 mgAs/gFe
ZVI two-steps system 1.44 100-130 77-96 Neutral pH [291]
TiO,-based adsorption 52 32 91 Initial fluorides: 2.8 mg L1 [292]
Mixes of Berea red Porosity: 38-60%
0.006-0.290 13,000-17,000 100 Void ratio (e): 0.6-1.5 [293]
sand and ZVIs - . 3
Specific gravity: 4.3-7 g cm
Arsenex II (SBA type 1 Empty-bed contact time: (2.6 min)
10) 2943 16.7 <0 ugL Regeneration frequency: 1.7 day [48]
_ Empty-bed contact time: (4.8 min)
1 pty
A300E (SBA type II) 1362 49.7 <10 ugL Regeneration frequency: 1.7 day [48]
Ion Exchange npXtra system - . B
(Arsenex) 1.47 15-68 OpgL pH=6.38 [294]
npXtra system -1 -
(Arsenex) 0.71 27-47 45uglL pH=738 [294]
npXtra system 1 _
(Arsenex) 1.18 173 6ugL pH=71 [294]
POE RO 4.5 18.1 >99 Sediment filter pore size: 5 um [48]
Memb POU RO 0.13 57.8 >99 Sediment filter pore size: 20 pm [48]
embrane POU RO variable 14.34 85.5 261 samples (100 mL) [295]
Softener + RO variable 9.76 19 261 samples (100 mL) [295]
Naturally (:_ccurrmg Fe Jar test (1L) 1000 50 ug L1:
e simulating groundwater (Fe/As < 13) pH=6.0-7.5 [296]
oxidizing agent of the Bengal Delta 500 10 ug L~L: (Fe/As > 13)
Coagulation (KMnOQOy) 8 HE ’
Iron electrocoagulation Current: 5.8 A
& reactor volume:100 L 153.2 <10 pg L1 Charge dose: 100 C/L [297]

(FeEC)

Alum: 7.5 mg L™!
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Flowrate (m3 d—1)

Initial Concentration

Removal (%)/Final

Removal Agent Volume (ugL-1) Concentration (ug L-1) Other Available Data Ref.
SuMeWa|SYSTEM 144 300 96 pH=5.56-7.05 [298]
+ chlorine as oxidant
. Retention time: 19 s
fron elec(tlgogéa)gmatlon 187 118 ;8 ] i—l ((:g m.m)) Charge dose: 233 C L~ [299]
¢ HE in Alum: 5mg L1
Solar-driven
- . 187 80 . . . .
inline-electrolytic 202 88 In situ chlorine production using water
oxidation followed by 1.2-1.44 195 76 chloride, [300]
co-precipitation and 165 04 Fe > 99%, MN: 96%, POy: 72%, NHy: 84%
filtration
Oxidation with sodium
hypochlorite Laboratory scale result: removing As from 18
Oxidation (0.33 mg L) followed 840 12 % to2 ug L1 (301
by filtration
Bio-oxidation
(immobilized acid
othiobacillus . . 1
ferrooxidans bacteria) 0.004 1000 to 30,000 >50 (after oxidation) Final concentration: 0.2 mg L™ (after [302]
. adsorptive filtration)
followed by adsorptive

filtration (granulated
activated carbon)




Clean Technol. 2023, 5

390

8. Conclusions

Water contamination with toxic heavy metals, such as arsenic, is one of the most sig-
nificant environmental issues worldwide. Arsenic must be removed from drinking water
because it has many negative impacts, including neurotoxicity and carcinogenicity. Many
methods can be used to remove arsenic from water. In the present review paper, various As
removal methods with a particular focus on adsorption have been reviewed. The reviewed
literature confirms the application of oxidation, ion exchange, coagulation-flocculation,
adsorption, etc., in heavy metal removal from drinking water. However, technical and
financial challenges affect the feasibility of these techniques for small communities” de-
centralized systems. In other words, the simplicity, affordability, and availability of the
material, equipment, and skilled operators are the major factors that should be considered
to find an ideal solution for small communities. With these considerations, adsorption is a
very appealing option for decentralized systems of arsenic removal because of the ease of
installation and use and also the low-cost and straightforward operational process.

Common adsorbents such as commercial activated carbon, nanomaterials, composites
and miscellaneous adsorbents have been used in heavy metal removal from water sources.
However, cost-effective adsorbents such as agricultural, industrial or animal waste, natural
materials, and bio-adsorbent should be employed to keep costs low and increase the
effectiveness of heavy metal removal. In most adsorption studies, physical characteristics
of conventional or cost-effective adsorbents have been analyzed through techniques such as
SEM, DLS, XRD, BET-surface area, etc., while the common methods such as XRF, CHN/O,
FT-IR, zeta potential, etc., were widely used for chemical characterization. It should
be noted that there are some considerations that should be taken because adsorption
effectiveness depends on various factors, including the initial concentration of arsenic ions,
pH levels, adsorbent dose, contact time, and temperature. In terms of kinetic and isotherm
modelling, it seems that the pseudo-second-order model and Freundlich isotherm provide
a more accurate fit to the arsenic adsorption data.

The research knowledge gaps should be filled through further investigations on
arsenic removal in water by adsorption. First, more studies should focus on the bench-scale
and large-scale application of arsenic adsorption from drinking water supplies, including
surface and groundwater. Moreover, since financial resources are usually limited in small
communities, cost-effectiveness and cost-benefit studies need to be conducted in greater
detail. Furthermore, the adsorbent removal effectiveness and capacity should be improved
to be able to use low-cost adsorbents for industrial purposes and at a large scale, as
alternatives for commercial adsorbents. For this purpose, it is necessary to carry out more
research on the impact of surface modification on removal efficiency. Additionally, the
applicability of the integrated systems, such as photocatalytic-adsorption or adsorption-
membrane, and other possible combinations of different methods in decentralized water
treatment systems should be examined, to improve efficiency and overcome the drawbacks
of each particular technique. Finally, to save time and cost, more modelling studies,
particularly multi-scale modelling, are required to predict removal performance before
running numerous experiments.
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