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Abstract: Antimony (Sb) and its compounds are considered as global priority pollutants. Elevated
concentrations of antimony in natural and industrial process wastewater are of global concern,
particularly given interest in the potential toxicity and harm to the environment from aquatic
exposure. Iron-based materials for treatment by adsorption are widely regarded to have potential
merit for the removal of trace contaminants from water and especially in the search for efficient
and low-cost techniques. In this paper, we review the application of iron-based materials in the
sorption treatment of antimony contaminated water. The interaction of Sb is discussed in relation
to adsorption performance, influencing factors, mechanism, modelling of adsorption (isotherm,
kinetic and thermodynamic models), advantages, drawbacks and the recent achievements in the
field. Although iron-based adsorbents show promise, the following three aspects are in need of
further study. Firstly, a select number of iron based binary metal oxide adsorbents should be
further explored as they show superior performance compared to other systems. Secondly, the
possibility of redox reactions and conversion between Sb(IIl) and Sb(V) during the adsorption process
is unclear and requires further investigation. Thirdly, in order to achieve optimized control of
preferential adsorption sites and functional groups, the mechanism of antimony removal has to be
qualitatively and quantitatively resolved by combining the advantages of advanced characterization
techniques such as Fourier transform infrared spectroscopy(FTIR), X-ray photoelectron spectroscopy
(XPS), Atomic force microscope(AFM), X-ray absorption near edge structure(XANES), and other
spectroscopic methods. We provide details on the achievements and limitations of each of these
stages and point to the need for further research.

Keywords: antimony; Sb-containing wastewater; iron-based adsorbent; wastewater treatment; adsorption

1. Introduction

Antimony (Sb) is a naturally occurring chalcophilic element, which predominantly exists as Sb(I1I)
and Sb(V) in the aquatic environment [1]. It has increasingly become regarded as a potentially toxic
element and human carcinogen with the toxicity of Sb(Ill) being ten times higher than Sb(V) [2]. Human
exposure to antimony is primarily through contaminated water and food, causing damage to the liver,
lungs and cardiovascular system [3], and Sb can have wide geographical impacts because of its mobility
and complexation reactions in water and with sediments [4]. Thus, antimony and its compounds are
considered as priority pollutants by many national and international regulators [5], such as European
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Commission and Environmental Protection Agency of the United States. Due to a variety of industrial
activities, about 3.8 x 10* tons of Sb-containing compounds are released annually into the global
environment. China is the largest Sb producer in the world with 114 Sb mines and approximately
90% of the world’s production [1,6]. However, due to the complex characteristics of Sb-containing
wastewater [7], poor uptake of treatment technology, and long term management issues from historic
production, many surface and groundwater bodies are seriously polluted, and receive direct discharges
without appropriate recovery or treatment methods. This is particularly acute in the Hunan, Guizhou
and Guangxi provinces of China [8,9]. The world largest antimony mine, Xikuangshan in Hunan
province features Sb concentrations in surface water around the mining and smelter areas of up to
1300 to 5000 times the Chinese drinking water limit (5 ug/L) [8]. Antimony poisoning and pollution
events occur with increasing frequency, which pose an adverse impact on the local ecosystem, food
safety, drinking water security and on human health [10,11]. This means that effective treatment
methods for Sb-containing wastewater discharges are essential for environmental improvement and to
protect human health.

Recently, scientific research has focused on the remediation of Sb-contaminated soil [9,12],
the conversion between Sb(IIl) and Sb(V) oxidation states and influence on their chemical
behaviour [13-15], and the toxicology and environmental risk assessment process with specific
reference to Sb [16,17]. Consequently, studies have also looked at novel techniques to control
antimony pollution [18]. These have included a variety of methods, such as traditional coagulation and
precipitation [19-21], biological systems [22-25], ion-exchange [26—28], membrane separation [29-31],
adsorption [32-34], oxidation and electrochemical methods [35]. Among them, adsorption, widely
used for the removal of trace contaminants from waters, has been proven to be an effective technology
to remove antimony from the aqueous systems. Approaches have used a wide range of adsorption
materials, amongst which iron-based adsorbents have performed well in the sequestration of Sb ions
from aqueous solutions. The advantages appear to arise from their considerable adsorption capacities,
abundance and they are relatively easy to acquire.

We present a review of the main factors influencing the sorption process and relative performance
of a range of materials. This includes pH, contact time, initial concentration, adsorbent dose,
temperature, specific surface area and co-existing/competing ions of Sb adsorption onto iron
adsorbents. The adsorption isotherms and kinetics, thermodynamic models and adsorption mechanism
are discussed in detail, in order to provide theoretical and technical support for efficient adsorption
treatment of Sb-containing wastewater. We ultimately aim to find a cost-effective adsorbent for
Sb-containing wastewater treatment, especially focused on the large-scale challenges in China.

2. Characteristics of Adsorption Treatment of Sb-Containing Wastewater by Iron Adsorbents

2.1. The Range of Iron-Based Adsorbents for Antimony and Their Adsorption Capacity

This section presents an overview of recent studies published on antimony removal from aqueous
system by various ferric iron adsorbents, including iron oxides, binary metal iron oxides, Fe-loaded
composite adsorbents, zero-valent iron and ferric iron enriched soil. Table 1 summarizes the Sb
adsorption characteristics for different types of iron-based adsorbents.
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Table 1. Maximum adsorption capacities (Qm) reported in literature for antimony removal from aqueous solutions.
Adsorbent Initial Concentration Range (mg/L) Sb Oxidation State pH T (K) Adsorbent Dose (g/L) Contact Time (h) Qm (mg/g)  Removal Rate (%)  Reference

Iron oxides
Ferric hydroxide 24-244 Sb(IIT) 3 293 0.2 24 101 - [36]
Ferric hydroxide 60.88 Sb(V) 5 293 0.2 24 99.84 - [37]
Ferric hydroxide 0-25 Sb(V) 4 298 0.2 24 185 - [38]
Fe(OH)3 0.02-1.8 Sb(V) 6-7 - 0.5 24 - >90 [39]
Goethite 0.05-15 Sb(V) 7 298 1 24 18.3 99 [40]
Goethite 4.79-47.93 Sb(I1I) 3.9 298 0.697 24 69.8 — [41]
Ferrihydrite 0.121-24.35 Sb(V) 5 298 0.5 12 27.9 93.3 [42]
Akaganeite 1-1000 Sb(V) 22 - 2 - 4504 - [43]
Alpha-Fe,05 19.48 Sb(V) 4 303 0.75 - 7 - [44]
Hydrous ferric oxide 122 Sb(V) 4 293 0.4 24 114 - [45]
v-FeOOH 6.09 Sb(V) 4 293 0.4 24 34.09 - [45]
p-FeOOH o S0 s 04 2 nos : )
wFe0OH o0 S s 04 a4 s : &

Binary metal Iron oxides
Iron-zirconium bimetal oxide 0-25 Sb(V) 7 298 0.2 3 60.4 - [38]
Iron-zirconium bimetal oxide 20 Sb(V) 2-5 298 0.5 2 35.7 - [46]
Fe-Mn binary oxide 60.88 Sb(V) 5 - 0.2 24 127.84 - [37]
Fe-Mn binary oxide 24.35-243.5 Sb(IIT) 3 293 0.2 5 214.28 - [36]
Fe-Cu binary oxide 40 Sb(IIT) 2-10 298 0.04 24 111.27 88.31 [47]

40 Sb(V) 5 298 0.04 24 104.95 85.46 [47]

Fe-loaded composite adsorbents
Hematite modified magnetic nanoparticles 0.11 Sb(I1I) 4.1 298 0.1 2 36.7 >95.5 [48]
Fe-Zr-D201 0-120 Sb(V) 2.8-4.3 298 0.25 8.33 73.75 98.9 [49]
Iron-oxide coated sand 33.3 Total Sb 6 313 1.5 7 0.6 >95 [50]
Fe(II)-loaded saponified orange waste gg Sél;((l\lll)) ;; ggg g ;i ﬁigg 19060 {:H
: I I
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Table 1. Cont.
Adsorbent Initial Concentration Range (mg/L) Sb Oxidation State pH T (K) Adsorbent Dose (g/L) Contact Time (h) Qm (ng/g)  Removal Rate (%)  Reference
FeClz-modifed sepiolite 50 Sb(III) 6.8 308 2 1.5 21.63 - [32]
FeCl3-modifed activated carbon 15 Sb(III) 5-9 298 1 - >96 [52]
Iron-oxide coated olivine - Sb(V) 4-5 298 25 - - 99 [53]
Fe,O3 modified carbon nanotubes (CNTs) 15 Sb(I1I) 7 298 0.5 2 6.3 99.97 [33]
Graphene oxide and it's magnetite composites 0-150 Sb(III) 39 298 12 2 8.7 >95 [54]
i aion g D201 sde vl s 5w ; 0
Calcite sands loaded with nano HFO 5-80 Sb(V) 4 303 0.2 5 399 99 [55]
Iron-modified attapulgite Nano-FeO(OH) 5-80 Sb(V) 6.8 - 0.1 15 31.79 78 [34]
modified clinoptilolite tuff - Sb(I1I) <27 296 - B 717 — [56]
Fe(III)-treated bacteria aerobic granules 20 Sb(V) 34 308 20 5 22,6 >95 [23]
Fe(III)-treated fungi aerobic granules 20 Sb(V) 34 318 20 5 19 >95 [57]
Zeolite-supported magnet-ite 5.1 Sb(V) 2-4 298 0.5 13 19 85 [58]
Fe;O03-Fe304/C prepared with bamboo template 5-150 Sb(III) 7 298 2 - 4.782 >90 [59]
Wf:é?;:;fﬁ:/ C prepared with eucalyptus 50 Sb(lIl) 8 298 10 . 445 90 [60]
Zero-valent iron
Nanoscale zero-valent iron 0-20 Sbdi <0 28 2 48 699 . [bil]
0-20 Sb(V) <5.0 298 2 48 1.65 - [61]
Zero-valent iron (under the weak magnetic field) 1-5 Sb(I1I) 5.0 298 0.1 - - >90 [62]
Zero-valent iron 5.0 Sb(I1I) 5.0 298 3 - - 69.98 [63]
Ferric-Iron rich soil
Red soil 2.44-180.19 Sb(V) 4.8 298 60 >720 1.68 - [64]
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As Table 1 shows, the maximum adsorption capacities (Qm) reported in literature for different
kinds of iron based adsorbents vary by four orders of magnitude with a range between 0.6 mg/g and
450.4 mg/g. The Qn, values were mostly obtained by the analysis of the adsorption isotherm from
experimental data. Among these adsorbents, Qp, value of akaganeite (a Ferric iron oxide /hydroxide
(+ minor chloride/nickel)) reached 450.4 mg/g, which is significantly higher than the Q, values of
many other iron-based adsorption materials. The main reason for the high capacity is that akaganeite
has a large surface area and very porous structure. It is also worth noting that binary metal oxides
such as Fe-Mn oxide [36,37,47,51] are also promising adsorbents with relatively high Qn, values [35].
The value for Qn, is also dependent on a number of experimental factors such as pH, contact time,
initial concentrations, adsorbent dose, temperature, specific surface area and co-existing/competing
ions. It is important to emphasize that many published studies presenting Qn, values do not seem to
take these key factors into consideration, which makes direct comparison of performance very difficult.
This must be a focus for further studies on the treatment of Sb-containing wastewater.

2.2. Effect of pH

Sb speciation in aqueous solutions is dominated by pH and redox potential (Eh), and within
the pH range 5.0 to 10.0, the two dominant inorganic forms of Sb in contaminated wastewater
are the antimonite anion (V), Sb(OH)s~, and antimony III hydroxide, Sb(OH)3, (stable over pH
range 2.0 to 10.0 [35,63]). Other hydroxyl species are also present, with varying ionic charge and
consequently the two oxidation states of Sb have different chemical properties and the optimal pH
for removal varies. A number of studies report that when pH is within the range 2-10, the sorption
of Sb(V) by most iron based adsorbents increases significantly as the pH is increased from 2 to 3,
maintaining the maximum sorption plateau over the pH range of 3 to 5, but decreasing significantly
as the pH was increased above 5. As shown in Table 1, the optimum pH range for Sb(V) removal
was 3—4 using Fe3Oy [58]. Similar results were reported for the removal of Sb(V) using different
iron based adsorbents, such as ferric hydroxide [37,38], hematite [48], hydrous ferric oxide [45,55],
zero-valent iron [61-63], and Fe(lll)-treated aerobic granules [23,57]. The change in sorption behaviour
of Sb(V) can be explained in terms of range of ionic Sb(V) species, which stabilise as pH changes.
For pH value between 5.0 to 10.0, Sb(V) exists as [Sb(OH)s ] species [65], the low sorption of Sb(V) is
likely due to competition for adsorption sites between hydroxyl ions. Thus, the optimum pH value
for adsorption is also related to the point of zero charge (pHzpc) of the adsorbent in the solution.
When pH < pHyyp, the protonation reaction on the surface of ferric adsorbents results in the surface
being positively charged, which ultimately leads to the increased adsorption of metal ions due to the
higher concentration of H* ions in the reaction mixture, promoting the removal of Sb(V). Conversely,
when pH > pHyp, the adsorption surface is negatively charged and also the adsorbate species are
negatively charged. Thus, the adsorption performance is affected through the process of electrostatic
repulsion [42,49,66]. In order to obtain good removal efficiency of Sb(V), the pH value should be kept
below the pHzp. of the iron adsorbents within the pH range of 2.0-5.0. For Sb(III), the neutral [H3SbOs]
species dominates over a wide pH range (2-10) [65]. Thus, a change in pH value has little influence on
the removal efficiency of Sb(III) compared to Sb(V). Therefore, Sb(III) removal capacities are constant
over a broad pH range. As shown in Table 1, the optimum pH value was in the range 3-9, 2-10 and
5-9 for removal using graphene oxide and magnetite composites [54], with Fe-Cu binary oxide [47]
and with FeClz-modifed activated carbon [52], respectively. When the pH value exceeds 10.0, both
the generation of ferric hydroxide generation and solubility of iron salts has been inhibited, which
decreases the adsorption efficiency. As a result, the pH value for the removal of Sb(III) should not
be higher than 12.0. It is useful to note that some adsorbents such as 3-FeOOH [45], iron-zirconium
binary oxide [38], Fe-Cu binary oxide [47] and iron-modified attapulgite [34] exhibit high adsorption
capacities and removal rate for Sb when solution pH values are around 7. These iron adsorbents
have advantages over other adsorbents in this application. In conclusion, pH will not only affect the
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speciation of antimony ions in water, but will also determine the surface charge of adsorption materials.
Thus, the pH value is one of the most important factors influencing the adsorption behaviour.

2.3. Effect of Contact Time

Table 1 indicates that the equilibration time for adsorbing of Sb by most iron-based adsorbents
is less than 24 h. Other recently developed adsorption materials, such as iron-zirconium bimetal
oxide [46], hematite-modified magnetic nanoparticles [48] and Fe,O3-modified carbon nanotubes
(CNTs) [33] reach adsorption equilibrium within 2 h. These adsorbents show a more significant
potential for application compared with other materials.The adsorption process, as a function of contact
time, generally undergoes two phases, namely, fast and slow, similar to what has been extensively
reported in literature [24,40]. The fast adsorption phase is likely due to the abundant availability
of active sites on adsorbents. When available sorption sites are occupied, adsorption becomes less
efficient and leads to a slow adsorption phase. For example, within the first 10 min, the amount of
Sb(III) adsorbed onto hematite-modified magnetic nanoparticles is nearly 95.4%. A steady state is
achieved after approximately 60 min, and the amount of adsorbed Sb(Ill)is approximately 98.5% [48].
The removal rates of Sb(V) by iron-modified attapulgite and Fe-Mn binary oxide reach 90% within
5 h, but the time required to reach adsorption equilibrium is 12 and 24 h, respectively [34,37]. Many
similar results were obtained in other studies when Fe-Zr-D201 [49], graphene oxide and magnetite
composites [54] were applied to remove Sb(Ill) or Sb(V) from wastewater. Although the duration of
the slow adsorption phase is several times that of the fast adsorption phase, the amounts of adsorbed
Sb in the two phases is approximately 80% to 90% and 10% to 20% of the total initial Sb, respectively.
The fast adsorption phase plays a leading role in the adsorption process. Overall, the adsorption
capacity and removal rate increase with the extension of adsorption time, but the size of the contact
reactor also increases in the practical engineering deployment of this technology. This increase in
reactor size raises construction costs. Therefore, contact time is an essential parameter in the actual
treatment of antimony-containing wastewater.

2.4. Effect of Initial Concentration Range and Adsorbents Dose

Previous studies [23,54,57,67] have shown that the Qy, of iron-based adsorbents increases with
the increase in initial Sb concentration, but the removal rate significantly declines. The reason is that
increments in initial concentration can stimulate adsorbents to produce numerous effective sites, but
the increased proportion of effective sites is much less than the increased solute concentration. Table 1
shows that several adsorbents, such as hematite-modified magnetic nanoparticles [48], FeCls-modifed
activated carbon [52], iron oxide-coated olivine [53], zero-valent iron [62,63], Fe(llI)-loaded saponified
orange waste [51] and zeolite-supported magnetite [58], can achieve significant treatment effects
when the initial concentration of antimony is low (<6 mg/L). By contrast, other adsorbents, such
as Fe-Zr-D201 [49], graphene oxide and its magnetite composites [54], Fe-Mn binary oxide [36,37],
FeCl3;-modifed sepiolite [32], and Fe,O3-Fe3O4/C prepared with eucalyptus wood template [60]
and ferric hydroxide [37], can achieve excellent treatment effects over a wide range of initial
concentrations. Ferric iron-based adsorbents can be selected according to the initial concentration of
Sb and cost performance.

Treatment efficiency and cost are directly influenced by adsorbent dose in the adsorption process.
Table 1 indicates that the optimum dosing ratio (adsorption dose (mg/L):Sb concentration (mg/L)) of
different iron adsorption materials vary within a wide range of 1 to 1000. The optimum dosing ratio of
Fe-Cu binary oxide [47] is only 1 and is one of the lowest ratios reported for all iron-based adsorbents.
The adsorbent with the highest dosing ratio of 1000 has been reported for Fe(Ill)-treated aerobic
granules [23,57]. Iron oxide adsorbents, such as ferric hydroxide [36-38], hydrous ferric oxide [45],
alpha-Fe; O3 [44], zero-valence iron [63] and ferrihydrite [68], can achieve considerable Sb removal
efficiency when the dosing ratio is less than 80. Meanwhile, iron-based organic adsorbents, such
as Fe-Zr-D201 [49], Fe(Ill)-loaded saponified orange waste [51], Zr(IV)- and Fe(Ill)-loaded orange
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waste [51], Fe;O3-Fe304/C prepared with bamboo template [59], Fe;O3-Fe30,4/C prepared with
eucalyptus wood template [60], Fe(IlI)-treated bacteria/fungi aerobic granules [23,57] and red soil [64],
achieve considerable Sb removal efficiency when the ratio is >100. Therefore, the adsorption capacity
of ion oxides for Sb is higher than that of organo-iron adsorbents. Adsorbents exhibit an optimal
concentration when other conditions are constant, and continuing to enhance the dose of adsorbents
produces excess adsorption sites. Suitable adsorbents can only be selected under optimal experimental
conditions and reduced consumption of materials.

2.5. Effect of Temperature

A number of experimental studies have shown that Sb removal efficiency, adsorption capacity
and adsorption rate can be enhanced at high temperatures [32,48,50,52,54,67,69] whilst keeping other
parameters constant. This scenario indicates that the adsorption process is endothermic. The optimal
temperature when operational costs are considered should be in the range of 15 °C to 35 °C during
the adsorption process. However, the removal efficiency of several adsorbents, such as calcite sands
loaded with nano HFO [55], Fe;O3-Fe304/C prepared with bamboo template [59] and Fe;O3-Fe304/C
prepared with eucalyptus wood template [60], depends weakly on temperature. The adsorption
of Sb(III) onto ferric adsorbents is less affected by temperature change than that of Sb(V)onto ferric
adsorbents. Sb(III) removal by ferric adsorbents can therefore be applied in low-temperature conditions.
The impact degree of temperature on Sb removal is also related to the physical structure of adsorption
materials. For example, the adsorption capacity of Sb(V) onto Fe(Ill)bacteria-treated aerobic granules
increases by 6.4 mg/g when temperature is increased from 10 °C to 45 °C [23], whereas the adsorption
capacity of Sb(V) onto Fe(Ill)-treated aerobic fungal granules shows little change with an increase
in temperature [57]. The reason is that an increment in temperature significantly increases the
diffusion of Sb(V) into Fe(Ill)-treated aerobic bacteria with a dense structure, whereas the effect
of Sb(V) diffusion reaction on Fe(III)-treated fungi aerobic granules is limited because of their rough
structure. In conclusion, increasing temperature helps in the removal of Sb(V) by iron-based adsorption
materials, especially for adsorbents with a dense structure. All of these adsorbents can achieve an
excellent removal effect in the temperature range of 15 °C to 35 °C.

2.6. Effect of Co-Existing/Competing Anions

The mobility, bioavailability, toxicity and adsorption performance of Sb in a solution
may be considerably affected by coexisting and competing anions, such as nitrate (NO3™),
chloride (Cl7), carbonate (CO327), sulphate (SO4%7), phosphate (PO437) and silicate (SiO327).
Previous studies [23,34,47,50,51,54,57,61,62] have shown that the adsorption of Sb on ferric adsorbents
is not significantly affected by Cl~, NOs~ or CO32~. Most experiments [34,46,51,54,61] have
demonstrated that the adsorption of Sb on iron-based adsorbents is unaffected by SO42~. On the
contrary, Zhu [62] found that the existence of SO42~ promotes the adsorption of Sb on zero-valent iron.
Zhang [55] discovered that SO42~ hampers the adsorption of Sb on zero-valence iron. Similar results
were obtained by Miao [63]. In addition, Hu found that Sb(V) adsorption on Fe-Cu binary oxide is more
affected by SO42~ than Sb(Ill)adsorption [47]. Consequently, the effects and mechanism of SO42~ in
the adsorption removal of Sb have raised arguments, and further research is expected. PO,>~ exerts an
inhibitory effect on the adsorption of Sb(V) and Sb(III) on ferric adsorbents. Phosphate and antimony,
with similar molecular structures in compounds, are in the same main group in the periodic table.
PO,43~ can thus compete with Sb for sorption sites on the surface of iron-based adsorbents, and
this competition reduces removal efficiency [70]. This finding agrees with the results of studies on
arsenite (As) sorption removal from solid residuals by Fe-Mn binary oxide [71]. Through competitive
adsorption and electrostatic repulsion, SiO32~ and SiO4*~ exert significant inhibitory effects when
they exist at high concentrations [38,55,62].

Additional cation and anion effects have also been observed. Miao et al. [69] discovered that
Ca?* promotes the adsorption of Sb on iron-oxide coated calcite sand (IOCCS) and polymeric



Water 2017, 9, 794 8 of 18

anion exchanger (HFO-201) probably because of the formation of HFO-Ca-Sb complexes [55,57].
Zhu et al. [62] found that the adsorption rate by zero-valent iron is improved by 70% in a system
containing a Na* solution. However, when the Na* concentration in the solution reaches 0.1 mol/L,
the adsorption rate for Fe(III)-treated bacteria granules [23,57], HFO-D201 and IOCCS [55] declines due
to the altered anionic form of antimonite. Deng et al. [72] discovered that Cu?* exerts an inhibitory effect
on antimony removal by iron oxide-coated sand and that Sb(V) and Sb(Ill) exhibit low bioavailability
in the presence of Sr or Tc ions in a solution because of co-adsorption reactions [73,74]. By contrast, the
presence of CrO4%~ enhances the bioavailability of Sb in a solution through a competitive adsorption
effect that reduces the adsorption of antimony and causes a combined pollution effect. Studies that
have reported As(IIl), Hg?* and Pb?* as competitive cations on Sb removal are scarce. The effects
of competitive cations, such as As(III), Hg2+ and Pb%*, on Sb(V) and Sb(III) adsorption removal by
iron-based adsorbents remain unclear.

Changes in the ionic strength of solutions also affect Sb adsorption and desorption. The adsorption
of Sb(V) on iron-modified attapulgite and Fe-Mn binary oxide with increasing ionic strength has
been studied [34,75]. The capacity to adsorb Sb(V) on Fe(IlI)-treated aerobic granules, HFO-201 and
IOCCS [23,55,57] decreases with increasing ionic strength, and increasing the ionic strength exerts
no significant effect on the adsorption of Sb by iron-zirconium bimetal oxide [46], hematite-modified
magnetic nanoparticles [48] and goethite [76]. Several studies have considered the effect of ionic
strength on absorption behaviour [23,34,57,76], which influences the nature of the sorption mechanism
and the structure of the resultant absorbate. These studies have suggested that, when absorption
increases under increasing ionic strength, inner-sphere adsorption occurs on the adsorbent surface.
In the reverse process where Sb is removed or ionic strength decreases, outer-sphere adsorption
reactions occur [77]. Spectroscopic evidence is required to confirm this process, and theoretical
assumptions need to be substantiated by direct experimental methods, such as extended X-ray
absorption fine structure (EXAFS), as evidence for the adsorption mode [77].

Several ionic parameters (e.g., Sb(IIl), Sb(V), presence of As(IIl), Hg2+, SO4%~ and SiO327)
influence the field treatment of antimony-contaminated water. The mechanistic details of this influence
remain unclear and require further understanding. The inhibition, promotion, competition and
synergistic interaction of coexisting /competing ions in Sb removal require further in-depth research.

2.7. Effect of Specific Surface Area

The process of antimony removal from wastewater is controlled by solution solid interface
reactions. Consequently, a large specific surface area results in fast reactions and high adsorption
capacity of the solid. Guo et al. [45] investigated the adsorption behaviour of Sb with five iron oxides
at pH 4. The five forms varied from a crystalline state to an amorphous form. The results showed that
surface area and adsorption capacity increased in the descending order of HFO >y-FeOOH > 3-FeOOH
> a-FeOOH > «-Fe;O3. Zhang [63] and Zhao [61] examined the removal efficiency of Sb by nanoscale
zero-valent iron and found that the effect of particle size in nanoscale zero-valence iron on the specific
surface area of iron salts is superior to that of micron-scale zero-valence iron. A possible explanation is
that specific surface area increases with small particle sizes, and the number of adsorption sites for
adsorbing heavy metal ions increases. For practical purposes, a small particle size of these adsorbents
can increase the difficulty of filtering or prolong the settling time [78]. Therefore, the relationship
between specific surface area and particle size needs to be balanced in the development of iron-based
adsorption materials to optimise reaction and implementation conditions.

3. Adsorption Isotherm Models, Adsorption Kinetics and Thermodynamic Models

3.1. Adsorption Isotherm Models

Adsorption isotherms refer to the fraction of adsorbate partitioned between liquid and solid
phases at equilibrium. Several sorption models have been studied. For example, Langmuir, Freundlich,
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Temkin, Redlich-Peterson, high-affinity and Dubinin-Radushkevich isotherms have been used to fit
the experimental data of adsorption isotherms. The applicability of isotherm models to adsorption
study data has been compared by evaluating correlation coefficients or R? values.

Many reports have shown that the Freundlich model has a good fit with experimental data for
Sb(III) and Sb(V) adsorption on ferric adsorbents, such as Fe-Mn binary oxide [36,37], FeCl3-modifed
sepiolite [32], FepOs-modified CNTs [33], iron-modified attapulgite [34], Fe(OH)3 [39], iron-zirconium
bimetal oxide [46], hematite-modified magnetic nanoparticles [48] and FeCls;-modifed activated
carbon [52]. Adsorption studies on multilayer adsorption focused on physical adsorption combined
with simultaneous chemical adsorption. In these cases, all iron-based adsorbents possess similar
properties, including high specific surface area, common surface roughness and apparent concave
and convex shapes, with high adsorption sites. However, the Langmuir isotherm model describes
monolayer adsorption over a homogeneous adsorbent surface by assuming that all adsorption sites
have equal solute affinity and that adsorption in one site exerts no impact on adsorption in an
adjacent site [56]. The Langmuir isotherm model provides the best fit to Sb(V) adsorption onto
FeOOH [45], nanoscale zero-valent iron [61], akaganeite [43], Fe(IlI)-treated aerobic granules [23,57],
nano-FeO(OH)-modified clinoptilolite tuff [56] and Fe-Zr-D201 [49]. The surface of these iron-based
adsorbents is smooth. Sb(Ill) or Sb(V) adsorption onto Fe-Cu binary oxide [47], polymeric
anion exchanger D201 loaded with nano HFO [55], calcite sands loaded with nano+ [55] and
zeolite-supported magnetite [58] fits Freundlich and Langmuir adsorption models with reasonable
success. The results imply that the adsorption process is associated with electrostatic interaction and
ion exchange, and the surface of the adsorbents shows similarities in large pore volume but small
aperture, as shown by scanning electron microscopy characterisation. Batch equilibrium data on Sb(III)
adsorption onto Fe;04 and graphene oxide compound (Fe3O4/GO)fit Langmuir and Timkin models
well, which indicates that the adsorption process is mainly chemical adsorption [54].

The regression coefficients for adsorption isotherms are affected by initial pH. The Langmuir
model is the best model for describing the adsorption behaviour of Sb(V) onto ferrihydrite at pH 5,
and when pH between 7 to 9, and the Freundlich model is the best [68]. The removal of Sb(V) by
ferrihydrite is monolayer adsorption at pH 5 but multilayer adsorption at pH 7 to 9. When pH < 6,
Sb(V) adsorption on Fe(OH)j fits the high-affinity isotherm well and the Freundlich isotherm at pH > 6.
These results indicate that Sb(V)is strongly adsorbed on the Fe(OH)3 surface at pH below 7.

Adsorption isotherm models reflect the relationship between adsorption capacity and solution
equilibrium concentration when equilibrium is reached at a particular temperature. The definition and
precision of fit of these models are related to specific adsorbent species, valency of antimony, initial
concentration and pH and other solution conditions. Determining the interaction between adsorbate
and adsorbent through adsorption isotherm models and selecting suitable adsorption materials remain
key points for future research to provide practical recommendations for treatment options [79].

3.2. Adsorption Kinetics

Adsorption kinetics depends on or is controlled by the physical and chemical characteristics
of adsorbents during mass transfer. Studies have been conducted on well-known kinetic models to
establish the kinetic characteristics of the adsorption process of Sb(Ill) and Sb(V) ions onto iron-based
adsorbents from aqueous solutions. They include pseudo-first-order, pseudo-second-order, fraction
power function, Lagergren, intra-particle diffusion, liquid film diffusion, first-order-linear and Elovich
kinetic models.

The adsorption of Sb(Ill) or Sb(V) onto most iron-based adsorbents follows the
pseudo-second-order kinetic model [23,32,34,37,38,40,42,50,55,57,58,61]. The adsorption process is
mainly classified as chemisorption, and the power source of adsorption is from the sharing or
exchanging of electrons between the adsorbate and adsorbent. Wang et al. [23] reported that the
adsorption removal of Sb(V) by Fe(Ill)-treated aerobic bacterial granules fits the pseudo-second-order
model but cannot explain the two stages in the adsorption process showing fast and slow adsorption
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phases due to the presence of two adsorbate species (Fe(Ill) and bacteria) in the solution. The results of
batch static adsorption using Fe304/GO to adsorb Sb(Ill)show that kinetic data are best fitted with
pseudo-first-order kinetic and intra-particle diffusion models, indicating that membrane diffusion
plays a dominant role in the initial stage of the adsorption process [54].

The adsorption kinetics of Sb(III) onto zero-valence iron [63], FeCl3-modifed activated carbon [33]
and FepOz-modified CNTs [52] and of Sb(V) onto I [69] fit the first-order-linear, Lagergren’s
first-order and intra-particle diffusion kinetic models well, respectively. Pseudo-first-order and
pseudo-second-order kinetic models provide the best description of adsorption of Sb(IIl) onto
MNP@hematite [48]. The dynamic Elovich model has been utilised to describe the adsorption of Cd**
and Sb(V) on Fe-Mn binary oxides in a competing system [66]. The proposed adsorption mechanisms
include multi-layer adsorption and heterogeneous diffusion, and significant differences exist between
Cd?* and Sb(V) in single and competing systems [75]. The Elovich model closely describes the
adsorption of Sb(V) onto ferric soil (red soil) at high Sb(V) concentrations with a pseudo-second-order
kinetic model that functions reliably at low Sb(V) concentrations [64]. This characteristic reflects the
combination of chemical reaction and diffusion processes affecting the adsorption dynamics of Sb(V)
on the soil surface.

The kinetics of adsorption models can be used to define the potential rate control and adsorption
mechanism for mass transfer and chemical reaction in the adsorption process. Therefore, a well-defined
and studied kinetic adsorption model should be used. Multiple model descriptions can provide
successful descriptions and integrate them into the definition of practical treatment processes.

3.3. Thermodynamic Model of Adsorption

The nature of thermodynamic conditions during adsorption can provide information on the nature
of the surface and adsorbed phase. Thermodynamic adsorption parameters are crucial because they
can be used to conclude whether the adsorption is spontaneous or not and can provide information on
the nature of adsorption. Three basic thermodynamic parameters, namely, standard Gibbs free energy
(AG®), standard enthalpy change (AH®) and standard entropy change (AS®), are frequently defined and
utilized to evaluate the effect of temperature on the adsorption of Sb ions onto iron-based adsorbents.
Several studies have suggested that under the conditions of high Sb concentration, the adsorption of
Sb on most iron-based adsorbents is spontaneous and endothermic [23,34,39,41,42,47,54,57,61,66,67],
and low temperatures hinder the reaction. Hydrolysis of antimony increases the randomness in
the adsorption system [80]. This finding suggests that chemical and physical adsorption occur [81]
during the adsorption process, accompanied by ion exchange [50,55] and oxidation/reduction [62,82].
This condition agrees with the use of different adsorption materials for cadmium removal [83-85].
The adsorption of Sb(III) onto goethite and of Sb(V) onto amorphous iron oxides have been found to
be exothermic. Such adsorption is favoured at low temperatures, in this case, the low concentration of
antimony is adsorbed with high activity sites (goethite surface), and the process must be accompanied
by strong bond formation and high energy input [86].

4. Exploring Adsorption Mechanisms

Many characterisation techniques, such as Fourier transform infrared spectroscopy (FTIR),
energy dispersive X-ray spectroscopy, extended X ray absorption fine structure (EXAFS) and X-ray
photoelectron spectroscopy (XPS) have been used to analyse adsorption mechanisms based on the
isoelectric point, surface morphology, ionic valence state and near atom bonds, surface functional
group and spatial structure.

4.1. FTIR Analysis

FTIR provides chemical bond information and can be utilised to distinguish the outer and
inner layers of the complexation structure of an adsorption product, and it is an effective tool for
studying the behaviour of Sb during adsorption. The results obtained by FTIR show that sepiolite [32],
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attapulgite [34] and activated carbon [52] modified by iron salts increase the amount of hydroxyl
groups on the surface, thereby enhancing the adsorption capability of the material.

Several researchers have found that the Fe-OH band in iron oxide-coated sand [50], iron-modified
sepiolite [32], Fe-Mn binary oxide [36] and FeOOH [36] disappears after Sb adsorption with the help of
the FTIR technique, which implies participation in the reaction. Miao [55] found that the characteristic
absorption peak of the Sb-O band disappears and the characteristic absorption peak of the Fe-O band
shifts after the adsorption of Sb(V) onto HFO-201 and IOCCS. A chemical interaction occurs and forms
a new Sb-O-Fe bond, and the preferential adsorption of Sb(V) onto HFO-related hybrids are mainly
attributed to the inner-sphere complexation of Sb(V) with HFO. A similar result was obtained by
Mccomb et al. [87]. FTIR spectra revealed that the shifts in the absorbance of hydroxyl groups in iron
oxide were related to the formation of Fe-O-Sb bonds and provided evidence on inner-sphere bond
formation [88]. Zhao et al. [61] investigated the adsorption mechanism of antimony onto polyvinyl
alcohol (PVA)-Fe® by using FTIR. Symmetric stretching vibration and bending vibration absorption
kurtosis of Sb-O-Sb appeared, which indicated that interactions exist between Fe-O and Sb(III) or Sb(V).
Mittal et al. [67] investigated the adsorption of Sb(IIl) oxyanions on a magnetite surface in an aqueous
organic acid environment and discovered that tartaric acid exerts the most significant effect on Sb(III)
adsorption on Fe;0, amongst the studied organic acids. The reason was that tartaric acid possesses
two sets of adjacent functional groups, O=C-OH and C-OH, which is responsible for the formation
of five-membered bidentate chelate with Sb(III). The FTIR analysis also revealed the complexation
of Sb(IIl) and magnetite surface hydroxyl was the chief adsorption mechanism. This complexation
process is accompanied by the oxidation-reduction reaction of Sb and Fe. The results from FTIR
showed that the surface of clinoptilolite tuff was loaded with ferrihydrite, and, to a lesser extent, Fe;O3
and hematite after modification by nano-FeO(OH), and the mechanism of Sb(III) removal is found to
be by ion exchange and surface complexation [56]. The results from FTIR revealed the incorporation of
the amino and hydroxyl groups of biomass into the Fe-treated material with sulphur or phosphate
groups when aerobic granules were treated with Fe(III) [23].

4.2. XPS Characterization

Studies have also been conducted on ferric adsorbent surface phenomena and their surface
microtopography by means of the ultra-high vacuum XPS technique. Such a surface analytical and
thin-film technique enables the investigation not only of the quantitative elemental composition of
solid surfaces, but also of various diffusion, oxidation and other processes and ongoing reactions
with iron-based adsorbents. They include the concentration and distribution profiles of host species,
microstructural irregularities, surface interfaces and bonding energies [56].

With the help of XPS, Hu et al. [64] found that the chemical states of Fe and Cu cations in a
Fe-Cu binary oxide sample are unchanged in the adsorption process of Sb(Ill), which confirm that
an oxidation-reduction reaction do not occur. Therefore, they deduced that the removal of Sb(IlI) by
Fe-Cu binary oxide is mainly through adsorption. However, in the adsorption of Sb by goethite [45],
iron-modified attapulgite [34], Fe304/GO [54] and iron-oxide coated sand (IOCS) [50], oxygen groups
tend to donate electrons, whereas iron and antimony tend to accept electrons, and their electron
density changes. A redox reaction thus occurs during the adsorption process, which contradicts the
conclusion of Hu et al. [64].The results from XPS showed that the Fe-OOH groups within Fe-Mn binary
oxide(FMBO)are the main adsorption sites available for Sb, whereas the Mn-OOH groups act for the
oxidation of Sb(III) [36], the oxidation and sorption mechanism reasonably explains the Sb(Ill) uptake
by FMBO. Zhao et al. [61] found that the uptake mechanism for antimony by nanoscale zero-valence
iron (Fe’) was a chemical reaction. The characterisation obtained by XPS showed that Fe” is present in
an acetalised PVA matrix before adsorption, and it is converted into magnetite (Fe30,) after Sb(III)
and Sb(V) adsorption.
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4.3. XAFS Analysis

XAFS is a structural analysis method based on synchrotron radiation sources [89]. This method
can be used on in situ samples with high sensitivity. Thus, it is considered the most effective means
to study the adsorption mechanism of metal-metal systems. With unique advantages in defining the
microstructure of adsorbed products and providing an opportunity to model inner-or outer-sphere
complexation [90], XAFS is also used to analyse the types of adsorption products. Scheinost et al. [91]
deduced from EXAFS spectrometry that the interatomic distances in Sb—Fe interactions are in line with
an Sb(OH)g octahedron sharing an edge with an Fe(OH)g octahedron, thus suggesting the formation
of edge-sharing inner-sphere sorption complexes on the goethite surface. The main mechanism of
the formation of an inner-sphere complex on the goethite surface is ligand exchange. Qi et al. [92]
investigated the mechanism of the interfacial reactions between different iron salts and Sb ions with the
help of XAFS technology. They found that the mechanism is driven by complexation and electrostatic
forces and that the competitive adsorption of Sb(V) and Sb(Ill) is driven by the pH of the reaction
solution. Lin [82] and Zhu [62] found that the removal of Sb(IIl) by zero-valence iron under the
condition of a weak magnetic field is mainly due to the oxidation of Sb(III) to Sb(V) and adsorption
and co-precipitation onto the ion oxides formed from the accelerated corrosion of zero-valent iron
(ZVI), as evidenced by Sb K-edge EXAFS. Similar observations were obtained in other studies that
used XAFS to determine the Sb species adsorbed on ferrihydrite, manganite and goethite [45,93]. These
results were similar to those reported for arsenic in which the adsorbed As(Ill) is partially converted
into As(V) on the surface of ferrihydrite [94].

4.4. Surface Complexation Model

Surface complexation model (SCM), which yields a mechanistic understanding of adsorption
reactions, has been applied to model metal adsorption onto iron-based adsorbents and other
materials [88]. SCM is a tool that relates the adsorption process to equilibrium conditions in the
aqueous phase. The model has a thermodynamic basis, which indicates that hypothetical surface
species can be used to describe the equilibrium relationship at solid/water interfaces.

Hayes et al. [95] used a generalised version of a triple-layer surface complexation model that
considers the formation of outer-and inner-sphere complexes to explore the effects of changes in ionic
strength on the adsorption behaviour of selenite and selenate on goethite and hydrous ferric oxide.
They postulated that the adsorption capacities of adsorbents, which were relatively unaffected by
changes in ionic strength, were best modelled by assuming that an inner-sphere (surface coordination)
complex was formed, markedly reduced by increasing ionic strength and best modelled by assuming
that an outer-sphere (ion pair) surface complex was formed. The results also suggested that inner-
and outer-sphere anion surface complexes could be distinguished by studying the effect of ionic
strength on anion partitioning. On this basis, Xu et al. [37] found that Sb(V) removal was promoted
under high-ion-strength conditions and deduced that Sb(V) removal was achieved by the formation of
inner-sphere surface complexes at the water/oxide interface on FMBO. For Sb, surface complexation
reactions, as suggested by Guo et al. [45], provide the best fit for experimental results, and the
surface complexation reactions are similar for two Sb species, namely, Sb(IlI), which is adsorbed as an
inner-sphere > FeOSb(OH), complex, and Sb(V),which is adsorbed as an inner-sphere > FeOSb(OH)s5 ~
complex. Deng et al. [72] proposed the mechanism of Sb adsorption on IOCS according to the
triple-layer model [96]. The mechanism is that a bidentate surface complex and a monodentate
surface complex are formed by the two-stage reaction between Sb(OH); and surface hydroxyl
groups of IOCS and the reaction between HSbO, and surface hydroxyl groups of IOCS, respectively.
Paul et al. [97] proposed a similar adsorption mechanism of HyAsO;~ adsorption/desorption onto
goethite (x-FeOOH) by using a pressure-jump relaxation technique. The results indicated that arsenate
forms an inner-sphere bidentate surface complex with goethite. The mechanism of Sb(V) onto
Fe(III)-treated aerobic granules was inferred based on experimental results and a relevant surface
complexation model. The surface of Fe(Ill)-treated aerobic granules was positively charged due to
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protonation at pH 3.4. Sb(V) in the form of Sb(OH)s ™ then went near the micro-interface of Fe(OH);
by an electrostatic interaction. Subsequently, an outer-sphere complex was established through ion
exchange, and an inner-sphere complex could be formed further [23,57].

Guo et al. [98] deduced from the diffuse-layer model that, similar to arsenic, antimony is
likely adsorbed onto HFO and other iron oxyhydroxides by an inner-sphere complex. Sb(Ill)/HFO
complexation exhibits intrinsic surface complexation constants more than two orders of magnitude
greater than those of Sb(V)/HFO complexation. The effects of phosphate and humic acid on Sb(III)
removal are greatly reduced by the strong affinity between Sb(III) and HFO.

5. Conclusions

Sb and its compounds are considered global, priority pollutants. The existence of elevated levels
of Sb in water environments has been of particular interest to the scientific community. Iron-based
adsorbents are commonly viewed as useful materials for removing trace contaminants from water.
From the perspective of the practical application of iron-based adsorbents to treat major Sb pollution
problems, the following aspects should be emphasised:

e Iron-based adsorbents are functionally superior to many common aqueous metal sorption
systems. pH, contact time, initial concentration, adsorbent dose, temperature, specific surface
area and co-existing/competing ions are the factors to affect the adsorption of Iron-based
adsorbents. In addition, pH is the most crucial factor and must remain a high priority during
adsorption process.

e New iron-based absorbents with simple, environment-friendly and low-cost procedures should
be explored. The binary metal oxides, such as iron-zirconium and iron-manganese yielded very
interesting results, considering their considerable adsorption capacities and low cost.

e  Many in depth and comprehensive research studies including adsorption isotherm, kinetics and
thermodynamic have been published. The Freundlich model has a good fit with experimental
data for Sb(III) and Sb(V) adsorption on many Iron-based adsorbents, which indicates that the
adsorption process is mainly chemical adsorption. The adsorption of Sb(III) or Sb(V) onto most
iron-based adsorbents follows the pseudo-second-order kinetic model.

e The removal mechanisms and possibility of redox reactions and conversion between
Sb(Ill) and Sb(V) during the adsorption process should be considered comprehensively.
Quantitative-qualitative analysis of the mechanisms of complexing, electrostatic attraction, redox
and ion exchange can be improved through modern analytical technologies, such as FTIR, XPS,
atomic force microscopy and X-ray absorption near-edge structure. Such an analysis is a priority
to optimise the regulation of adsorption sites and functional groups and to enhance adsorbent
performance. Doing so would provide theoretical and technical support for the efficient adsorption
treatment of Sb-contaminated wastewater.
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