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a b s t r a c t
This study investigated the antimony (Sb) adsorption behavior on newly prepared montmorillon-
ite (Mt)-immobilized nanoscale zero-valent iron (nZVI) (hereafter Mt-nZVI) in aqueous solution. 
Mt-nZVI showed the highest Sb adsorption capacity (71–76 mg·Sb·g–1 adsorbent) at pH 4–8. The 
pseudo-first-order and pseudo-second-order kinetic models fitted well (R2 ³ 0.992) with the exper-
imental data on Sb adsorption onto Mt-nZVI. The Langmuir isotherm model (R2 = 0.99) was more 
suitable than the Freundlich isotherm model (R2 = 0.95) for describing the adsorption of Sb on 
Mt-nZVI. Mt-nZVI had an almost 7 times higher theoretical Sb adsorption capacity than nZVI when 
calculated in terms of Fe. Neither 0.01 M phosphate nor 0.01 M sulfate had a significant effect the 
Sb adsorption capacity of Mt-nZVI, and more than 80% of the Sb adsorption capacity remained in 
the presence of 0.001–0.1 M NaCl or 1–30 mg·L–1 humic acid. However, the presence of 0.01 M sil-
icate or carbonate or 0.0001 M arsenate significantly affected the Sb adsorption capacity of Mt-nZVI.
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1. Introduction

Antimony (Sb) is widely used to produce pigments, bat-
teries, catalysts for plastic synthesis, alloys for ammunition, 
additives in glassware and ceramics, semiconductors, and 
flame retardants in the construction industry [1,2]. As a toxic 
metalloid, however, exposure to Sb compounds can have 
serious human health effects, including acute (e.g., arrhyth-
mia, Adams–Stokes syndrome, nerve injury, haematuria and 
spasm) and chronic illness (e.g., diarrhoea, headache, myal-
gia, rash, poor mental state, chest tightness, and abdomi-
nal colic) [3]. Therefore, Sb and its compounds have been 
defined as priority pollutants by the Council of the European 
Communities and the United States Environmental Protec-
tion Agency [1]. It is therefore necessary to develop effi-
cient methods to control Sb discharge into the aqueous 

environment. Among the various treatment processes avail-
able, adsorption technology is the most commonly used due 
to its simplicity, treatment stability, and cost effectiveness 
[1,4]. In recent decades, there has been increasing interest in 
the use of nanoscale zero-valent iron (nZVI) for Sb removal 
from wastewater [1,5,6] due to its environmental friendli-
ness, low production cost, high reactivity, and abundant 
reactive surface sites [7,8]. nZVI can form a bilayer struc-
ture with a metallic iron core and an outer iron oxide/(oxy)
hydroxide (e.g., magnetite, maghemite, and goethite) shell 
[9,10]. It is well known that the precipitation, co-precipitation, 
redox and adsorption mechanisms contribute to the high 
contaminant removal capacities by this nanomaterial [10].

The main challenges to the use of nZVI for Sb removal 
involve the intrinsic characteristics of the nanoparticles 
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undergoing agglomeration [7,11], which often results in 
lower reactivity and poor mobility [7,9]. To overcome 
these problems, various supporting materials, including 
nanoscale magnetite [12], activated carbon [13], carbon 
nanotubes [1,14], biochar [3,15], granular polyvinyl alcohol 
[5], and various clay minerals, for example, montmorillon-
ite (Mt) [7,9,16], kaolinite [17], zeolite [6,18], smectite [19], 
and bentonite (with Mt as the main component) [17,20,21], 
have been used to immobilize nZVI, to improve its treat-
ment performance. Clay minerals are naturally available, 
nontoxic, low-cost, and environmentally friendly (i.e., 
biocompatible), and have a large surface area and high 
adsorption capability [7]. As a typical 2:1 layered silicate 
clay mineral [7], Mt consists of a central octahedral Al–O 
sheet between two tetrahedral Si–O sheets (i.e., a sandwich 
structure) [10,22], and its interlayer structure (0.1–0.8 nm 
thick) creates an ideal supporting matrix to disperse nZVI 
and hinder aggregation [7,22]. Mt-immobilized nZVI 
composite (hereafter Mt-nZVI) can improve the disper-
sion and mobility of nZVI, and reduce the particle size 
and oxidation tendency of nZVI while showing high con-
taminant removal efficiency [7]. However, little is known 
about the use of such materials for the removal of Sb from 
wastewater. Furthermore, an overall survey explores that 
there are insufficient studies comparing the Sb adsorption 
behavior on various nZVI composites. 

This study was performed to investigate the Sb adsorp-
tion behavior on newly prepared Mt-nZVI in aqueous solu-
tion, including pH effects, adsorption kinetics, adsorption 
isotherms, and the effects of coexisting anions and natural 
organic matter. Based on these results, the Sb adsorption 
behavior on Mt-nZVI prepared in this study and other 
nZVI composites prepared in previous studies was fully 
compared, from which the potential effect of various sup-
porting materials on the Sb removal performance by their 
nZVI composites was summarized.

2. Materials and methods

2.1. Materials and chemicals

Mt K10 (Sinopharm Chemical Reagent, Shanghai, 
China) was washed three times with deionized water, dried 
at 60°C in an electric drying oven (101-3AB; Tianjin Taisite 
Instrument Co., Ltd., Tianjin, China), and sieved through a 
148 µm filter prior to use. Other chemical reagents, includ-
ing chemically pure sodium alginate, guaranteed reagents 
(i.e., KSbOC4H4O6·1/2H2O, HCl, and HNO3 solutions) and 
analytical reagents (e.g., NaBH4, absolute ethanol (99.7%), 
humic acid (HA), FeSO4·7H2O, etc.) were also purchased 
from Sinopharm Chemical Reagent (Shanghai, China). Their 
solutions were prepared in deoxygenated deionized water 
(Milli-Q 18 MX; Millipore, Billerica, MA, USA), including 
500 mg·L–1 Sb stock solution, and the pH was adjusted using 
0.1 M NaOH or HCl solution with a pH meter (SevenCompact; 
Mettler Toledo, Greifensee, Switzerland).

2.2. Adsorbent preparation

Mt-nZVI was synthesized by liquid-phase reduction, as 
described previously [20] with minor modifications. Briefly, 
1.6755 g of Mt K10 was dispersed in 100 mL of water in a 

500-mL conical flask, ultrasonicated for 5 min, and stirred 
at 25°C ± 2°C for 15 min with a magnetic stirrer (MYP11-2; 
Shanghai Meiyingpu Instrument Manufacturing Co., Ltd., 
Shanghai, China) under a flow of nitrogen gas (4 L·min–1). 
After adding 200 mL of FeSO4·7H2O solution (0.05 M) (i.e., 
Fe-to-Mt mass ratio of 1:3), the suspension was stirred for 
60 min under nitrogen gas. Then, 100 mL of NaBH4 solution 
(0.2 M) was dropped into the suspension and stirred under 
nitrogen gas for a further 10 min. Finally, 50 mL of sodium 
alginate solution (0.224 g·L–1) was added and stirred under 
nitrogen gas for 10 min. The suspension was then sonicated 
by an ultrasonic cleaning machine (F-100P; Shenzhen Fuyang 
Technology Group Co., Ltd., Shenzhen, Guangdong, China), 
centrifuged (XiangYi L-530; Shanghai Huifen Electronic 
Technology Co., Ltd., Shanghai, China), and washed three 
times with deoxygenated absolute ethanol (99.7%). The 
resultant precipitate was dried at 60°C in a vacuum oven 
(DZ-2BCIV; Tianjin Taisite Instrument Co., Ltd., Tianjin, 
China) for 24 h. After grinding through a 148 µm filter 
with an agate mortar, the prepared material, designated as 
Mt-nZVI, was stored in sealed brown glass vials until use. 
Following the coating of Mt-nZVI on gold, its external sur-
face morphology was examined by scanning electron micros-
copy (SEM) (Sigma 300; Zeiss, Oberkochen, Germany). Pure 
nZVI was also synthesized based on the procedure outlined 
above without the addition of clay and other chemicals, and 
the material without nZVI formation was used as a con-
trol in this study (designated as Mt).

2.3. Adsorption tests

Unless otherwise specified, all test solutions (50 mg·L–1 Sb, 
pH 5) were prepared by dissolution of KSbOC4H4O6·1/2H2O 
in 0.01 M NaCl solution, and the adsorption tests were con-
ducted at 180 rpm and 25°C for 12 h in a water bath ther-
mostatic oscillator (SHA-C; Changzhou Yate Experimental 
Instrument Co., Ltd., Changzhou, Jiangsu, China) with the 
addition of 0.04 g of adsorbent into 100-mL polypropylene 
bottles containing 100 mL of test solution. The polypropyl-
ene bottles were wrapped with aluminum foil to avoid pho-
tochemical reactions. Each run was conducted in triplicate 
under identical conditions. The Sb adsorption capacities 
were individually investigated at an initial pH of 3–9 for 24 h, 
or in test solution containing 100 mg·L–1 Sb for adsorption 
kinetics, or in various test solutions containing 10–300 mg·L–1 
Sb for adsorption isotherms, or in various test solutions in 
the presence of 0–0.1 M Cl–, 0−30 mg·L–1 HA, or 0.01 M sil-
icate, phosphate, carbonate, sulfate, or 0.0001 M arsenate. 
When final equilibrium was reached, samples of 8 mL of 
the suspension were withdrawn and immediately filtered 
using syringe filters (0.22 µm) for measurement. The Sb con-
centrations in the filtrates were determined by inductively 
coupled plasma optical emission spectroscopy (Optima 
8300; PerkinElmer, Waltham, MA, USA). Three replicates 
were employed for each analysis.

The amount of adsorbed Sb at time t (qt, expressed as 
mg·Sb·g–1 adsorbent) and the Sb adsorption capacity at 
equilibrium (qe, expressed as mg·Sb·g–1 adsorbent) were 
calculated according to the following equations:

q
C C V
mt

t�
�� �0  (1)
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where C0 and Ct (mg·L–1) are the initial Sb concentration and 
the value at time t (or Ce at equilibrium), respectively, and 
V is the volume of the test solution (L).

In this study, equilibrium was described by Langmuir 
and Freundlich isotherm models:

q
q K C
K Ce

m L e

L e

�
�1

 (2)

q K Ce F e
n= 1/  (3)

where qm is the maximum sorption capacity (mg·g–1) and 
KL is the Langmuir constant (L·mg–1); KF is the Freundlich 
constant (L·mg–1) and 1/n is the intensity of heterogeneity.

During the kinetic experiments of Mt-nZVI adsorption, 
aliquots of 2 mL of the suspensions were withdrawn for 
measurement at designed time intervals. The mass trans-
fer efficiency between Mt-nZVI and Sb were evaluated 
by pseudo-first-order and pseudo-second-order kinetic 
models [9]:

q q k tt e� � �� �� �1 1exp  (4)

dq
dt

k q qt
e t� �� �2

2
 (5)

where qt is the amount of adsorbed Sb at different contact 
times t (mg·g–1), and k1 (min–1) and k2 (g·mg–1·h–1) repre-
sent the adsorption rate constants of the respective kinetic  
models.

3. Results and discussion

Generally, pristine spherical nZVI undergoes agglom-
eration to form chain-like aggregates [22]. However, its 
three-dimensional growth is markedly limited when inter-
acting with clay minerals, often resulting in a smaller size in 
Mt-nZVI [10,22]. In this study, the microstructure and mor-
phology of freshly prepared Mt-nZVI were characterized 
by SEM (Fig. 1). As reported previously [22], the abundant 
nZVI beads were homogeneously distributed on the surface 
of the Mt sheets in this study (Fig. 1), demonstrating that the 
presence of Mt effectively prevented agglomeration of nZVI 

[22]. A very small amount of nZVI remained in the form of 
short chains or small aggregates in previous Mt-nZVI sam-
ples [22], however, no such residue was observed in this 
study. Based on a preliminary test (data not shown), 0.04 g 
of Mt-nZVI was added to the test solutions to simultane-
ously optimize operational costs and treatment perfor-
mance (data not shown). Additionally, all Sb adsorption tests 
in this study were evaluated in terms of highly toxic Sb(III).

3.1. Effects of initial pH on Sb adsorption

In this study, the effects of initial pH (pH 3–9) on Sb 
adsorption capacities of Mt-nZVI, nZVI, and Mt were inves-
tigated, and the results are shown in Fig. 2. By contrast, 
nZVI showed higher Sb adsorption capacity (81–106 mg·S-
b·g–1 adsorbent) than Mt-nZVI (45–76 mg·Sb·g–1 adsorbent), 
while Mt showed negligible adsorption (2.0–3.5 mg·Sb·g–1 
adsorbent) at initial pH 3–9. Therefore, the Sb adsorption 
capacity of Mt-nZVI was mainly attributable to that of nZVI 
rather than other components, and the lower Sb adsorption 
capacity of Mt-nZVI compared to nZVI should be attribut-
able to the smaller amount of nZVI in Mt-nZVI at identical 
adsorbent dosage.

Similar to adsorption of arsenic onto Mt-nZVI [10], the 
interaction between Sb(III) and nZVI (or Mt-nZVI) may be 
predominantly attributable to a chemical mechanism, that 
is, ligand exchange independent of pH [10], leading to 
efficient Sb adsorption over a wide initial pH range in this 
study. It is well known that nZVI effectively adsorbs Sb(III) 
in aqueous solution by its oxidation to Sb(V) and subse-
quent complex Sb(III)/Sb(V) surface adsorption [12,14,15]. 
While the neutral trihydroxy molecules (e.g., Sb(OH)3) are 
the dominant Sb(III) species in aqueous solution at pH 
3–11, anions (e.g., Sb(OH)6

−) are the dominant Sb(V) species 
in aqueous solution at pH 4–10 [1,5]. On the other hand, 
when pristine nZVI has an isoelectric point or zero point 
charge (pHPZC) of 7.8 [14], different supporting materials 
were reported to generate markedly different pHPZC of nZVI 
composites, for example, pH 3.7 for zeolite-immobilized 
nZVI [6], 7.5 for carbon nanotube-immobilized nZVI [1], 
6.5–6.8 for granular polyvinyl alcohol-immobilized nZVI 

 
Fig. 1. Scanning electron microscopy image of Mt-nZVI.

 
Fig. 2. Effect of initial pH on the Sb adsorption capacities of 
Mt-nZVI, Mt and nZVI. Error bars correspond to the standard 
deviations of duplicate analyses.
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[5], and 8.2 for Mt-nZVI [9]. Under the conditions, solution 
pH is a key parameter affecting both the surface properties 
of Mt-nZVI (e.g., the surface equipotential point, iron spe-
cies) [7] and the predominant Sb oxyanionic species/charges 
[1,5], finally affecting the Sb adsorption capacity. For exam-
ple, the positively charged nZVI could electrostatically 
attract negatively charged Sb(V) at pH < pHZPC [5,9]. Lower 
Sb adsorption at high pH should be attributable to electro-
static repulsion resulting from the electronegative adsor-
bent surface or the potential nZVI passivation effect [1]. 
Similar pH dependent of Sb adsorption performance has 
been documented previously for nZVI composites immo-
bilized on other supporting materials [1,5,12]. However, 
there were marked differences in optimal pH range for 
maximum Sb adsorption on various nZVI composites, for 
example, pH 3–11 for nanoscale magnetite-immobilized 
nZVI [12], pH < 5 for activated carbon-immobilized nZVI 
[13] or granular polyvinyl alcohol-immobilized nZVI [5], 
and pH 5–8 (or 5–6) for carbon nanotube-immobilized 
nZVI [1]. In this study, Mt-nZVI showed the highest Sb 
adsorption capacity at pH 4–8 (71–76 mg·Sb·g–1 adsorbent)  
in Fig. 2.

3.2. Sb adsorption kinetics

Adsorption kinetics can be used to assess the potential 
of adsorbents for practical application, as the fast adsorp-
tion process can reduce the cost of the adsorbent [15]. Fig. 3 
shows the time profiles of the amounts of Sb adsorbed on 
Mt-nZVI over 12 h. A sharp increase in the amount of 
adsorbed Sb from 0 to 106 mg·Sb·g–1 adsorbent was observed 
within the first 2 h, likely attributable to Sb-Fe coprecipita-
tion after nZVI was corroded, generating large amounts 
of hydroxyl and dissolved iron [24]. Subsequently, the 
adsorbed Sb amount varied within a narrow range of 132–
136 mg·Sb·g–1, over 6–12 h, suggesting that adsorption satu-
ration was achieved after 6 h. The time required to achieve 
equilibrium using Mt-nZVI was slightly longer than that 
on carbon nanotube-immobilized nZVI (4 h) [1], but much 
shorter than for nZVI composites immobilized on other sup-
porting materials, for example, 48 h for granular polyvinyl 
alcohol-immobilized nZVI [5].

In this study, the pseudo-first-order and pseudo-sec-
ond-order kinetic models were used to fit the experiment 
data. To check the validation of both kinetic models visually, 
their theoretical lines are also shown in Fig. 3. Generally, the 
pseudo-first-order kinetic model assumes that adsorption 
is governed by the diffusion steps, while the pseudo-sec-
ond-order kinetic model assumes that adsorption rates 
are controlled by chemisorption and involve the sharing 
or transfer of electron pairs between the adsorbate and the 
adsorbent [15]. In this study, both kinetic models fitted well 
with the experimental data on Sb adsorption onto Mt-nZVI 
(R2 = 0.992 or 0.994). In previous studies, the Sb adsorption 
on nZVI [24] or its composites immobilized on other sup-
porting materials, such as biochar [3], carbon nanotubes [1], 
nanoscale magnetite [12], or granular polyvinyl alcohol [5], 
could often be more effectively presented by the pseudo-sec-
ond-order kinetic model. Zhou et al. [6] reported that the 
pseudo-second-order or pseudo-first-order model described 
more accurately the adsorption of Sb by nZVI-zeolite at 
a zeolite-nZVI dosage of 1 or 2 g·L–1 [6]. Such differences, 
including adsorbent dosage, may explain differences in Sb 
adsorption behavior among these studies.

3.3. Sb adsorption isotherms

Fig. 4 presents a quantitative comparison of the equi-
librium Sb concentration and adsorption capacities on 
Mt-nZVI and nZVI with varied initial Sb concentrations 
(10–300 mg·L–1). Langmuir and Freundlich isotherm mod-
els were used to fit these experiment data, and their model 
parameters were calculated and were presented in Table 1. 
The calculated lines using these two model parameters are 
also shown in Fig. 4. While the Langmuir model assumes 
monolayer adsorption onto the homogeneous adsorbent 
surface with a finite number of identical sites [23], the 
Freundlich model is empirical in nature and allows multi-
layer adsorption [9]. In this study, the Langmuir isotherm 
model (R2 = 0.99) was more suitable than the Freundlich 
isotherm model (R2 = 0.95) for describing the adsorption of 
Sb on Mt-nZVI, similar to Sb adsorption on nanoscale mag-
netite-immobilized nZVI [12] or granular polyvinyl alco-
hol-immobilized nZVI [5], or the adsorption of other heavy 
metals on Mt-nZVI [7]. The different supporting materials 

 
Fig. 3. Time profiles of the amounts of Sb adsorbed on Mt-nZVI 
over 12 h.

 
Fig. 4. Adsorption isotherm of Sb on Mt-nZVI and nZVI.
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may also result in the different applicability of two adsorp-
tion isotherms. For example, the Freundlich model better 
fitted the adsorption of Sb(III) on zeolite-nZVI [6].

Based on the Langmuir model parameter qm in Table 1, 
Mt-nZVI exhibited significantly higher theoretical (i.e., the 
maximum) Sb adsorption capacity (189 mg·Sb·g–1 adsorbent) 
than previous nZVI composites immobilized on nanoscale 
magnetite (88 mg·Sb·g–1 adsorbent) [12], zeolite (135 mg·S-
b·g–1 adsorbent) [6], carbon nanotube (75 mg·Sb·g–1 adsor-
bent) [14], and biochar (160 mg·Sb·g–1 adsorbent) [3]. In this 
study, the theoretical Sb adsorption capacity of Mt-nZVI 
was 11% lower than that of nZVI. However, the theoret-
ical Sb adsorption capacity of Mt-nZVI was almost 7 times 
that of nZVI when calculated in terms of nZVI (i.e., 16.4 
vs. 2.4 mg·Sb·mol–1 Fe, respectively). In other words, the 
dispersal and immobilization of nZVI onto Mt markedly 
enhanced the Sb adsorption capacity of nZVI.

3.4. Effects of coexisting anions and natural organic matter

Anions and natural organic matter present in water/
wastewater may compete for adsorption sites and finally 
decrease the adsorbent capacity of nZVI composites immo-
bilized on various supporting materials [3,5]. Furthermore, 
the choice of supporting material can also influence Sb 
adsorption performance of the resulting nZVI composites in 
the presence of coexisting anions and natural organic mat-
ter. For example, Sb adsorption behavior of granular polyvi-
nyl alcohol-immobilized nZVI in the presence of coexisting 
anions or natural organic matter decreased in the order arse-
nate > phosphate > silicate > sulfate > nitrate > chloride [5], 
that of carbon nanotube-immobilized nZVI decreased in the 
order phosphate > silicate > arsenate > sulfate, nitrate > chlo-
ride, HA [1], and that of biochar-immobilized nZVI decreased 
in the order phosphate > silicate > chloride > carbonate > sul-
fate [3]. Therefore, we further investigated the potential effects 
of ionic strength or HA concentration and coexisting anions 
(e.g., chloride, silicate, phosphate, carbonate, sulfate, and 
arsenate) on the Sb adsorption capacity of Mt-nZVI (Fig. 5).

3.4.1. Effects of ionic strength or HA concentration

The potential effects of inorganic ionic strength on 
Mt-nZVI adsorption capacity were often investigated at low 
salinity levels in previous studies, for example, 0.001–0.1 M 
NaNO3 during U(VI) adsorption [16] or 0.001–0.05 M NaCl 
during Cr(VI) adsorption [21]. In this study, the potential 
effects of coexisting 0.001–0.1 M NaCl or 1–30 mg·L–1 HA 
on the Sb adsorption capacity of Mt-nZVI are shown in 
Fig. 5a and b. It was reported that 0.001–0.1 M NaNO3 had 

no significant effect on U(VI) adsorption on Mt-nZVI [16], 
while increased NaCl concentration (0.001–0.05 M) enhanced 
Cr(VI) adsorption on bentonite-immobilized nZVI [21]. In 
this study, 0.001–0.1 M NaCl showed a significant effect on 
the Sb adsorption capacity of Mt-nZVI in comparison with 
the control (P ≤ 0.04), with the maximal reduction of 17% 
at 0.1 M NaCl. In previous studies, coexisting 10 mg·L–1 
dissolved natural organic matters significantly reduced Sb 
removal from 90% to 72% by carbon nanotube-immobilized 
nZVI [14], while ≥10 mg·L–1 HA significantly reduced the 
Sb adsorption capacity on biochar-immobilized nZVI [3]. 
Similarly, 1–30 mg·L–1 HA significantly (P < 0.05) reduced 
the Sb adsorption capacity on Mt-nZVI. The Sb adsorption 
capacity decreased with increasing HA concentration, with 
a maximal reduction of 21% (Fig. 5b). This can be explained 
by the large molecular weight of HA, which can block sur-
face sites, and its ability to chelate these sites [3]. Although 
0.001–0.1 M NaCl or 1–30 mg·L–1 HA significantly inhibited 
Sb adsorption on Mt-nZVI, at least 79% of the Sb adsorption 
capacity remained at 0.1 M NaCl or 30 mg·L–1 HA. The high-
est ionic strength and HA concentration selected in this study 
were much higher than those in the actual environment, 
and so their impacts could be lower in actual water samples.

Table 1
Langmuir and Freundlich model isotherm parameters for Sb 
adsorption on Mt-nZVI and nZVI

Adsorbents Langmuir model Freundlich model

qm (mg·g–1) KL (L·mg–1) R2 KF n R2

Mt-nZVI 189 0.030 0.99 29 3.02 0.95
nZVI 213 0.068 0.92 30 2.66 0.95

 
Fig. 5. Effect of various ionic strengths (a), humic acid con-
centrations (b), or co-existing anions (c) on the Sb adsorption 
capacity of Mt-nZVI.
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3.4.2. Effects of coexisting anions

In many cases, stronger inhibitory effects on Sb adsorp-
tion on nZVI composites were observed in the presence of 
coexisting phosphate, silicate [1,3], and arsenate [1] due to 
their chemical similarity to Sb oxyanions [1,3] and, therefore, 
similar mechanism of adsorption to Fe [14]. In particular, P, 
As, and Sb are located in the same main group in the peri-
odic table. In this study, as shown in Fig. 5c, coexisting phos-
phate (P = 0.094) and sulfate (P = 0.621) had no significant 
effect on the Sb adsorption capacity of Mt-nZVI, while coex-
isting silicate (P = 0.001), carbonate (P = 0.018), and arsenate 
(P = 0.024) significantly influenced the Sb adsorption capac-
ity. The significant inhibition of Sb adsorption performance 
on nZVI composites was also observed in the presence of 
specific concentrations of anions, for example, ≥500 mg·L–1 
chloride or sulfate, ≥50 mg·L–1 nitrate, and ≥5 mg·L–1 arsenate 
or phosphate on granular polyvinyl alcohol-immobilized 
nZVI [5], and ≥0.01 M silicate on carbon nanotube-immobi-
lized nZVI [14]. Mt-nZVI seems to adsorb Sb effectively in 
the presence of a higher phosphate level (~970 mg·L–1) than 
granular polyvinyl alcohol-immobilized nZVI. The pres-
ence of 0.01 M silicate resulted in the maximum decrease 
in Sb adsorption capacity, by 35%, in this study. However, 
with silicate, a concentration of 761 mg·L–1 is almost never 
encountered with Sb in environmental samples. Therefore, 
its adverse effect at such levels does not seriously limit the 
application of Mt-nZVI. 

In many cases, various heavy metals often coexisted 
in aquatic environments and should be simultaneously 
removed to the discharge limits [10,23]. There have been 
a number of previous studies regarding the elimination 
of other heavy metals, such as As(III) and As(V) [9], Se(V) 
[10], Pb(II), Zn(II), Cu(II), and U(VI) [7], and Cr(VI) [7,22] 
by Mt-nZVI. The results presented here further expanded 
the potential applications of Mt-nZVI in the efficient and 
selective removal of coexisting heavy metals from the envi-
ronment under extreme conditions. In the near future, a 
fixed-bed system filled with Mt-nZVI will be designed to 
continuously treat industrial wastewater containing Sb 
and other heavy metals on the basis of the process param-
eters optimized in this study. The techno-economic assess-
ment of the fixed-bed system will be conducted in order to 
provide an overall information for its practical application.

4. Conclusion

The Sb adsorption capacity of Mt-nZVI was mainly 
attributable to that of nZVI rather than other components. 
The supporting material type significantly influenced the 
optimum pH range to achieve the highest Sb adsorption 
capacity by nZVI composites. As compared with other 
nZVI composites, the time required to reach equilibrium 
was much shorter when Mt-nZVI was used (except carbon 
nanotube-immobilized nZVI). Furthermore, Mt-nZVI exhib-
ited significantly higher theoretical Sb adsorption capacity 
than previous nZVI composites. Mt as a supporting material 
expanded the potential applications of nZVI in the removal 
of various heavy metals, including Sb, from the environ-
ment under extreme conditions.
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