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A B S T R A C T

Antimony (Sb) is an important element applied in many industries, and its uncontrolled discharge into the 
environment has seriously impacted the ecological systems. Bulk adsorbents such as metal oxides, metal nano
particles, metal salts, and organic-metal frameworks were used with a low atom utility efficiency for Sb recovery. 
In this work, zero-valent iron nanoparticles (Fe(0)) were uniformly embedded on bio-derived porous chitosan 
hydrogel via an in-situ reduction procedure. The as-prepared materials improve Sb adsorption uptake up to 
175.89 mgSb⋅g− 1

Ad or 2240.73 mgSb⋅g− 1
Fe , far more than those of the previously reported bulk iron analogs, high

lighting the significant role of supporting strategy in enhancing Fe-atom efficiency. The variations of the per
formances with the experimental parameters, including contacting time, initial Sb amount, adsorbent doping, 
temperature, coexisting cations, pH, as well as cyclic removal performance, were fully investigated. The mate
rials exhibit a robust resistance to high concentrations of interfering cations Co2+, Ni2+, Cu2+, As3+, Sr+, and 
Cd2+ with a significant adsorption constant ratio KSb/M up to 214–4548. The resilience to performance fatigue is 
highlighted by five consecutive adsorption–desorption cycles retaining over 80.9 % of the original efficiency, 
supporting circular economy. The adsorption pathway, including oxidation–reduction and ionic affinity, has 
been probed, and XPS corroborates the findings. The developed fabrication strategy shows fundamental guidance 
for constructing highly efficient eco-friendly materials for treating Sb-polluted water and can be extended to 
other hazardous substances.

1. Introduction

Antimony is an important element in the production of polyester, 
electrodes, flame retardants, as well as in energy storage and automotive 
applications [1]. The annual production of Sb exceeds 150 Mtons [2]. 
However, the pollution caused by emissions from textile manufacturing, 
mining, metallurgy, vehicular emissions, printing, and dyeing poses 
significant risk on the human environment [3–5], particularly the 
aquatic environment [1]. The antimony concentration in some sewage 
reaches as high as 100–7000 mg⋅L− 1 [6], far beyond the conventional 
safety standard of 5 ~ 100 μg⋅L− 1 [7]. Therefore, strict control of 

antimony contaminants in water is imperative [8].
Antimony ions can enter the human body through the skin, inhala

tion and ingestion [9], interfering with metabolism and finally leading 
to cell death. Antimony can also damage the central nervous system. The 
biological toxicity of antimony varies depending on the oxidation state, 
physical form, and the way of ingestion. Antimony has two oxidation 
states, Sb(III) and Sb(V) [7] in the natural environment [10]. Generally, 
Sb(III) exhibits far more toxicity than Sb(V); therefore, its impact on the 
environment. The form of Sb(III) is pH-dependent. As the pH changes 
from acidic to basic, the cationic Sb(OH)2

+ is converted to the electrically 
neutral H3SbO3 and Sb(OH)3 species and finally to the anionic species 
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H2SbO3
− , Sb(OH)4

− . Similarly, Sb(V) transforms from SbO2
+ to the neutral 

Sb(OH)5 species and finally to the anionic Sb(OH)6
− species [11].

Recently, researchers have developed a variety of strategies for 
treating antimony contaminants, including ion exchange [12], electro
chemical methods [13], membrane separation [14], and adsorption 
[15], where the latter has been considered to be one of the most efficient 
with the advantages of cost-effectiveness, abundant choice of the ma
terials and variable options of design [16]. It is also believed that the 
choice of materials is inextricably linked to removal performances. 
Recent years have witnessed an increasing number of functional mate
rials innovated for antimony removal, including metal-based, particu
larly iron materials [17], carbon-based composites [18], MOF [19], and 
organic–inorganic hybrids [15].

Zhang et al., developed γ-Fe2O3, γ-FeOOH and Fe3O4-based materials 
to improve the antimony removal performance [20]. Mittal et al., 
investigated the performances of Sb(III) removal by Fe3O4 [21]. In these 
cases, it has been revealed that the antimony oxygen anions are attracted 
to the protonated surface hydroxyl functional groups and form com
plexes via the Fe-O-Sb moiety. Zero-valent nano-iron (Fe(0)) has 
recently been widely used for antimony treatment due to its large sur
face area and strong reducing capability [22]. The results show that the 
iron oxides on the surface of the Fe(0) core can provide additional active 
sites to host antimony and facilitate affinity with Fe(0) [23]. The number 
of activated adsorption sites can also be increased by applying an 
external weak magnetic field, which causes a change in the para
magnetic gradient at the Fe(0) surface [24], thus accelerating the mass 
transfer at the metal interface [25]. Moreover, the surface of the nano
particles can be modified with surfactants to avoid oxidation and ag
gregation of particles [3–5]. In general, an oxygen-rich cellulose, lignin 
and sodium alginate [26,27] have been proven to have such a function 
[3–5]. Chitosan (CS), a sustainable substance, has abundant hydroxyl 
and amino groups which is also of high potentials for modification 
[28–30]. Due to unique attraction to the metal ions, chitosan has been 
applied in environment treatments, particularly to separate metal ele
ments from the aqueous environment. Chitosan was also found to 
compound with iron oxides in a few recent examples [31,32]. Zeng 
et al., found that iron/CS composites were able to accelerate chelation 
and electrostatic attraction with Sb(III), with adsorption of 139 mg⋅g− 1 

[15]. Lapo et al., prepared chitosan-supported Fe(III) beads and found 
that α-FeO(OH) is the main active species for attracting the Sb species 
with a resulting adsorption capacity can be 626 mgSb⋅g− 1

Fe [33]. There
fore, combining CS and iron active centers presents a promising 
approach for developing efficient materials to treat the Sb-contaminated 
water media.

This study reports a novel composite of Fe(0) nanoparticles encap
sulated in chitosan porous materials prepared from the hydrogel via the 
freeze-drying method and its remarkable removing performances of Sb. 
The purposes of this study are: 1) the fabrication of a novel type of well- 
dispersed nano-sized Fe(0) absorbent suitable for Sb treatment via 
compounding with porous CS hydrogel; 2) the evaluation of the overall 
performances by varying the experimental conditions, i.e., adsorbent 
and Sb feeding amount, contacting time, pH, competing cations, as well 
as the cyclic adsorption–desorption; 3) to reveal the contribution of iron 
species behind the removal performances of Sb.

The eco-friendly materials significantly improve Sb adsorption up
take up to 175.89 mgSb⋅g− 1

Ad or 2240.73 mgSb⋅g− 1
Fe , recording one of the 

best performed adsorbents. Moreover, the materials showed a very 
strong preference for Sb adsorption with competing constants KSb/M up 
to 214–4548 (co-existing cations M: Co2+, Ni2+, Cu2+, As3+, Sr+, and 
Cd2+). And, cyclic use of the materials is also demonstrated retaining 
more than 80.9 % pristine capacity. The developed nano-sized Fe(0) 
fabrication strategy shows fundamental guidance for constructing 
advanced materials for addressing the aquatic Sb element and beyond.

2. Experimental

2.1. Materials

Acetic acid (99.7 %), iron dichloride tetrahydrate, sodium borohy
dride (98 %), chitosan (75 %), methanol (analytic grade), sodium hy
droxide (99.5 %), and nitric acid solution (HNO3, 65.0 wt%) were 
purchased from commercially available sources. Deionized water was 
made in lab. Tap water was supplied by Ningbo Tapwater Company. 
Aqueous stock of Sb (III, V, 1000 mg⋅L− 1) solutions and those mixed with 
cationic ions (Cu2+, Cd2+, Co2+, Ni2+, Sr1+, Zn2+, and As3+) were 
available from the National Standard Material Center of China. Diluted 
Sb(III + V) aqueous solutions were freshly prepared in deionized water, 
and the pH was regulated with a standard 0.01 M NaOH or HNO3 
aqueous solution.

2.2. Synthesis of Fe(0)-CS nanocomposites

A chitosan (0.8 g) viscous solution in acetic acid (80 mL) was com
pounded with FeCl2⋅4H2O (0.23 g) portions under vigorous stirring. The 
addition of NaBH4 (0.05 g) was then immediately followed in portions 
[34]. The resulting dark viscous suspension was then poured into a 3.0 
wt% sodium hydroxide solution using a syringe under a nitrogen stream, 
obtaining dark brown hydrogel microspheres (Scheme 1). The beads 
were then freeze-dried for 12 h. The prepared materials were stored 
under a nitrogen atmosphere.

2.3. Materials’ characterization and instrumentations

The Fourier transform infrared (FT-IR) spectra were recorded on an 
8400S FT-IR spectrophotometer from Shimadzu (Japan). The morphol
ogies of the materials were investigated by scanning electron micro
scopy (SEM) with a JSM-6010LA microscope from JEOL (Japan). 
Elemental compositions were analyzed by an SU8220 SEM microscope 
(Japan) equipped with an energy dispersive spectrometer (EDS) module 
from Oxford (UK). The surface elemental percentage and oxidation state 
of iron elements were analyzed by Thermo Scientific K-Alpha+ and 
calibrated with respect to C1s peak at 284.8 eV. Thermogravimetric 
analyses (TGA) were performed on a Perkin Elmer 8000 analyzer in the 
50–800 ◦C with a ramp of 10 ◦C/min. The inner pores’ specific surface 
area and size were measured by the Brunauer-Emmett-Teller (BET) 
method at 77 K using an Autosorb IQ analyzer. Sb concentrations were 
determined by Inductively Coupled Plasma-Mass Spectrometry (ICP- 
MS) with a Thermo Fisher Scientific (USA) analyzer. Dynamic Laser 
Scattering (D.L.S) for analysis of particles size of Fe (0) was carried out 
using Malvern Zetasizer Nano ZS90.

2.4. Antimony adsorption tests with Fe(0)-CS

Adsorption studies were handled in a fume hood under safety guards, 
and the produced wastes were deposited in a dedicated container, 
strictly following the Material Safety Data Sheet (MSDS) for Sb- 
containing substances. Batch adsorption experiments were performed 
in at least three independent batches, and the data were reported as 
mean values ± standard deviations (error bar). The adsorption amount 
was calculated by subtracting the residual ion concentration in the 
solution.

2.5. Kinetic studies of Sb adsorption with Fe(0)-CS

The adsorption kinetics were investigated individually using 
different dosages of adsorbent (2, 4, 6, 8, 11, and 12 g⋅L− 1), and the 
capacity with respect to contacting time was calculated. Typically, Fe 
(0)-CS (100 mg) was placed in a sealed flask containing Sb aqueous 
solution (150 mL, 500 mg⋅L− 1), and the adsorption was performed at 
30◦C, pH of 6.0 ± 0.1 and a stirring rate of 200 rpm. Aliquots (0.5 mL) 
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were then sampled at the desired time (t) using a syringe, and the so
lutions were filtered with membranes of 0.22 μm pore size. The residue 
Sb (Ct) in the resultant solutions was quantitatively determined by ICP- 
MS, and the time-dependent correlation was obtained. A kinetics study 
was also performed using neat cellulose for comparison.

The adsorption capacity (Qt) was determined using the following 
equation: 

Qt =
(C0 − Ct)V

m
(1) 

where: Qt (mg⋅g− 1) is capacity of Sb adsorbed at a predetermined time 
t(min); CO(mg⋅L− 1) and Ct(mg⋅L− 1) are the beginning (0 min) and 
sampling (t min) concentrations of Sb, respectively; V (L) refers to vol
ume of aqueous sample at the beginning (0 min) and m (g) refers to dry 
weight of the adsorbent employed.

2.6. Adsorption isotherm studies of Sb with Fe(0)-CS

The adsorption isotherms were followed by conducting separate 
experiments at different Sb feeding concentrations. Each aqueous Sb 
solution with concentrations of 1, 50, 100, 200, 300, and 500 mg⋅L− 1 in 
a sealed flask was compounded with the absorbent (100 mg). The 
adsorption was conducted under the same conditions as noted in 1.4.1. 
After the end of each run, the absorbent was separated, and the 
remaining Sb was determined.

2.7. Study of the effect of pH on Sb removal with Fe(0)-CS

Adsorptions were performed separately in a solution containing 10 
mg⋅L− 1 of Sb at different pHs of 3.0–11.0 using 15 mg of absorbent under 
the above experimental conditions.

2.8. Cation effect on Sb removal with Fe(0)-CS in tap water

Adsorption was carried out in tap water containing Sb (128.0 
mg⋅L− 1) and competing ions Cu2+ (47.9 mg⋅L− 1), Cd2+ (49.8 mg⋅L− 1), 
Co2+ (51.1 mg⋅L− 1), Ni2+ (50.6 mg⋅L− 1), Sr1+ (49.5 mg⋅L− 1), Zn2+ (37.3 
mg⋅L− 1) and As3+ (38.4 mg⋅L− 1) by the use of 100 mg absorbent under 
the other experimental conditions as the same as described above. The 
residual concentration of each ion was determined after reaching the 
equilibrium.

2.9. Optimization of adsorbent amount in Sb removal with Fe(0)-CS

Adsorption was separately performed in a 150 mL solution with an 
initial concentration of 1000 ppm of Sb using 20, 40, 60, 80, 100 and 
120 mg of Fe(0)-CS under the experimental conditions above described. 
The Sb adsorption amount was determined by subtracting the remaining 
Sb concentration in the solution.

2.10. Adsorbent regeneration and re-use in Sb removal with Fe(0)-CS

The Sb desorption was performed by treatment with 25 mL of 0.5 M 
NaOH solution at 25 ◦C for 12 h. The recovered Sb in the solution was 
determined by ICP-MS to evaluate the desorption efficiency. The re
generated beads were washed with deionized water and methanol at pH 
7 and then dried in a vacuum under liquid nitrogen for the next 
adsorption–desorption cycle under the same experimental conditions.

2.11. Adsorption thermodynamic investigations on Sb removal with Fe 
(0)- CS

Adsorption was individually conducted using 120 mg of Fe(0)-CS in 
150 mL of 500 ppm solution of Sb at 30, 40, 50, 60 and 70 ◦C until 
adsorption was saturated. Capacity calculations and analyses were 
performed as above described.

3. Results and Discussion

3.1. Synthesis and characterization of Fe(0)-CS

Fig. 1a and b reports the FT-IR spectra of CS and the corresponding 
Fe(0)-CS composites before and after adsorption. In the FT-IR spectra of 
Fe(0)-CS, a significant decrease in intensity of the amino bands at 
wavenumber of 3340 cm− 1 and 1586 cm− 1 [35] is observed after 
compounding CS with Fe(0) [36], and completely disappears after 
adsorption due to affinity with Sb. The adsorption band –OH shift from 
3565 cm− 1 to 3519 cm− 1 is also visible. These results suggest success
fully fabricating CS and Fe(0) particles through binding with amines and 
hydroxyl donors [37–38]. The attenuation of the two characteristic 
absorption bands at 1037 cm− 1 and 512 cm− 1 from the chitosan corre
spond to C–O and C–N stretching vibrations, respectively [39] was also 
observed after coordination of these moieties to the iron nanoparticles. 
The C–O intensity is also declined probably resulted from the O–Sb 
interaction.

The thermal stability of Fe(0)-CS was verified by thermogravimetric 
(TGA) analysis. As shown in Fig. 1b, Fe(0)-CS degradation follows a 
three-stage pattern compared to the single-state one of the pristine CS. 
The first stage starts at ≈100 ◦C and ends at 170 ◦C, with a weight loss of 
11.0 wt% that can be ascribed to the release of water. The second stage 
corresponds to a partial decomposition of the main chain of CS via 
oxidative degradation with a weight loss of about 60.0 wt% before 
300 ◦C [40]. During this stage, forming the char layer covering the 
surface of the materials is possible, slowing down further de
compositions. This causes the third stage to occur at a beginning tem
perature of 310 ◦C up to 410 ◦C. Complete degradation of organic matter 
is observed at 475 ◦C. The final residue is assumed to be iron oxide, 
accounting for 2.0 wt%.

XRD analysis was employed to gain information on the inner struc
ture of Fe(0)-CS, and the corresponding diffractogram is reported in 

Scheme 1. Synthetic route of Fe(0)-CS composite.
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Fig. 1c. It is possible to observe that the diagnostics reflexes for the 
crystalline Fe(0) particles [41–42] at 2θ of 44.6◦, 65◦, and 79◦ are pre
sent in the Fe(0)-CS composite, together with the diagnostic signal for 
the crystalline CS at 29.9◦ and 35.8◦ [43]. The broad signals found for 
the Fe(0) reflexes indicate the formation of small nanometric particles. 
This information suggests that zero-valent iron nanoparticles are suc
cessfully fabricated into the chitosan matrix [10].

The inner sections of Fe(0)-CS were obtained by fracture after im
mersion in liquid nitrogen for 20 min and sputter-coating with metal 
gold before scanning electron microscopy (SEM) analysis. The material’s 
morphology was then investigated by scanning electron microscope 
coupled with energy-dispersive X-ray spectroscopy, and the morphology 
was shown in Fig. 2b. By magnification in Fig. 2b and c, a microporous 
structure was observed with pore dimensions of several hundred 

Fig. 1. The FT-IR spectra (a, of pristine CS and Fe(0)-CS; b, before and after the adsorption), TGA profiles (c), and X-ray diffraction patterns (d) of pristine CS and Fe 
(0)-CS.

Fig. 2. SEM micrographs of Fe(0)-CS under different magnifications.
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micrometers in diameter. The pores are penetrated to create efficient 
mass transfer channels, and such a hollow three-dimensional (3-D) 
structure offers the possibility of a large mass transfer and contacting 
surface when exposed to a targeted pollutant [44]. The energy disper
sive X-ray spectroscopy shows areas composed of C, O, and N. Clear iron 
element spots with uniform distribution could be seen in the elemental 
maps reported in Fig. 3a, and the actual composition determined by ICP- 
MS of 7.8 wt% was closely matched with the loaded amount of 8.1 wt%. 
The presence of Fe(0) can be verified by the XPS spectrum, and the exact 
component will be discussed later in the mechanistic subsection (see 
section 3.6). The particles size was estimated by the D.L.S and the 
average value is 136.6 nm (Fig. 3b).

N2 adsorption–desorption isotherms were studied to further gain 
information on the inner pore surface and structures. The hysteresis 
loops in the isotherms found were characteristic for type I materials, 
showing the typical features of microporous materials as shown in 
Fig. 4a. The specific surface area determined was 28.5 m2⋅g− 1. The pore 
diameter ranges from 2.5 to 35 nm, and the average value was calcu
lated to be 19.0 nm. Therefore, such a large surface and unique micro- 
size structure is potentially helpful to mass transfer and ion retention 
(vide infra). After saturation with Sb, the specific surface decreased to 
10.719 m2⋅g− 1, and the average pore size was estimated to be 10.832 nm 
(Fig. 4b).

3.2. Kinetics and isotherms study on Sb adsorption

Fe(0)-CS uptake behavior in the solutions containing Sb with various 
dosages of adsorbents has been investigated. The flask, equipped with a 
shaker, was fed with an initial concentration of 500 mg⋅L− 1 of the tar
geted analyte. Adsorption was initiated (t0) by adding Fe(0)-CS to the 
working solution at 30 ◦C at a stirring rate of 180 rpm. After a given time 
(t), aliquots of solution were extracted and filtered using nylon syringe 
filters with a 0.22-µm pore size, and the Sb concentration was deter
mined by an ICP-MS [45]. The adsorption capacity Qt (mg⋅g− 1) was 
calculated from Equation (1).

The uptake kinetics (Qt ~ t) of Sb ion and the analyses were depicted 
in Fig. 5. The curves from different absorbent dosages in Fig. 5a illustrate 
adsorption rate using Fe(0)-CS is rapid and very efficient at the initial 
stage due to the high affinity of the material for dissolved Sb ions [46].

The efficiency reaches a plateau at initial dosages of 11 and 12 g⋅L− 1. 
In the identified condition, the adsorption capacity Qt reaches 52.79 
mg⋅gAd

− 1 within 20 min, and the amount increases to 115.89 mg⋅gAd
− 1 

within 60 min for Sb. Beyond that point, the adsorption undergoes at a 
steady stage, and after approximately 600 min, equilibrium is estab
lished and a final capacity up to 175.89 mgSb⋅gAd

− 1, exceeding most of the 
systems ever reported. This significant achievement highlights the 
supporting strategy remarkably enhances the iron atom utilization. A 

much lower equilibrium capacity below 34.5 mg⋅g− 1 as shown in Fig. 5
(c) at a relatively sluggish rate (in 600 min) implies the role of sole CS is 
minor.

The kinetic data were simulated using the first-order model (Eq. (2)), 
second-order models (Eq. (3)), and intraparticle diffusion (Eq. (4)). 

lg(Qe − Qt) = lgQe − k1t (2) 

t
Qt

=
1

k2Q2
e
+

t
Qe

(3) 

Qt = kt0.5 +C (4) 

where k1 (g⋅mg− 1⋅min− 1) and k2 (g⋅mg− 1⋅min− 1) are the rate constants 
of pseudo-first-order, pseudo-second-order, respectively; Qe (mg⋅g− 1) 
and Qt (mg⋅g− 1) are the concentrations of Sb adsorbed at equilibrium 
time and time of t min, respectively; k (mg⋅g− 1⋅min0.5) is the rate con
stants of intra-particle diffusion model; C (mg⋅g− 1) is the intercept which 
can reflect the boundary layer thickness.

All models show a linear fitting line of the kinetic features. Consid
ering a higher correlation coefficient of 0.999 for Sb and 0.98 for Sb-CS, 
as illustrated in Fig. 5(c), both processes are better fitted to a proposed 
second-order model by nonlinear fitting [47]. This indicates that the 
adsorption rates of Sb are dominated by chemisorption, and the number 
of active sites determines the removal capability. Accordingly, the cor
responding adsorption rate constant, k, and theoretical equilibrium 
adsorption capacity, Qe,cal, were determined and reported in Table 1. 
The adsorption capacity Qe, cal of Sb was calculated to be 117.65 mg⋅g− 1 

following in the experimental range (90.3–175.1 mg⋅g− 1), and a better 
fitting value 22.7 mg⋅g− 1 for Sb-CS was obtained [48].

Fig. 5d shows the fitting results using the internal diffusion model, 
where both adsorptions are composed of three stages representing three 
successive steps: surface diffusion, internal diffusion, and adsorption 
equilibrium [49]. The first stage corresponds to the ion diffusion from 
the bulk solution to the surface of Fe(0)-CS, and the high adsorption rate 
constant up to 7.13 g⋅mg− 1⋅min− 1/2 for Sb in this stage is attributed to 
the efficient mass transfer and the large surface of the adsorbent [50]. 
The fitted straight line does not extrapolate to the origin point, indi
cating that intra-particle diffusion is not the only rate-limiting step, 
consistent with the conclusion of the quasi-secondary kinetic fitting 
described above. In the second stage, diffusion of ions from the adsor
bent’s surface into the adsorbent’s internal pores is presumed. The rate 
constants were calculated to be 0.81 mg⋅g− 1⋅min− 1/2, which is mainly 
affected by the nature of the active sites of the adsorbent. Finally, the 
adsorption reaches a stable stage, and a lower rate constant of 1.14 
mg⋅g− 1⋅min− 1/2 is obtained [51]. The adsorption of Sb-CS undergoes a 
much slower rate.

The adsorption isotherm study was implemented under a dosage of 

Fig. 3. Elemental distribution in Fe(0)-CS of C, O, N and Fe by SEM-EDX (a) and the Fe(0) size distribution by D.L.S (b).
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100 mg of adsorbent in 120 ml of aqueous solution with varied Sb 
concentrations (1, 20, 50, 100, 300, and 1500 mg⋅L− 1). The adsorption 
capacity was then calculated, and the fittings using Freundlich, Lang
muir, and Temkin models were then carried out to estimate the 
adsorption and surface properties according to the following equations 
[52]: 

Ce

Qe
=

Ce

Qm
+

1
QmKL

(5) 

logQe = logKF +
1
n

logCe (6) 

Fig. 4. BET curves for Fe(0)-CS before (a) and after (b) the Sb adsorption.

Fig. 5. (a) Adsorption capacities of Sb onto Fe(0)-CS as a function of time and fitting to pseudo-first-order kinetic model; (b) Adsorption capacities of Sb onto CS as a 
function of time and fitting to pseudo-first-order kinetic model; (c) fitting to pseudo-second-order kinetic model; and (d) fitting to intra-particle-diffusion model.

Table 1 
Summarized fitting parameters for pseudo-first-order, pseudo-second-order, and intra-particle diffusion kinetic models.

Pseudo-first order Pseudo-second order Intra-particle diffusion

k1 Qe,cal R2 k2 Qe R2 k1; k2; k3 C1; C2; C3 R2

(min− 1) (mg⋅g− 1) (g⋅mg− 1⋅min− 1) (cal/mg⋅g− 1) (g⋅mg− 1⋅min− 1/2) (mg⋅g− 1)

Sb-Fe(0)-CS 6.91•10− 3 46.7 0.92 5.87•10− 4 117.7 0.999 7.13; 0.81; 1.14 43.22; 93.26; 89.20 0.99, 0.91, 0.93
Sb-CS 3.68•10− 3 22.9 0.95 2.22•10− 4 22.7 0.98 0.12; 1.66; 1.29 8.70; 2.79; 0.36 0.79, 0.85, 0.86
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Qe = (
RT
b
)ln(KTCe) (7) 

where: kL (L⋅min− 1), kF (L⋅min− 1), and KT (L⋅g− 1) are the fitting con
stants of Freundlich, Langmuir and Temkin models, respectively; Qe 
(mg⋅g− 1) and Qm (mg⋅g− 1) are the equilibrium and the theoretic 
maximal concentration of Sb adsorbed, respectively; Ce (mg⋅g− 1) is the 
equilibrium concentration and, finally, b refers to the order number of 
adsorption.

The adsorption fitting curves were given in Fig. 6 and the theoretical 
adsorption capacity QeCal and the adsorption constant k were presented 
in Table 2. The isotherm model was fitted by Langmuir method (Fig. 6a), 
and the maximum adsorption capacity of Sb obtained is up to 903.1 
mg⋅g− 1 with a high correlation coefficient R2 equal to 0.988, so the 
isotherm model of the adsorption of Sb adsorbent spheres is better 
conformed with the Langmuir model. The Freundlich model was then 
fitted to the adsorption, and it was found that the correlation coefficient 
R2 = 0.954 and the maximum adsorption capacity was calculated to be 
769.7 mg⋅g− 1 (Fig. 6a), thus the adsorption behavior of Sb in aqueous 
solutions with different concentrations of Sb is more in line with the 
Langmuir model. This suggests that the adsorption by adsorbent spheres 
is monolayer adsorption rather than multilayer adsorption. The fitting 
correlation coefficient R2 equal to 0.88 using the Temkin model (Fig. 6b) 
is remarkably lower than 0.988 calculated from the Freundlich model, 
and the degree of conformity is less than that of the Langmuir model 
[53].

Langmuir fitting of the isotherm model for Sb-CS adsorption is also 
compared, and the calculated maximum adsorption capacity is 76.2 
mg⋅g− 1 with a correlation coefficient R2 of 0.98, which deviates far from 
the actual value obtained experimentally. The Freundlich model was 
applied, and the correlation coefficient R2 determined was 0.997, and 
the maximum adsorption capacity was 31.6 mg⋅g− 1, in accordance with 
the experimental one. Thus, the adsorption is more in accordance with 
the Freundlich model. This suggests that adsorption is multilayer rather 
than monolayer adsorption [54]. The calculated 1/n is 0.884, which is in 
the range of 0–1, indicating that the adsorption is a positive and 
favorable process. The fitted correlation coefficient R2 using Temkin’s 
model is 0.65, smaller than 0.99 from Freundlich’s model, and the de
gree of conformity is less than that of Freundlich’s model [55].

3.3. Sb adsorption thermodynamics in Fe(0)-CS

The adsorption kinetics and thermodynamics were carried out by 
adding 100 mg of adsorbent to 150 mL of 500 mg⋅L− 1 aqueous Sb so
lution at the temperatures of 30, 40, 50, 60, and 70 ◦C, and each equi
librium adsorption capacity was calculated with Equation (1). The 
adsorption capacity Qe is monotonously increased with the temperature 
(Fig. 7a), and the corresponding data are reported in Table 3. The values 
of Gibbs free energy change (ΔG) at each temperature were calculated 
and provided in Table 3: the negative values indicate that the adsorption 

is spontaneous and thermally feasible, highlighting the porous structure 
owing advantages to ion transfer and affinity with the adsorbent. The 
decreased trend demonstrated that the diffusion of ions out of the sur
face is more favored at the increasing of the temperature [56].

Kc and lnKc were determined with the following equations: 

Kc =
Qe

Ce
(8) 

lnKc =
ΔH
RT

−
ΔS
R

(9) 

where Qe (mg⋅g− 1) is the concentration of adsorbed Tl at equilibrium, Kc 
(mL⋅g− 1) is the distribution coefficient, R (8.314 J⋅mol− 1⋅K) is the uni
versal gas constant, and T (K) is the absolute temperature.

The relationship between 1000/T and lnKc was depicted in Fig. 7b, 
and a good linearity was obtained with a fitting coefficient R2 of 0.99. 
Thus, the enthalpy ΔH and entropy ΔS were estimated to be 95.9 
kJ⋅mol− 1 and 42.8 J⋅mol− 1⋅K− 1, respectively, using Eq. (9). The positive 
value of ΔH for the adsorption process indicates that the adsorption is a 
heat-absorbing process, verifying that a higher temperature favors the 
adsorption. The positive value of ΔS suggests that the process increases 
the disorder at the solid/liquid interface on the surface of the adsorbate 
spheres [57]. The coordination of Sb to the adsorber probably releases 
water molecules, thus increasing the entropy values.

3.4. Fe(0)-CS adsorbent regeneration and re-use

To evaluate the reusability, the Sb saturated materials were placed at 
0.5 mol⋅L− 1 NaOH aqueous solution for 12 h at 20 ◦C to recover the 
adsorbed Sb and restore the adsorbent. The detached Sb concentration 
was determined by ICP-MS, and ultimately, removal of as-adsorbed Sb 
was reached. The resultant beads were then washed with water and 
rinsed with methanol carefully under a nitrogen atmosphere and vac
uum freezing-dry to afford the recovered adsorbent for the next cycle. 
Throughout five consecutive cycles of adsorption–desorption under the 
same conditions, a steady adsorption efficiency of more than 80.9 % 
could be obtained (Fig. 8) under feeding amount of 20.2–21.5 μg⋅L− 1 of 
Sb, which indicates that the materials can be recycled for several times 
and its chemical and physico-mechanical properties are not damaged to 
a large extent [52]. The residual Sb in the solution is reduced to 
20.2–21.5 μg⋅L− 1, as illustrated in Fig. 8(b). This result highlights the 
material’s persistence in cyclic applications. More importantly, the 
intrinsically eco-friendly character avoids second contamination after 
disposal, making it a sustainable alternative to conventional treatments.

3.5. Effect of competing ions on the adsorption of Sb by Fe(0)-CS

Considering the complexity of the aqueous environment in practical 
applications, the Fe(0)-CS adaptability towards environmental 

Fig. 6. Isotherms showing the adsorption of Sb ions onto pristine CS and Fe(0)-CS and fitting results with Langmuir, Freundlich, and Temkin isotherm models.
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interference was examined by adding competing cations Co2+, Ni2+, 
Cu2+, As3+, Sr+, and Cd2+ with comparable concentrations into tap 
water. The adsorption capacity Qe was calculated, and the kinetics for 
each ion were depicted in Fig. 9. The initial C0 and final concentration Ce 
for all ions after adsorption were compared in Table 4. The adsorption is 
very fast and completed even in the presence of competing ions, and a 
capacity of 159.2 mg⋅g− 1 resulted that overlapped the optimal perfor
mances discussed above. The adsorption capacities for all competing 
ions are significantly low, with merely 13.98–29.33 mg⋅g− 1. The equal 
portion distributions (Kd=C0/Ce) of each competing ion are thus 
calculated and summarized in Table 4. The adsorbent constant values 
were compared, and the relative distribution constant ratio defined by 

KSb/M (KSb/M = kSb/kM, kM: constant values of the competing cations, M 
= Co2+, Ni2+, Cu2+, As3+, Sr+, and Cd2+) all exceeded 214.0 [58], and 
some were even as large as 4547.7. This indicates that the CS-supported 
Fe(0) material exhibits little impact in its performance in the presence of 
various common ions [59], highlighting the material’s durability in 
complicated environmental conditions.

3.6. Adsorption mechanisms of Sb by Fe(0)-CS

The removal capacity of antimony is related to the surface and inner 
core of the adsorbent materials. This is because the outer sphere of the Fe 
(0) nanoparticles has a very high propensity to be oxidized to form an 
iron oxides (Fe3+,2+) shell [60]. This reaction is inevitable even in the 
presence of a trace of oxygen but is crucial to shielding the Fe(0) core 
from further oxidation. The surface iron oxides/hydroxides provide 
coordination and electrostatic interactions to adsorb charged Sb ions. 
The Fe(0) species in the core has a strong tendency to Fe3+,2+ (Fig. 10a, 
709.88 eV vs Fig. 10b, 709.48 eV), converting Sb(V) to Sb(III) via 
electron transfer through the outer layer [60–61]. Then, we evaluate the 
fraction evolution before and after the process by calculating each 
integration in XPS. Half of Fe (0) species on the surface was found to be 
converted to higher states as illustrated in Fig. 7a (before adsorption) vs 
7b (after adsorption). The total Fe(II) species is decreased by 20 %, also. 

Table 2 
Fitting parameters of Freundlich, Langmuir, and Temkin models.

Langmuir Freundlich Temkin

Qm KL R2 1/n KF Qm/mg⋅g− 1 R2 KT/ b R2

(mg⋅g− 1) (L⋅mg− 1) L⋅mg− 1 (mg⋅g− 1) L⋅g− 1

Sb-Fe(0)-CS 903.1 3.2•10− 3 0.988 0.49 36.63 769.7 0.954 0.4 20.5 0.88
Sb-CS 76.2 4.908 0.98 0.884 0.13 31.6 0.997 0.28 597.3 0.65

Fig. 7. The fitted curve of lnKc versus 1000/T for the estimation of thermodynamic parameters for adsorption of Fe(0)-CS for Sb.

Table 3 
Thermodynamic adsorption parameters for Sb adsorption onto Fe(0)-CS.

T(K) Qe 

(mg⋅g− 1)
Kc ΔG 

(kJ⋅mol− 1)
ΔH 
(kJ⋅mol− 1)

ΔS 
(J⋅mol− 1⋅K− 1)

303 115 3.762 − 3.3 95.9 42.8
313 117 4.383 − 3.8
323 120 4.784 − 4.1
333 123 5.353 − 4.6
343 125 5.925 − 5.1

Fig. 8. The regeneration and reuse of Fe(0)-CS: removal efficiency (a) and initial vs residual Sb concentration (b).

H. Wu et al.                                                                                                                                                                                                                                      Separation and Puriϧcation Technology 375 (2025) 133807 

8 



Accordingly, the fraction of Sb(V) species was increased by 80 % as 
result.

In our case, the porous CS coverlet, particularly the OH moiety, may 
alter the Fe(0) interface state and then accelerates both the diffusion 
kinetics of Sb and surface adsorption during the adsorption, as discussed 
in Fig. 5c. This interaction can be testified by the changes from free OH 
(532.5 eV, Fig. 10c) of CS surface before adsorption into a week Sb-OH 
interaction (532.4 eV, Fig. 10d) after adsorption, and at the same time, 
the Fe-O shifts from 530.08 eV into 530.28 eV (Fig. 10a) [58,62].

The percentage of Sb before and after the process was calculated 
based on the integration and noted in Fig. 10e and f, respectively. Sb(III) 
decreased from 60 % to 50 % and Sb(V) increased 25 % to 45 %. 
Considering the complexity of the original Sb oxidation states of the 
aqueous sample used in all experiments, we tested individual pathways 
of the Sb(III) and Sb(V) during the process by using pure Sb samples. The 
adsorption experiment initially using the Sb(V) sample was carried out. 
The majority of species is reduced to Sb(III) (Fig. 10h), and the XPS 
further confirms the formation of Sb2O3 [61]. These results offer 
confirmatory evidence for the reducing role of Fe(0) during the 
adsorption [62]. An adsorption experiment on pure Sb(III) was also 
conducted, and the XPS result revealed in Fig. 10g) clearly points out 
that Sb(III) species are partially oxidized to Sb2O5 during the process, 
presumably due to the presence of oxygen traces. Therefore, both 
reduction and oxidation reactions are acting during the process in our 
cases, resulting in Sb(III) and Sb(V) interconversion.

The pH influences the nature of the surface and Sb species based on 
the mechanism proposed above [63–64]. At pH < 4.0, H+ ions could 
bind with surface hydroxyl groups of CS and iron oxide to form OH2

+

moieties [64–65], providing extra adhesion sites and electrostatic 
attraction force for anionic H2SbO−

3 or Sb(OH)4
− species (H3SbO4, pKa =

2.72). This interaction facilitates reduction of Sb and subsequent pre
cipitate on the CS surface. At pH > 4.0, the performances was influenced 
[64,66], particularly, the adsorption was declined below 40.0 mg⋅g− 1 

when the pH is beyond 9.0. This chemisorption can be corroborated by a 
maximum equilibrium adsorption capacity near 4 from pH dependent- 

experiment depicted in Fig. 11. The results here provide a comprehen
sive understanding of this robust adsorption process.

4. Conclusions

Antimony, a toxic metalloid, poses considerable risks to aquatic life 
and human health due to its persistence and mobility in water bodies. 
The removal of antimony from water using a zero-valent iron adsorbent 
embedded in chitosan offers significant environmental benefits. Zero- 
valent iron nanoparticles supported by porous chitosan materials, Fe 
(0)-CS, are fabricated and characterized by several measurements. The 
developed material is a novel adsorbent for removing Sb contaminants 
in aqueous solutions following a synergistic oxidation and ionic inter
action pathway. This eco-friendly material efficiently captures both Sb 
(III) and Sb(V), is biodegradable and can be reused with minimal per
formance loss. The presence of well-dispersed nano-Fe(0) among the CS 
boosts Sb(III) formation and anchoring, and elevates the adsorption 
capacity up to 175.89 mgSb g− 1

Ad or 2240.73 mgSb g− 1
Fe . The adsorption 

follows the well-behaved second-order kinetic and the Langmuir 
isothermal model. Subsequent recovery of Sb and materials over 80.9 % 
shows high robustness and reusability of the system after five consecu
tive adsorption–desorption cycles. The material displayed high resil
ience to other common interfering cations such as Co2+, Ni2+, Cu2+, 
As3+, Sr+, and Cd2+ competing constant ratios KSb/M up to 214–4548. 
The developed doping strategy offers enormous potential for con
structing advanced materials for treating metal-polluted water media 
and other hazardous substances. Its low toxicity and ability to minimize 
secondary pollution make it a sustainable alternative to conventional 
treatments. Moreover, using chitosan from biomass waste supports cir
cular economy principles. This approach offers a cost-effective and 
environmentally friendly solution to addressing heavy metal contami
nation in aquatic environments.

Fig. 9. The interference effect of various cations on the adsorption performances of Fe(0)-CS for Sb.

Table 4 
Thermodynamic adsorption parameters for Sb using Fe(0)-CS.

Ion C0 

(mg⋅L− 1)
Ce 

(mg⋅L− 1)
Qe 

(mg⋅g− 1)
Kd 

(mg⋅mg− 1)
KSb/Co KSb/Ni KSb/Cu KSb/Zn KSb/As KSb/Sr KSb/Cd

Sb 128.04 0.7 159.17 181.9 214.0 219.2 236.2 4547.7 491.6 221.8 336.9
Co 51.1 27.6 29.33 0.8 − − − − − − −

Ni 50.6 27.7 28.67 0.8 − − − − − − −

Cu 47.9 27.1 25.93 0.8 − − − − − − −

Zn 37.3 25.7 14.52 0.04 − − − − − − −

As 38.4 27.3 13.98 0.4 − − − − − − −

Sr 49.5 27.3 27.85 0.8 − − − − − − −

Cd 49.8 32.3 21.85 0.5 − − − − − − −
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Fig. 10. The XPS analyses for Fe (a, b), O (c, d), Sb(III and V) (e, f) before and after the adsorption, and Sb (III) (g) and Sb(V) (h) after adsorption.
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