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 A novel nano-modified chitosan (NMCS) was prepared by grafting MOFs and Nano-Fe3O4 

onto chitosan

 NMCS was effective for enhancing adsorption for aqueous Sb(III) 

 MOFs and Nano-Fe3O4 contributed to the performance enhancement
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Abstract

A series of environmental and health problems caused by the release of large quantities of antimony into the water 

environment have received wide social concern in a number of regions worldwide. Finding a feasible treatment 

technology is the best choice for the sustainable remediation of antimony pollution. A novel nano-modified 

chitosan (NMCS) was prepared by grafting iron oxide nanoparticles (Nano-Fe3O4) and carboxylate metal organic 

frameworks (MOFs) denoted as MIL-100(Fe) onto chitosan. The NMCS before and after adsorption was 

characterized by analytical tools including Fourier transform infrared and X-ray photoelectron spectroscopy. Batch 

experiments with variable NMCS dose, solution pH, and competing anions were used to evaluate the most efficient 

way to remove Sb (III) from aqueous solutions. The results showed that removal efficiency increased with the 

increase of the NMCS concentration and solution pH, respectively. The maximum removal efficiency of Sb(III) 

was 96.8%, at pH 11 with 1.5 g/L of NMCS when treating a Sb(III) model solution of 10 mg/L, which is much 

higher than that with Nano-Fe3O4 or MOFs. Compared with the efficient removal of Sb(III) under acid conditions, 

NMCS has a higher removal efficiency under alkaline conditions. The effect of common anions such as sulfate, 

carbonate, nitrate and chloride ions, on the removal of Sb(III), was minor. The removal of Sb(III) could be clearly 

described by pseudo-second order sorption kinetics and Freundlich isotherm, which suggested inner-sphere surface 

binding mechanisms. The presence of Sb (III) on NMCS was confirmed by an X-ray photoelectron spectroscopic 

analysis, and those functional groups binding to Sb (III) were identified using Fourier transform infrared analysis. 

The ability of NMCS to be regenerated was good and further enhanced by the possibility of magnetic recovery. 

Overall, the findings tested in this study showed that the NMCS developed can effectively remove Sb(III) from 

aqueous solutions and can be effectively recovered and reused.

Keywords: water; antimony; chitosan; magnetic nanoparticle; metal organic framework



3

1. Introduction

Antimony is a potentially toxic metalloid element, and its compounds have been listed as a priority for pollution 

control by the European Parliament, Council of European [1] and US Environmental Protection Agency [2]. 

Antimony commonly is derived from the sulfide mineral stibnite, Sb2S3. In this form, the antimony oxidation state 

is +3 (commonly known as Sb(III)). The other most stable oxidation state is Sb(V), which is derived from 

valentinite (Sb2O3), and on average its crustal abundance is low (about 0.00002% w/w) [3]. It is also associated 

with asenic containing minerals and can be enriched in process and surface waters associated with ore deposits 

and mineral extraction. In natural water, antimony always exists in the form of inorganic Sb(III) and Sb(V), but 

the former is 10 times more toxic than the latter[4, 5]. Because a large quantity of antimony is extracted during 

mining and smelting and application of antimony-containing materials is widespread in industrial economies, 

which leads to localized contamination of surface and ground waters [6, 7]. The relative toxicity of antimony and 

its compounds but relatively localized emissions has resulted considerable attention being paid to its potential to 

impact on health and a number of related diseases [8, 9] and the focus of research into suitable remediation 

technology. The U.S. Environmental Protection Agency (EPA), the Council of the European Communities, the 

Ministry of Health (MOH) of the PR China and Standardization Administration of the P.R. China (MOH & SAC) 

and the World Health Organization (WHO) have established the maximum permissible concentration of antimony 

in drinking water (WHO, P.R. China, Japan, UE and USA limits are 20 μg/L, 2 μg/L, 5 μg/L, 5 μg/L and 6 μg/L 

in drinking water, respectively) [10-13]. 

Many methods have been used for the removal of antimony from excessively polluted waste water. These include 

adsorption [14], coagulation-flocculation [15, 16], and reverse-osmosis [17]. However, adsorption is still 

considered the most cost-effective technology and has been extensively studied [18-20]. A series of absorbents 
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have been successfully applied to remove Sb(III). These include ferrous compounds such as goethite (α-FeOOH) 

[21], ferric hydroxide (FeOxHy) [22], ferrihydrite (Fh) [23], iron oxyhydroxides ( Fe(OH)3) [14]), nanoparticles 

(e.g., cellulose-magnetite [24]), carbon-based adsorbents (e.g., metal organic frameworks (MOFs) [25],and 

graphene [26]). Their adsorption capability and the associated mechanism for antimony removal are varied based 

on the different solid phase structures, solution pH and the solution Sb species. The most stable forms of Sb(III) 

are as antimony hydroxide, also known as trioxoantimonic acid (III) (H3SbO3) and antimonous acid Sb(OH)3 (or 

antimony III hydroxide) which exists across a wide pH range from 2.7 to 10.4 [17, 27]. However, the Sb(III) 

species are also commonly associated with complex anions such as arsenite As(III) and toxic hexavalent chromium 

(Cr(VI)) [17, 27]. As such, electrostatic interaction will have less influence on solid-solution interactions because 

more specific adsorption mechanisms are involved. For example, electrostatic force and van der Waals interactions 

can control Sb(III) adsorption [26], which require pH adjustment to achieve the best Sb removal. With lower 

electrostatic interactions occurring between Sb(III) and adsorbents such as natural red earth [28], hydrous ferric 

oxide [14] it has been possible to achieve effective adsorption independent of pH. The chemical bonds between 

antimony ions and surface functional groups such as hydrogen of carboxyl (−COOH) [14], hydroxyl (−OH) [24], 

and polyol groups (Bacelo et al. 2018, Ungureanu et al. 2015) have become the dominant surface adsorption 

mechanism. Therefore, targeted removal of antimony is particularly important and may be through functionalized 

modification of adsorbents.

This paper presents characterization of the performance and mechanistic assessment of a novel chitosan, nano-

modified by magnetic Fe3O4 nano-particles (Nano-Fe3O4) and carboxylated metal-organic frameworks (MOFs). 

Chitosan is a low-cost, biodegradable, and nontoxic biopolymer, showing a good adsorption capability for the 

removal of metal ions. In particular amino groups have been considered to serve as chelation sites on chitosan and 
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other amino-functionalized adsorbents, which can chemically adsorb metal ions from solution [29, 30]. Our 

preliminary experiments have shown that this has no effect on the adsorption of Sb(III) over a wide pH range (2-

11) and studies of Sb(III) adsorption by chitosan is not well established. Introducing the chemical groups or 

polymers in chitosan, followed by functionalization, offers a route to enhance its adsorption efficiency[31, 32]. In 

addition chitosan materials with conjugated Nano-Fe3O4 are recyclable [33]. The Nano-Fe3O4 can also be modified 

by incorporating carbon-based material such as graphene oxide improving removal of antimony [34]. In addition 

to the graphene oxide, MOFs have an affinity for antimony, making them an excellent candidate for antimony 

removal. [25]. Compared with graphene, MOFs are easier to work with. Although their size is too small to be 

easily separated from water, this problem can be solved by combining them with Nano-Fe3O4. Finally, carboxyl 

groups and hydroxyl groups can also be easily introduced into Nano-Fe3O4 and MOF products. Therefore, it is a 

great potential to improve performance for the removal of antimony by combining them on the surface of chitosan.

Consequently we grafted the magnetic nanoparticle (Nano-Fe3O4) and the carboxylate MIL-100(Fe) as MOFs onto 

the surface of chitosan, forming a novel nano-modified chitosan (NMCS). The NMCS samples before and after 

adsorption were characterized using analytic instruments such as Fourier transform infrared spectroscopy (FT-IR), 

scanning electron microscopy (SEM), transmission electron microscope (TEM), energy-dispersive X-ray 

spectrometry (EDS), X-ray photoelectron spectroscopy (XPS). Studies of Sb(III) removal by NMCS under a 

simple batch stirring reactions were investigated and variables including solution composition (ion competition), 

pH dependence, reaction kinetics, removal mechanisms, and the ability to regenerate.

2. Materials and Methods

2.1 Materials
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The chemicals (chitosan, 2,2’-azobis[2-(2-imidazolin-2-yl)propane]/dihydrochloride (VA-044), and 3-

Methacryloxypropyltrimethoxysilane (MPS) were purchased from Macklin Biochemical Company (Shanghai, 

China), sodium acetate anhydrous (C2H3NaO2) and ferric chloride hexahydrate (FeCl3.6H2O) from Taishan 

Chemical Plant Co. (Taishan, China), ethanol and N,N,-dimethyl formamide (DMF) from Guangdong Guanghua 

Polytron Technologies Inc. (Shantou, China), chemicals (potassium antimony tartrate, sodium sulphate, sodium 

chloride, sodium hydroxide (NaOH) from Xilong Chemical Co. (Guangdong, China), 1, 3, 5-Benzenetricarboxylic 

acid from Aladdin (Shanghai, China), hydrochloric acid (HCl) from Zhuzhou Xingkong Chemical Co. (Zhuzhou, 

China), sodium nitrate from Sinopharm Chemical Reagent Co. (Shanghai, China), sodium hydrogen phosphate 

from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China), sodium carbonate from Chengdu Kelong 

Chemical Co. (Chengdu, China), citric acid from Hengyang Kaixin Chemical Reagent Co. (Hengyang, China). All 

chemicals were of American Chemical Society (ACS) reagent grade, except for chitosan (deacetylation ≥ 95%, 

biological reagent). All solutions were prepared with LBY-20 ultrapure water (Chongqing Aaoen Technology Co.). 

The glassware and other labware were acid-washed, rinsed thoroughly with ultrapure water, and dried prior to use.

2.2 Preparation of NMCS

NMCS was prepared through chemical blending of nano-Fe3O4, MOFs and chitosan. Nano-Fe3O4 was prepared 

through a solvothermal reduction by the following procedure: 21.6 g of FeCl3.6H2O and 57.6 g of C2H3NaO2 were 

dissolved in 800 mL of ethylene glycol and stirred at room temperature for 30 mins until a homogeneous solution 

was obtained. Subsequently the solution was transferred to a polytetrafluoroethylene (PTFE)-lined autoclave at 

200 oC for 8 hours. The solid products were separated under an external magnetic field at room temperature, and 

then washed three times with ultra-pure water and ethanol. After vacuum drying for 12 hours at 60 oC, the Nano-

Fe3O4 was produced. Subsequently the Nano-Fe3O4 was modified by mixing MPS with ethanol solution, and 
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reacting at 30 oC for 12 h. MIL-100(Fe) was prepared using the following procedure: 2.0 mmol 1,3,5-

benzenetricarboxylic acid and 2.0 mmol FeCl3.6H2O were stirred for 30 mins until a homogeneous solution was 

obtained and transferred to a PTFE-lined autoclave, after it had reacted at 200 oC for 8 hours. After cooling to room 

temperature, the solution was washed with ethanol as well as dimethylformamide (DMF) and ultra-pure water, 

centrifuged at 6000 rpm for eight mins, and subsequently forming the MOFs under vacuum drying at 80 oC. Nano-

Fe3O4 was ultrasonically dispersed in 30 mL of ultrapure water in a three neck flask using an ultrasonic bath 

(KQ5200DB, Kunshan Ultrasonic Instrument Co., Kunshan, China), forming a homogeneous suspension. MOFs 

and CS in predetermined mass ratio of MOFs to CS (1:1) were injected into the Nano-Fe3O4 suspension and slowly 

stirred for 20 mins. Subsequently, the reaction solution was deoxygenated by bubbling in a stream of pure nitrogen 

followed by the addition of an initiator (VA-044). After stirring for one hour in a water bath at a temperature of 

22 oC, the suspension was cooled to room temperature. After settling for two hours, the product was washed with 

anhydrous alcohol, repeatedly, subsequently forming a magnetic composite material under vacuum drying at 60 oC.

2.3 Experimental procedure

Portions of 50 to 300 mg of NMCS were added to 250 mL glass bottles and weighed, followed by the addition, 

with stirring of a 200.00 mL aliquot of Sb(III) solution (between 5 mg/L to 30 mg/L), resulting in Sb(III) 

concentrations between 0.25 g/L and 1.5 g/L. After a specified time of stirring, solid and liquid samples were 

magnetically separated, filtered using a 0.45 μm membrane, and analyzed for residual antimony using an AA-7000 

atomic absorbance instrument (Beijing East & West Analysis Instrument Co., Ltd, China) at an adsorption 

wavelength of 217.6 nm [35] with matrix matched standard calibration. The pH levels of the solutions were 

adjusted to 2–11 in order to study the pH effect on Sb(III) removal using NaOH and HCl at a ionic strength of 0.01 

M controlled by NaNO3. For the kinetics experiments adsorption time was selected between 5 min to 360 min at 



8

a temperature of 20 °C±2. For adsorption isotherm experiments, initial Sb(III) concentration varied from 5 to 80 

mg/L and 1.5 g/L adsorbent was added. The ionic strength was maintained as 0.01 mol/L NaNO3. In each test, the 

solution pH was adjusted to 11 and shaken for 24 h at temperatures of 293 K, 303 K and 313 K. The removal 

efficiency of Sb(III) was evaluated by measuring percent removal of Sb(III) compared to the initial Sb(III) 

concentration.

Desorption and recycling experiments were carried out to evaluate the regeneration capability of NMCS. The 

optimal regenerant was identified after a series of elution tests using H2O, HCl, NaOH, EDTA and citric acid at 

0.05 mol/L to 1 mol/L to evaluate Sb(III) separation from NMCS. The experiment showed that citric acid had the 

most effective recovery and was subsequently used as the eluent solution at concentration of 0.1 mol/L.

2.4 Sample analysis

The FT-IR spectra were recorded on a Nicolet iZ10 FT-IR Spectrophotometer (Thermo Electron Co., USA) with 

potassium bromide (KBr) as the dispersant used to examine possible chemical bonds in adsorbents. The images of 

an EVO18 scanning electron microscope (SEM) (Carl Zeiss Microscopy GmbH, Jena, Germany) and the images 

of the FEI Tecnai G2 F20 transmission electron microscope (TEM) (FEI Co., Hillsboro, OR, USA) were used to 

characterize the morphology of the adsorbent. The energy dispersive spectra (EDS) were taken using an Oxford 

INCA energy dispersive X-ray spectrometer (Oxford Instruments, Oxfordshire, UK) to analyze the element 

distribution on the surface of the adsorbent. The magnetic strength of adsorbent was measured using a SQUID-

VSM (vibrating sample magnetometer) (Quantum Design Inc., San Diego, CA, USA). X-ray photoelectron 

spectroscopy (XPS) recorded on an ESCALAB 250 X-ray photoelectron spectrometer (Thermo-Scientific Co., 

Waltham, MA, USA) was used to analyze the elemental species distribution. Zeta potential of NMCS was tested 
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using a zeta potential analyzer (Zetasizer 2000, Malvern, UK). Specific surface areas of samples were measured 

using nitrogen sorption isotherms through a standard Brunauer–Emmett–Teller (BET) analysis (Tristar II 3020, 

Micromeritics Instrument Corporation, USA).

3. Results and Discussion

3.1 Multi spectral analysis of NMCS

The NMCS exhibited good magnetic properties, which was confirmed by magnetization curves shown in Fig. 1a. 

Due to the hybridizing of Nano-Fe3O4 with CS and MOFs, the saturated magnetization of NMCS was significantly 

reduced from 98.86 emu/g to 19.74 emu/g. This reduction is often found in other magnetic adsorbents; furthermore, 

saturated magnetization at around 20 emu/g has been determined as capable of a good magnetic separation under 

external magnetic field [29, 36-38]. The results obtained in this study showed that NMCS was also clearly 

separated magnetically (see Fig. 9), confirming that the magnetic properties of Nano-Fe3O4 were successfully 

introduced into chitosan. The NMCS contained elements such as C, O, N, Fe and Si which was demonstrated in 

the XPS results (see Fig. 1b). The element distribution of NMCS did not change significantly after adsorption 

experiments but the Sb 3d peak was evident after the adsorption experiment, confirming the interaction between 

antimony and NMCS (see Fig. 1b). The FT-IR scan of NMCS at 4000-400 cm-1 is shown in Fig. 1c. The peak of 

around 583 cm−1 was considered as the characteristic adsorption peak of Nano-Fe3O4 attributed to the Fe+2−O−2 

vibration, which appeared in NMCS [39, 40], and demonstrated once again the presence of Nano-Fe3O4 in the 

NMCS. Clear adsorption peaks were observed at 1625 cm−1, 1446 cm−1, 1381 cm−1, 759 cm−1 and 711 cm−1 in 

MOFs and NMCS, which were similar to those reported by the previous work [41]. The −C = O− bonds of carboxyl 

groups were attributed to the asymmetric and symmetric vibrational bands of -O-C-O- groups at 1625 cm−1, 1446 

cm−1, 1381 cm−1, and the adsorption peaks at 759 cm−1 and 711 cm−1 only appeared in MOFs, while NMCS 



10

corresponded to the C–H bending vibration of the organic ligand benzene ring to form MOFs [41]. These findings 

confirmed the successful introduction of Nano-Fe3O4 and MOFs in the chitosan matrix.

Fig. 1 (a) Magnetization curves of Nano-Fe3O4 and NMCS, (b) XPS results of NMCS before and after adsorption, 

and (c) FT-IR results of chitosan (CS), MOFs, Nano-Fe3O4 and NMCS

Chitosan has two absorption peaks at 1636 cm−1 and 1597 cm−1 which were ascribed to the amide I vibration and 

the amide II and N-H bending vibrations of the primary amines [42, 43], respectively. In the presence of MOFs 

and nano-Fe3O4, they shifted to a lower value and the intensity of amide I was increased. The reason for the 

increase and shifting was attributed to the introduction of MOFs onto the surface of the chitosan through carboxyl 

of MOFs, and the amino groups of chitosan where O = C–N–H group was formed. Second, with the help of an 

initiator, one of −C = C− groups of MPS was cleaved, and subsequently reacted with surface-NH2– of chitosan 

thus grafting Nano-Fe3O4 on surface of chitosan. Prior to the reaction, the O–H in Nano-Fe3O4, indicated by the 

stretching vibration adsorption peak near 3500 cm−1
 reacted with the −Si−O− group of MPS to form Nano-Fe3O4-

MPS. Overall, the grafting of Nano-Fe3O4 and MOFs onto the surface of chitosan resulted in a change in functional 

groups on the chitosan.

3.2 Morphological analysis of NMCS

The NMCS has a different morphology from Nano-Fe3O4, MOFs, and chitosan (see Fig. 2). The SEM and TEM 

images show that Nano-Fe3O4 is a rectangular particle (see Fig. 2a). The results of TEM and EDS showed that 

MOFs contain C, O and Fe at a composition ratio of 24.85% wt %, 40.19% wt % and 34.95 wt %, respectively, 

which had central Fe atoms (black area) surrounded by organic ligands (gray area) (see Fig. 2b and Fig. 2h). 
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Chitosan presented a larger surface width in the shape of flakes, compared with MOFs and Nano-Fe3O4 (see Fig. 

2c). NMCS had a different surface shape because of the number particles on its surface (see Fig. 2d), which 

composed of Nano-Fe3O4 and MOFs. The experimental result also showed that when chitosan was grafted with a 

MOFs which has a BET value of 14.77 m2/g, its BET value was up to 40.40 m2/g. NMCS retained its shape after 

adsorption with the Sb(III) solutions at solution pH of 5, 7 and 11 (see Fig. 2e-g), which indicated a high stability 

and could be applied to acid, neutral and alkaline conditions. A higher capacity for Sb in alkaline conditions was 

found and the size of the particles on its surface also became larger (see Fig. 2g).

Fig. 2 The results of (a) TEM images of Nano-Fe3O4, (b) TEM images of MOFs, (c) SEM images of chitosan,(d) 

SEM images of NMCS before adsorption, (e) SEM images of NMCS after adsorption with Sb(III) solution at an 

initial pH of 5, (f) SEM images of NMCS after adsorption with Sb (III) solution at an initial pH of 7, (g) SEM 

images of NMCS after adsorption with Sb(III) solution at an initial pH of 11, and (h) EDS result of MOFs

3.3 Comparison of adsorbents for Sb (III) removal

Removal of Sb (III) by NMCS was dependent on the individual components contributing to the composite structure, 

including the Nano-Fe3O4 and the MOFs. Individually they have different adsorption behaviors, which was 

confirmed through a comparison made between adsorption of Sb(III) at 10 mg/L by varying adsorbent doses from 

0.2 g/L to 1.5 g/L at initial solution pH levels of 5, 7 and 11 with rapid stirring for one hour. The results are shown 

in Fig. 3.

Fig. 3 Removal of Sb(III) by varying absorbent dosages at different initial solution pH levels: (a) pH=5, (b) pH=7, 

and (c) pH=11
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As illustrated in Fig. 3, all the removal efficiencies of Sb (III) with MOFs, Nano-Fe3O4 and NMCS increased with 

the increased dose. However, at different pH, their removal efficiencies were different. At an initial solution pH 

of 5 or 7, the MOFs dosage had the lowest removal efficiency compared with Nano-Fe3O4 and NMCS. Among 

them, Nano-Fe3O4 showed the best removal effect, followed by NMCS. NMCS showed a moderate effect in which 

the contribution of the grafted Nano-Fe3O4 on the removal of Sb(III) was high. In contrast, at an initial solution 

pH 11, the MOFs and the NMCS showed stronger Sb(III) removal than Nano-Fe3O4, especially at lower dose (e.g. 

0.5 g/L). The NMCS could obtain the best removal efficiency of Sb(III) under such condition. The level of removal 

efficiency of Sb(III) by Nano-Fe3O4 at pH 11 was similar to that at pH 5. However, the removal efficiency of Sb 

(III) with MOFs increased with the increase of pH and it showed a higher removal efficiency compared to Nano-

Fe3O4 at pH 11, thus the MOFs would contribute to the significant increase in the level of Sb(III) removal by 

NMCS at pH 11. At pH 7, the removal efficiency of Sb(III) with NMCS was found to be lower than that at pH 5 

and 11, which could be attributed to the small increase in MOFs for the removal of Sb(III). Overall, the 

hybridization of CS, MOFs and Nano-Fe3O4 would achieve the maximum effect for Sb(III) removal, compared to 

single components under alkaline condition. 

3.4 Influence of pH

The removal of Sb(III) by NMCS was studied at different pH ranging from 1 to 11 with NMCS doses of 0.5 g/L, 

1 g/L and 1.5 g/L for treatment of 10 mg/L Sb(III). The experimental results are shown in Fig. 4. In Fig. 4 it can 

be seen that the solution pH had a significant impact on Sb(III) removal, with significant differences observed in 

acid and alkaline solutions. For example, the Sb(III) removal efficiency increased with the increase in pH, and at 
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pH 5 the removal efficiency of 61.33% was exceeded at pH 11 increasing to 93.69% with NMCS of 1 g/L. At pH 

7, the removal efficiency was slightly reduced, which was attributed to the decrease in the removal efficiency of 

Sb (III) with Nano-Fe3O4. NMCS had a better effect on the Sb (III) removal under alkaline conditions, which 

differs from some common adsorbents [22, 25, 44].

Fig. 4 Effect of pH on equilibrium adsorption of Sb(III) by NMCS

The influence of pH on adsorption is related to the nature of Sb(III) molecular species and the surface charge [28, 

37, 45]. For Sb(III), positively charged species can only exist under very acidic conditions (pH < 2) [27], Over a 

wide pH range (2–10.4) antimony exists mainly in the form of H3SbO3, Sb(OH)3, but above pH 11 the either 

H2SbO3
- or Sb(OH)4

-exists as the preferred form[17]. Sb(OH)3, as the dominant species, is stable over a wider pH 

range, which results in a lower electrostatic interaction [28]; and adsorption is independent of pH. Although the 

maximum removal efficiency is at the isoelectric point [46]. The NMCS was protonated in the acidic solution and 

deprotonated at a higher pH, and the measurement of the NMCS Zeta potential (see Supplementary Material Fig. 

S1) showed that the isoelectric point (pHpzc) of the NMCS was around pH 9. Around the isoelectric point, the 

removal efficiency did not achieve the maximum value. At pH 11, the Sb(III) species was either H2SbO3
− or 

Sb(OH)4
−, and the presence of negatively charged NMCS could continue to increase the removal efficiency of 

Sb(III); thus, special adsorption mechanisms would be involved. 

3.5 Influence of coexisting anions

Various coexisting anions in a water environment might affect the Sb adsorption by adsorbents through 

complexation or competitive adsorption [10]. In addition, surface complexation can also be indicated by measuring 
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the true ionic effect of metal ions [47]. In this study, we determined that common anions including chloride (Cl−), 

sulfate (SO4
2−), carbonate (CO3

2−), nitrate (NO3
−) and phosphate (PO4

3−) affect Sb(III) removal by NMCS. We also 

found potential mechanistic control from the surface complexation model. With 1 g/L of NMCS at an initial 

solution pH of 11, an experimental test was conducted with an initial Sb(III) concentration of 10 mg/L. The co-

ion concentration ranged between 0 and 1.5 g/L. The experimental results are shown in Fig. 5.

Fig. 5 shows that the ionic strength of competitive anions did not significantly affect the Sb (III) removal. 

Compared with other anions, PO4
3− had a higher influence, inhibiting the removal of Sb(III) but its removal 

efficiency was only reduced by 30.43% at the maximum concentration of 1.5 g/L. The effect of other ions was less 

than 4% reduction in Sb(III) sorption.. The case for Sb(V) is known to differ from Sb(III) because adsorption was 

significantly affected by the anions. The HPO4
2− anion having a structure similar to PO4

3− also exhibited an 

significant inhibition effect on Sb(V) adsorption rather than Sb(III) onto a specific MOF and was identified as 

UIO-66 [48]. The results were consistent with previous reports, for example, a significant inhibition effect of PO4
3− 

on Sb(V) adsorption attributed to strong competition and charge action [22, 23, 49] at both acid and neutral pH. 

However, PO4
3− did not affect Sb (III) significantly. Other studies showed that PO4

3- slightly reduced Sb(III) 

adsorption into MnFe2O4–biochar nanocomposite and anions [50, 51]. Thus, Sb(III) was less affected by 

competitive anions indicating that the adsorption of Sb(III) into the adsorbent might be due to a specific binding 

or inner-sphere surface complex binding [22, 52].

Fig. 5 Effect of coexisting anions on equilibrium adsorption of Sb(III) by NMCS at solution pH 11

3.6 Kinetics of Sb (III) removal
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In order to evaluate the Sb(III) adsorption with the chitosan functionalized by MOFs and Nano-Fe3O4, batch tests 

on Sb(III) removal usin g 1.5 g/L of NMCS were conducted at a number of initial Sb(III) concentrations (5 mg/L, 

15 mg/L and 30 mg/L), solution pH (5, 7 and 11) and ionic strength of 0.01 M with stirring between 10 to 360 

min. The pseudo-first order, pseudo-second order kinetics and intraparticle diffusion models were applied to fit 

the Sb adsorption data, which are presented in Table 1.

Table 1 Kinetic equations [53-55] for adsorption of Sb(III) on NMCS

As illustrated in Table 1, the applicability of the models was evaluated by measuring the square of the correlation 

coefficient (R2) of log (qe-qt), t /qt and qt, against time or square root of time for each linear plot. The results showed 

that the R2 for Pseudo-second order kinetics up to 0.99 was greater than that for the pseudo-first order kinetics (see 

Fig. 6a-b and Supplementary Material Table S1). Therefore, the pseudo-second order kinetics was more favored 

for the Sb(III) removal process. Using pseudo-second order kinetics to calculate qe values was more consistent 

with the experimental qe values, which demonstrated once again that the pseudo-second order kinetics was a better 

fit to adsorption data. According to the model assumption [54, 55], the suggested Sb(III) adsorption onto NMCS 

was a chemisorption process involving valency forces through sharing or exchanging electrons.

As illustrated in Figs. 6c-d, the plots of qt against adsorption time (t1/2) presented three multi-linear step plots, 

which suggested three stages in the adsorption: 1) an external surface adsorption or instantaneous adsorption (see 

first step 1 in Fig. 6c), 2) gradual adsorption step (see second step 2 in Fig. 6c) showing a controlled intraparticle 

diffusion, and 3) a final equilibrium step (see second step 3 in Fig. 6c) showing a slow intraparticle diffusion rate 

[56, 57]. In the first step, surface adsorption would result from excellent active adsorption sites attributed to a high 
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occupancy of Nano-Fe3O4 and MOF particles on the surface of NMCS. As adsorption sites occupied by antimony 

gradually increase, a diffusion adsorption into internal pores occured in the next adsorption step. Rapid Sb(III) 

adsorption occurred within a short period of time, especially in the first step (see Figs. 6c-d). For instance, the 

Sb(III) concentration at 15 mg/L and the solution pH of 11 was reduced to 3.57 mg/L with a removal of up to 76.2 

% within 1 hour of the first step reaction. The reduction in the amount of antimony in this study decreased from 

the first step to the third when the Sb(III) could not be completely removed. However, when NMCS had enough 

active sites relative to a very low initial Sb(III) concentration (5 mg/L) the Sb (III) could be completely removed 

where the amount of reduced Sb (III) in the third step increased (see Figs. 6c-d). In all cases, the adsorption rate 

followed the intraparticle diffusion model. However, as discussed by the above and reported literatures [58, 59], 

the linearity plots did not pass through origin, which means that the internal diffusion is not the only rate-limiting 

step to control the adsorption process and a complex chemical reaction must be considered.

Fig. 6 (a) Pseudo-second order sorption kinetics of Sb(III) onto NMCS at various initial concentrations with pH 

9, and (b) various solution pH levels; (c) intraparticle diffusion plots of Sb(III) adsorption intensity against 

adsorption time at various initial concentration with pH 9, and (d) solution pH levels

3.7 Adsorption isotherms

Langmuir and Freundlich equations shown in Table 2 were used to describe the adsorption isotherms of Sb(III) on 

NMCS at pH 11. Fig. 7 shows the results of adsorption isotherms and the isotherm constants are shown in Table 

3. The direct graphic maximum adsorption capacity of Sb(III) was determined to be 52.91 mg/g, which showed a 

higher adsorption capacity for Sb (III) than other adsorbents such as sodium montmorillonite (0.319 mmol/g) [60], 

activated alumina (0.072 mmol/g) [61], granular activated carbon (0.54 mg/g) [62], green bean husk (20.1 
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mg/g)[63], FeCl3-modified activated carbon (2.64 mg/g) [62]. The NMCS consumed more dosage than some 

adsorbents. Fortunately, it has a good reusability resulting in a low cost in operation.

Freundlich and Langmuir models assume that adsorption occurs on heterogeneous sites and homogeneous sites, 

respectively [11, 64]. Table 3 shows the fitted constants and R2 for the Langmuir and Freundlich isotherms. As 

indicated by R2, both of Langmuir and Freundlich isotherms fitted the experimental data well but Freundlich model 

had a better fit to the adsorption data throughout the whole temperature (313 K, 303 K and 293 K), thus the NMCS 

had a heterogeneous surface for adsorption of Sb(III). The Freundlich constant (1/n) stands for the adsorption 

intensity related to the the heterogeneity factor [64] as an indicator of favorable adsorption [54]. When its values 

are between 0.1 and 0.5, it suggests a favorable adsorption but when greater values than 2.0 it means a hard 

adsorption[54]. As shown in Table 3, the calculated 1/n constants for the Sb(III) adsorption were all around 0.5 

less than one, indicating a favorable adsorption for Sb(III) using NMCS. The heterogeneous surface adsorption 

increased with the increase of temperature because of the decreased 1/n values lower than 0.5 and the increased 

adsorption capacity (Kf) values.

Table 2 Thermodynamic equations [65, 66] for adsorption of Sb(III) on NMCS

Table 3 Langmuir and Freundlich isotherm constants for Sb(III) adsorption on NMCS at pH= 11.0

Fig. 7 Equilibrium adsorption isotherms of Sb(III) on NMCS at solution pH=11: (a) Freundlich model and (b) 

Langmuir model
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3.8 Discussion of Sb(III) removal mechanisms

Admirable adsorption performance similar to our study of Sb(III) onto NMCS under alkaline condition was also 

found for other absorbents such as graphene [26], goethite and hydrous ferric oxide [14]. Among them, Sb(III) 

adsorption onto graphene was more strongly influenced by van der Waals interactions [26]. At extreme acid pH, 

the protonation of active groups and competition of H+ with Sb(III) ions for adsorption sites on NMCS possibly 

inhibited the adsorption [28]. The deprotonation of Sb(OH)3 is likely to occur, thereby forming ≡FeO-SbO(OH)− 

[14]. All of these factors might affect the trend in Sb(III) adsorption. Surface complexation between functional 

groups of NMCS and Sb(III) could easily occur. The FT-IR results of NMCS (see Fig. 8a) after adsorption with 

Sb(III) showed that the stretching vibration peak of Sb-O occurred at 436 cm−1, showing adsorption of Sb(III) with 

oxygen-containing functional groups. The O-H stretch (ν(O-H) band at 3434 cm−1 moved from a high to low 

frequency after adsorption, which indicated that H of hydroxyl groups was replaced by antimony. As reported in 

other literature, OH groups have been recognized as a node to replace or bind with ions such as Sb(III) [25, 67] or 

cationic species [41]. Numerous free ν(O-H) bands around 3600 cm−1 formed after adsorption from pH 5 to 11, 

especially under alkaline conditions, potentially indicated enhanced Sb adsorption.

The carboxyl groups resulting from grafted 1,3,5-benzenetricarboxylic acid ligand contained C=O, C-O and O-H 

functional groups. After replacing hydrogen in O-H bonds by antimony ions, the negatively charged oxygen atom 

conjugated readily with P electro of C=O band. The items in the negative O−C−O would provide three P orbitals, 

forming a molecular π orbital system. The negative charge of the oxygen atom was then shared by both the oxygen 

and carbon, and two charge-averaged C=O bonds rather than one original C=O and one original C-O bond was 

formed,with a vibration frequency value between C=O and C−O. Therefore, after the carboxyl group adsorption 

with antimony through hydrogen replacement, both O-H in-plane deformation (δ(O-H)) bands around 1431 cm−1 
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of carboxyl groups and their C−O stretch (ν(C-O) of around 1353 cm−1 significantly shifted to a higher frequency. 

With a pH value above 11, the Sb(III) species in the form of H2SbO3
− and Sb(OH)4

− might be adsorbed by 

carbonized hydroxylation sites according to great affinity of a carbonyl group and a hydroxyl group for anionic 

metal ions species such as H2ASO3
− and HAsO3

2− [68]. A simple scheme for NMCS surface adsorption with Sb 

(III) species is shown in Fig. 8b.

Fig. 8 FT-IR results of (a) NMCS before and after adsorption and (b) a simple scheme for NMCS surface 

adsorption with Sb(III)

The XPS results of a survey scan and a high-resolution scan of NMCS oxygen (O at 1s ) and antimony (Sb at 3d) 

before and after Sb(III) adsorption at pH 5, 7 and 11 were used to provide insights to the adsorption mechanism. 

As shown in Fig. 9a, two significant peaks were observed corresponding to oxygen (O at 1s) bonds in the surface 

of NMCS before adsorption at around 531 electron volts (eV), which were fit into three components including a 

lattice oxygen Fe-O bond at 529.82 eV (Olatt), carbonyl (C = O) group oxygen or absorbed oxygen at 531.93 eV 

(Oadc), and a hydroxyl group oxygen at 532.93 eV (OOH). After adsorption, a significant variation to the shape and 

composition of XPS spectrum components occurred. The Sb 3d state was split into Sb 3d3/2 and Sb 3d5/2 states 

corresponding to Sb (III) oxide at around 539.8 eV and 530.3 eV (see Fig. 9b-d), respectively, which showed that 

antimony could be adsorbed by NMCS. Compared with the antimony states at pH 5 and 7, the percentage content 

of hydroxyl group oxygen (area%,11.37%) at pH 11 was relatively low. In addition, the binding energy (BE) value 

of the Fe-O bond peak changed to 530.06 eV, which exceeded the BE value at other pH values. 

Fig. 9 XPS spectra of NMCS before/after adsorption: high-resolution scan of (a) O at 1s before adsorption and 
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(b-d) high-resolution scan of antimony (Sb) at 3d after adsorption. Solid lines display the experimental data and 

point lines are the results of quantitative curve fitting indicating individual components

The percentage content of hydroxyl group oxygen was increased to 16.93% at pH 11 from 11.71% at pH 5 and 

12.96 % at pH 7 to 16.93% at pH 11. Therefore, the hydroxyl group was replaced by Sb at pH 11, making it more 

significant than that at pH 5 and 7. This indicated that if the H of the hydroxyl group was replaced, Sb would be 

adsorbed. Those components at Sb 3d3/2 and at Sb 3d5/2 in adsorption spectra had a higher percentage content at 

pH 5 (6.91% and 34.42%, respectively) and pH 11 (10.54 % and 26.16%, respectively) than that at pH 7 (6.48% 

and 13.22%, respectively), which was consistent with the pH effect on Sb(III) removal. NMCS under alkaline 

condition had a higher affinity for the Sb 3d3/2 than for Sb 3d5/2 because it had a 10.54 % higher absorption than 

that at pH 5 and 7 (6.91% and 6.48%, respectively), but NMCS had a greater affinity with the component at Sb 

3d5/2 in an acid environment (pH 5). Thus, the adsorption of component at Sb 3d5/2 was possibly more dependent 

on Nano-Fe3O4, while the adsorption component at Sb 3d5/2 was more dependent on MOFs.

Sb (III) can be oxidized to Sb(V) in the presence of some ambient oxygen, especially above pH 10 [69]; however, 

the coexistence of Sb(V) and Fe (II) was not possible when 2 Fe2++Sb5+→2Fe3++Sb3+ where Fe (II) is strongly 

reductive and can react with Sb(V) thus preventing the oxidation of Sb(III) to Sb(V) [70]. The ability to reduce 

Sb(V) to Sb(III) by Fe (II) in NMCS was demonstrated by the XPS results of the adsorption sample from our 

preliminary test where NMCS at 1.5 g/L adsorbed the Sb(V) solution at 10 mg/L with pH 11. The XPS results 

showed that the BE signal peak of Sb(V) at a higher value (over 540.2 eV ) did not occur and only the BE signal 

peak of Sb (III) existed at around 530 eV corresponding to Sb 3d5/2 after adsorption (see Supplementary Material 

Fig. S2). The BE signal peak of Sb(V) at a higher value was not found in our study, which would be due to the 
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presence of reduction or the absence of Sb(III) oxidation. The results were conducive to the bonding of antimony 

to NMCS because Sb(III) species is less mobile than Sb(V) and has a higher affinity for adsorption under alkaline 

conditions [14, 71].

3.9 Regeneration

Assessment of the regeneration capability of synthesized adsorbents is important in the evaluation of their 

economic potential and effective capacity. Desorption studies of NMCS materials were conducted by washing 

with a selected solution over a series of four regeneration cycles. After adsorption of 10 mg/L Sb(III) using 1 g/L 

of NMCS, the absorbent was eluted by water and a series of 0.1 mol/L solutions of hydrochloric acid, sodium 

hydroxide, EDTA, and citric acid. Fig. 10 showed that citric acid presented the maximum desorption efficiency 

within the fixed time (see Fig. 10a). In Fig. 10b, compared to 0.05 and 1.0 mol/L, 0.1 mol/L indicated a better 

release of Sb(III) . In Fig. 10c, using 0.1 mol/L citric acid to elute NMCS caused the desorption efficiency of 

antimony to only slightly decrease by the fourth cycle, indicating reasonable potential for sustained application in 

treatment systems. In Fig. 10d, the magnetic field strength of NMCS after regeneration retained a level similar to 

the original thereby ensuring recyclability through the external magnetic field was a practical advantage.

Fig. 10 Evaluation of regeneration and reuse of NMCS by measuring (a) elution solution effect on desorption for 

one hour (b) citric acid concentration influence on desorption, (c) recycling effect, and (d) magnetization curves 

of NMCS before and after adsorption

The nano-modified chitosan, NMCS, was prepared by grafting MOFs and Nano-Fe3O4 onto the chitosan surface 

was able to effectively removal Sb (III) from aqueous solutions. The removal effect was dependent on pH: alkaline 
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conditions were favored for adsorption in which all the individual hybridizing components including including 

MOFs and Nano-Fe3O4 had a good synergistic on Sb (III) removal, which was less influenced by environmental 

factors such as ionic strength and types of competing ions. Furthermore, it could retain a strong magnetization 

after adsorption, allowing Sb (III) to be be effectively desorbed, which gave the synthesized materials renewability 

and recyclability. Therefore, it had a great potential for antimony removal from water. In this study, we used 

simulated aqueous solutions of Sb (III) as treated object, thus the performance of NMCS still needs to be validated 

using field solutions.

4. Conclusions

In this study, the nano-modified chitosan, NMCS, was prepared by grafting MOFs and Nano-Fe3O4 onto the 

chitosan surface. Batch test on Sb(III) removal with NMCS was carried out to evaluate the removal efficiency and 

NMCS before and after adsorption was characterized. The results showed that NMCS was able to effectively 

remove Sb (III) from aqueous solutions. However, the removal effect was significantly dependent on pH: alkaline 

conditions were favored for adsorption in which all hybridizing individual components including MOFs and Nano-

Fe3O4 were effective for Sb(III) removal. For NMCS the removal effect was superior compared to individual 

components at alkaline or acid pH. NMCS is less affected by the competing anions; thus, adsorption probably 

contains a specific binding or specific inner-sphere surface complex. In addition, the adsorption following pseudo-

second order sorption kinetics showing an internal diffusion step, which was not the only rate-limiting step to 

control adsorption processes such as chemical complex reactions. Also, Freundlich model had the better fit to the 

adsorption data, which suggested that the Sb (III) adsorption occurred on a heterogeneous surfaces of NMCS. The 

surface complex binding of hydroxyl, carboxyl and other oxygen-containing functional groups with Sb(III) could 

easily serve as the key adsorption mechanisms for enhancing the Sb(III) removal. NMCS can retain a strong 
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magnetization after adsorption, which allows Sb(III) to be effectively desorbed, and sorbent reuse.
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Fig. 1 (a) Magnetization curves of Nano-Fe3O4 and NMCS, (b) XPS results of NMCS before and after adsorption, 

and (c) FT-IR results of chitosan (CS), MOFs, Nano-Fe3O4 and NMCS



Fig. 2 The results of (a) TEM images of Nano-Fe3O4, (b) TEM images of MOFs, (c) SEM images of chitosan,(d) 

SEM images of NMCS before adsorption, (e) SEM images of NMCS after adsorption with Sb(III) solution at an 

initial pH of 5, (f) SEM images of NMCS after adsorption with Sb (III) solution at an initial pH of 7, (g) SEM 

images of NMCS after adsorption with Sb(III) solution at an initial pH of 11, and (h) EDS result of MOFs



Fig. 3 Removal of Sb(III) by varying absorbent dosages at different initial solution pH levels: (a) pH=5, (b) pH=7, 

and (c) pH=11



Fig. 4 Effect of pH on equilibrium adsorption of Sb(III) by NMCS



Fig. 5 Effect of coexisting anions on equilibrium adsorption of Sb(III) by NMCS at solution pH 11



Fig. 6 (a) Pseudo-second order sorption kinetics of Sb(III) onto NMCS at various initial concentrations with pH 

9, and (b) various solution pH levels; (c) intraparticle diffusion plots of Sb(III) adsorption intensity against 

adsorption time at various initial concentration with pH 9, and (d) solution pH levels



Fig. 7 Equilibrium adsorption isotherms of Sb(III) on NMCS at solution pH=11: (a) Freundlich model and (b) 

Langmuir model



Fig. 8 FT-IR results of (a) NMCS before and after adsorption and (b) a simple scheme for NMCS surface 

adsorption with Sb(III)



Fig. 9 XPS spectra of NMCS before/after adsorption: high-resolution scan of (a) O at 1s before adsorption and 

(b-d) high-resolution scan of antimony (Sb) at 3d after adsorption. Solid lines display the experimental data and 

point lines are the results of quantitative curve fitting indicating individual components



 

 

Fig. 10 Evaluation of regeneration and reuse of NMCS by measuring (a) elution solution effect on desorption for 

one hour (b) citric acid concentration influence on desorption, (c) recycling effect, and (d) magnetization curves 

of NMCS before and after adsorption



Table 1 Kinetic equations [53-55] for adsorption of Sb(III) on NMCS

Kinetics Type Equations Description of Parameters

Pseudo-first order 

kinetics

e t e 1log( - )=logq q q k t
k1 (mg/g·min), adsorption rate constants; qe 

(mg/g) and qt (mg/g), sorption capacities at 

equilibrium and at any time t.

Pseudo-second order 

kinetics e

2
t 2 e

1t t
q k q q

 

k2 (mg/g·min), adsorption rate constant; qe 

(mg/g) and qt (mg/g), sorption capacities at 

equilibrium and at any time t.

Intraparticle diffusion 

model

1/2
t 3q k t C 

qt (mg/g), sorption capacity at any time t; C is 

the intercept (mg/g).



Table 2 Thermodynamic equations [65, 66] for adsorption of Sb(III) on NMCS

Models Equations Description of Parameters

Langmuir
max

1
e

e
e

Q bCq
bC




b, adsorption equilibrium constant; qe (mg/g) and Ce (mg/L), 

equilibrium sorption capacities of adsorbent and equilibrium 

concentration of adsorbate, respectively; Qmax is calculated 

saturated adsorption capacity.

Freundlich 1/n
e F eq K C

KF and n, adsorption equilibrium constants, corresponding with 

adsorption capacity and adsorption intensity, respectively; qe 

(mg/g) and Ce (mg/L), equilibrium sorption capacities of 

adsorbent and equilibrium concentration of adsorbate, 

respectively.



Table 3 Langmuir and Freundlich isotherm constants for Sb(III) adsorption on NMCS at pH= 11.0

Parameters
Models T(K)

Q0 (mg.g-1) b R2

293.00 53.70 0.04 0.95

303.00 69.39 0.05 0.94Langmuir

313.00 69.85 0.06 0.94

T(K) KF (mg1-n.Ln.g-1) 1/n R2

293.00 4.05 0.58 0.98

303.00 7.18 0.50 0.99
Freundlich

313.00 8.23 0.49 0.99

66668087
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       Fig. S1 Effect of initial solution pH on Zeta potential of NMCS
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Table S1 Statistical results of squared correlation coefficient (R2) of data fitting by two kinetics models

Pseudo-first order kinetics Pseudo-second order kinetics

Experimental conditions

Adsorption rate constant (k) Qe (mg/g) R2 Adsorption rate constant (k) Qe (mg/g) R2

Initial Sb solution at pH 5 0.016 8.20 0.94 0.003 8.20 0.99

Initial Sb solution at pH 7 0.021 6.51 0.85 0.003 6.51 0.99

Initial Sb solution at pH 11 0.023 9.08 0.86 0.008 9.08 0.99

Initial Sb solution concentration at 5 mg/L 0.027 3.33 0.81 0.015 3.33 0.991

Initial Sb solution concentration at 15 mg/L 0.020 7.71 0.92 0.003 7.71 0.99

Initial Sb solution concentration at 30 mg/L 0.023 12.96 0.91 0.004 12.96 0.998



Fig. S2 (a) The XPS results of survey scan and (b) high-resolution scan of Sb 3d of NMCS-Sb (V) 

adsorption sample.
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