UNIVERSITY OF THE
WEST of SCOTLAND

OPEN ACCESS

UWS Academic Portal

A biochar supported magnetic metal organic framework for the removal of trivalent
antimony

Zhu, Guocheng; Lin, Jialin; Yuan, Qian; Wang, Xiaogfeng; Zhao, Zilong; Hursthouse, Andrew
S.; Wang, Zhenghua;, Li, Qingbo

Published in:
Chemosphere

DOI:
10.1016/j.chemosphere.2021.131068

Published: 30/11/2021

Document Version _
Peer reviewed version

Link to publication on the UWS Academic Portal

Citation for published version (APA):

Zhu, G., Lin, J., Yuan, Q., Wang, X., Zhao, Z., Hursthouse, A. S., Wang, Z., & Li, Q. (2021). A biochar supported
magnetic metal organic framework for the removal of trivalent antimony. Chemosphere, 282, [131068].
https://doi.org/10.1016/j.chemosphere.2021.131068

General rights

Copyright and moral rights for the publications made accessible in the UWS Academic Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

Take down policy
If you believe that this document breaches copyright please contact pure@uws.ac.uk providing details, and we will remove access to the
work immediately and investigate your claim.

Download date: 27 Nov 2022


https://doi.org/10.1016/j.chemosphere.2021.131068
https://uws.pure.elsevier.com/en/publications/0a53e8c2-ec3a-4feb-b8e8-12b0df201fa7
https://doi.org/10.1016/j.chemosphere.2021.131068

[e)]

10

11

12

13

14

15

16

17

18

19

20

21

22

23

A biochar supported magnetic metal organic framework for the removal of trivalent antimony

Guocheng Zhu ®*, Jialin Lin , Qian Yuan ?, Xiaogfeng Wang ¢, Zilong Zhao °, Andrew S Hursthouse ¢, Zhenghua Wang

2 Qingbo Li ©

® Hunan Provincial Key Laboratory of Shale Gas Resource Utilization, Hunan University of Science and Technology,

Xiangtan 411201, Hunan, China

b Department of Civil and Environmental Engineering, The Pennsylvania State University, 225 Sackett Building, University

Park, PA, 16802, United States

¢ College of Environmental Science and Engineering, Dalian Maritime University, Dalian 116026, China

4 School of Computing, Engineering & Physical Sciences, University of the West of Scotland, Paisley PA1 2BE, UK.

ABSTRACT

Metal organic framework (MOF) nanoparticles are recognized for their effective removal of metal ions from aqueous

systems. However, the application of nanoparticles in a powder form as synthesized is not practical and recovery is not

easy. We prepared a recyclable magnetic MOF nanoparticle phase and used a widely available waste biomass to generate

biochar to support magnetic nanoparticles applied in the treatment of aqueous antimony pollution. A mushroom waste

biochar was used to support a magnetic UIO-66-2COOH (denoted as BSMU). Adsorption of trivalent antimony (Sb (III))

onto the BSMU was evaluated. The results showed that optimum conditions for preparation of the BSMU were the mass

ratio of MMOF to biochar 4:1, the temperature 70 °C, the time 4 h, and the initiator 4 mM. Under such conditions, sorption

capacity reached 56.49 mg/g for treatment of Sb (III) solution at 100 mg/L and pH 9.1. Alkaline conditions (such as pH

9.1) are more favorable for adsorption than acidic conditions, and coexisting ions including NO3~, CI', SO4>, and PO4>- had
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no significant negative effect in adsorption, and with the use of low dose, higher adsorption density achieved. The

adsorption followed a pseudo second order kinetics model and Freundlich isotherm model. It resulted in a higher enthalpy

changes (AH 9) and activation energy (E.) of 97.56 and 8.772 kJ/mol, respectively, and enhanced the rate pf random contact

between antimony and the BSMU, as indicated by a higher entropy change (AS?) up to 360 J/mol-K. As a result, it readily
absorbs antimony. These adsorption properties identified in this study would provide a valuable insights into the application

of nanoparticles loaded biochar from abundant biomass in environmental remediation.

Keywords: Water; antimony; adsorption; biochar; nanoparticles; MOFs

Abbreviation

Sb (III), trivalent antimony

WHO, world health organization

MOF, Metal organic frameworks

MMOF, Magnetic metal organic frameworks
BSMU, biochar supported magnetic UiO-66-2COOH
FT-IR, Fourier Transform Infrared Spectroscopy
SEM, Scanning electron microscope

XPS, X-ray photoelectron spectroscopy

XRD, X-ray diffraction

TEM, transmission electron microscope

BET, Brunauer—-Emmett—Teller

1 INTRODUCTION
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Antimony as a hazardous toxic element and a threat to human health, causes disease such as high blood cholesterol and

low blood sugar (Hatefi R., 2013). It has been shown that trivalent antimony (Sb (III)) is more toxic up to ten times than

the pentavalent antimony (Sb (V)) (Yao et al., 2020). All over the world, the drinking water standard for antimony is low

with world health organization (WHO) setting the regulation standard for antimony in drinking water as 20.0 pg/L (WHO,

2011) and in the United States, antimony in drinking water shall not exceed 6.0 pg/L (United States EPA, 2018). In the

European Union, drinking water quality guidance value is 5.0 pg/L (Brenner et al., 2012); the standard for drinking water

quality issued by China in 2006 limits the concentration of antimony in drinking water to less than 5.0 pg/L (Xiong et al.,

2020). The environmental background value for antimony in natural water is very low. The average antimony concentration

in world rivers has been reported 1 pg/L (Wang et al., 2011). In some regions, surface water contains a higher background

value, as reported median 2.1 pg/L, compared to the median of 0.6 pg/L in groundwater (Alderton D., 2014). Where mining

activities exist, localized antimony-contaminated water is produced with antimony concentration is up to 53.6 + 46.7 pg/L

(Fu et al., 2010), and has been reported to reach 9,300 pg/L (Hiller et al., 2012) in groundwater and 239 mg/L (Ritchie et

al., 2013) in rivers draining mining areas, with impacts on basin sediments also severe, with antimony concentrations up

to 39.0 mg/kg (B. Gao et al., 2012) at a significant distance away from primary sources. Therefore, finding a cost-effective

technology for remediation of antimony pollution across diverse geographical locations is still a requirement to move

towards zero pollution from current and past industrial activities.

Adsorption is the most commonly used method for treatment of hazardous substances (Huong et al., 2020; Lin et al., 2020;

Guila-Almanza et al., 2021). Many solid phases have been assessed for their effectiveness in treating Sb III contamination

and nanoparticles, in particular metal organic frameworks (MOF) nanoparticles show considerable promise. These are

porous materials, with an adjustable pore structure, rich functional groups (Seoane et al., 2016; Fan et al., 2018; Chai et al.,
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2021; Mubashir et al., 2021), and have exhibited a good sorption properties for many metal ions, such as Cr, Cu, Pd, and

Sb (Vieth and Janiak, 2010), and can reach 99% removal efficiencies for metal ions including Cd?*, Cr**, Pb?" and Hg?".

However, nanoparticles are prone to deterioration, agglomeration, oxidation and poor dispersion in liquids, thus causing a

decline in their reactivity due to the influence of external factors (S.S. Cameotra and Dhanjal, 2010). Furthermore, in their

synthesized powder form, application in practice is not convenient and considerable scientific research effort has been mde

to provide convenient support materials. For example, O’Neill et al. (O"Neill et al., 2010) prepared a microspheric

polyacrylamide as a support framework for MOF. The effectiveness of the supporting role of biochar as nanoparticles in

enhancing their stability and chemical function has been demonstrated successfully. For example, Fazal et al. (Fazal et al.,

2019) enhanced the removal efficacy of a dye solution by more than 99% using a biochar supported TiO,, which enhanced

the individual performance of biochar and TiO; alone from 85.20% and 42.6%, respectively. In our earlier research on Sb

(III) sorption, we prepared a chitosan supported MOF (MIL-Fe) (Xiong et al., 2020), which has strong physical stability

and a good sorption capacity and uptake. However, further investigation is needed to enhance the effect at an appropriate

pH and study the inhibition of sorption from competing ionic, consequently we address the optimization of biochar to

support MOF nanoparticles.

Natural biomass resources or man-made products are abundant, and have been widely used or transformed into other

products to solve the problem of environmental protection (Leong et al., 2014; Wang et al., 2016; Chew et al., 2017;

Hernandez-Cocoletzi et al., 2020; Nagarajan et al., 2020; Ssrab et al., 2020). Biochar is a porous carbon material which

can be generated from a range of organic materials such as animal bones, plant roots, sawdust and wheat straw (Sohi et al.,

2010). It is characterized by a high carbon content, porous nature, abundance of functional groups and low cost for

production. In China, numerous types of organic by-products generated during production of mushrooms are not reused,
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and are often combusted. China is the world's largest producer of edible fungi and in 2015, the annual yield of edible fungi

was 34.761 million tons (Cao, 2019). By seeking alternative applications for the waste materials negative environmental

impacts from combustion can be avoided and other environmental problems can be addressed. As such, this study aimed

to develop MMOF nanoparticles supported by biochar for remediation of water pollution by antimony.

In this study, we used mushroom biochar to support magnetic MOF nanoparticles (denoted as MMOF) and prepared a

biochar supported magnetic UiO-66-2COOH (denoted as BSMU) composite material. The preparation and adsorption

characteristics of the BSMU for removal of Sb (III) were investigated, which included wider characterization of

functionality and structure to enhance the performance of magnetic MOF using biochar to adsorb antimony. Our

contribution being the development of a novel adsorbent and investigating the mechanism of antimony removal by a

mushroom biochar carrier of MOF nanoparticles.

2 MATERIALS AND METHOD

2.1 Materials

The chemicals used in this study included ferric chloride hexahydrate (FeCl;.6H,O) purchased from Taishan Chemical

Plant Co. (Taishan, China), ethylene glycol and N, N,-dimethyl formamide (DMF) from Guangdong Guanghua Polytron

Technologies Inc. (Shantou, China), tetracthyl orthosilicate (TEOS), zirconium tetrachloride (ZrCly), 1, 2, 4, 5-

benzenetetracarboxylic acid (BTEC) and 3-Methacryloxypropyltrimethoxysilane (MPS) from Aladdin (Shanghai, China).

Chemicals (chitosan, 2, 2-azobis [2-(2-imidazolin-2-yl) propane/dihydrochloride (VA-044)) were purchased from Macklin

Biochemical Company (Shanghai, China). Potassium antimony tartrate was purchased from Tianjin Fengchuan Chemical

Reagent Technologies Co., Ltd (Tianjin, China). Details of other chemicals were shown in Text S1. All solutions were
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prepared with LBY-20 ultrapure water (Chongqing Owen Science and Technology Co., Ltd., China). The glassware and

other laboratory ware were acid-washed, rinsed thoroughly with water, and dried prior to use.

2.2 Preparation of adsorbent

The Fe3;O4 nanoparticles (nano-FesO4) were prepared using a solvothermal reduction and magnetic MOF (UiO-66-2COOH)

was prepared by using the hydrothermal method following the process developed in our laboratory(Zhu et al., 2020).

Further information about the preparation of nano-Fe;O4 and magnetic MOF (denoted as MMOF) is provided in supporting

information (see Text S2 and Text S3). The biochar was prepared by a thermal pyrolysis reactor in the laboratory (Li et al.,

2019), and the raw material, mushroom by-products, was crushed before processing. A sample of 350 g of mushroom

biomass was added to the reactor and the temperature increased from room temperature to 100 °C at a rate of 7 °C/min and

maintained for 6-8 min. Subsequently, the temperature increased to 750 °C and the reactor heating immediately stopped.

The sample was cooled to room temperature in the reactor, removed, pulverized by a roller ball mill, passed through a

vibrating screen, and the sample passing a 80-100 mesh was collected. The BSMU was synthesized in situ by mixing the

MMOF and the biochar in the presence of low concentration initiator 2, 2-azabis (2-imidazoline) dihydrochloride, and was

carried out in a constant temperature water bath under stirring at 400 rev/min. The product was washed three times with

ethanol and water and vacuum dried for 12 hours at 60 °C, to produce the final bio-char supported MMOF for

characterization.

2.3 Sorption experiment

The sorption experiment was as follows: a predetermined amount of antimony solution and adsorbent was added into 50

ml vials containing antimony stock solution, ultrapure water and buffer solution. Each vial contained a total of 50 mL of
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solution and was immediately capped before placing on a shaker platform at 150 rev/min for 24 h. Solution pH was adjusted

with 0.05 M NaOH and 0.05 M HCIl, which was buffered at 4.0, 6.8 and 9.1 using 0.05 M and 0.025 M potassium hydrogen

phthalate buffer solution and 0.01 M borate buffer solution, respectively. Preliminary test showed no significant reaction

occurring between buffer solution and antimony. Finally, solid adsorbent was magnetically separated from the liquid and

filtered using a 0.45 um membrane, analyzed for residual antimony using an AA-7000 atomic absorbance instrument

(Beijing East & West Analysis Instrument Co., Ltd, China) at an sorption wavelength of 217.6 nm (Fan, 2007). Sorption

efficiency was evaluated by measuring sorption capacity as a ratio of adsorbed antimony (mg) to added adsorbent (mg/g)

as well as removal efficiency (%) of adsorbed antimony (mg/L) to initial antimony (mg/L).

2.4 Analysis method

We used Fourier Transform Infrared Spectroscopy (FT-IR) recorded on a Nicolet iZ10 FT-IR Spectrophotometer (Thermo

Electron Co., USA) with potassium bromide (KBr) as the dispersant to examine possible chemical bonds in adsorbents and

scanning electron microscopy (SEM) images of the sample were obtained using a JEOL JSM-6380LV electron microscope.

Specific surface areas of samples were measured using nitrogen sorption isotherms through a standard Brunauer—-Emmett—

Teller (BET) analysis (Tristar IT 3020, Micromeritics Instrument Corporation, 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. The X-ray diffraction (XRD) patterns of the samples were characterized

on Rigaku Ultimate IV D/max-r A X-ray diffractometer, which was operated at 40 kV and 40 mA with Cu Ka radiation.

Transmission electron microscope (TEM) images of the sample were obtained using 200 KeV JEM-2100F electron

microscope instrument (JEOL, Japan). Specific surface areas of samples were measured using nitrogen sorption isotherms

through a standard Brunauer—Emmett—Teller (BET) analysis (Tristar I 3020, Micromeritics Instrument Corporation, USA).
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Sorption data was fitted by pseudo-first order kinetics model (see Eq. (1)) and Pseudo-second order kinetics model (see Eq.

(2)), which were expressed as follows (Xiong et al., 2020):
g, =d. (1—exp(=kit)) M

0 =9 — 0. / (quet +1) (2)
Where ¢; (mg/g) is a sorption capacity corresponding to a specific reaction time (t, min); g. (mg/g) is an equilibrium sorption
capacity; ki (min™) is a pseudo first-order sorption rate constant; k, (g/(mg-min)) is a pseudo second-order sorption rate

constant.

Sorption rate-limiting step was analyzed using the intraparticle diffusion model as follows (Asadabadi, 2021):
O = o + Kyt 3)

Where ¢, is sorption capacity (mg/g) corresponding to time (t, min); o; is constant of intraparticle diffusion model; ks3; is

sorption rate constant, mg/g-min®3,

Two isothermal sorption models were investigated. Langmuir model is applicable to monolayer sorption (Pehlivan and
Cetin, 2009), assuming that maximum ion exchange is determined by saturation of solute molecules in monolayer on
adsorbent surface but no energy conversion occur, which is expressed using following equation (Afifi et al., 2016):

C_ 1 & 0
Qe qmaxKL qmax

Where g. (mg/g) is sorption capacity; gmax (mg/g) is the maximum sorption capacity; K. is Langmuir equilibrium constant;

C.(mg/L) is equilibrium pollutant concentration.
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The Freundlich isotherm model assumes that sorption occurs on heterogeneous sites on a multi-layer surface (Xu et al.,

2011; Tan et al., 2012). Given a multi-phase sorption surface or active site, it is suitable for single-layer (chemical) or multi-

layer (physical) sorption, which is expressed using following equation (Afifi et al., 2016):

InC,

Ing, =InK_ +
®)

Where g. (mg/g) is sorption capacity; C. (mg/L) is equilibrium pollutant concentration; Kr and 1/n are constants. Kr id

related to sorption capacity. The larger Kr, the more sorption capacity it is. 1/n expresses a strength of bonding between

absorbent and pollutant. The values between 0.1 and 0.5 show that it is easy sorption. E, is an activation energy calculated

as follows (Zhu et al., 2010):

InK, =In A- =
RT (6)

Where K> (g-(mg-min)!) is sorption rate constant of Pseudo-second order kinetics; 7' (K) is sorption temperature; E,

(kJ-mol") is activation energy; A4 is preexponential factor; R is a gas constant, 8.314J-(mol-K).

Thermodynamic parameter values were calculated using the following equations (DuranoLu et al., 2012; Wen et al., 2018):

AG? =—RT In K (7
0 o

Ink, =25 _AH ®)
R RT

Where AH H,ASG, AG? and K. are enthalpy changes, entropy changes, Gibbs free energy changes, and thermodynamic

equilibrium constant, respectively.
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3 RESULTS AND DISCUSSION

3.1 Characterization of adsorbents

3.1.1 Results of SEM

Nanoparticles included nano-Fe;O4, MOFs and MMOF, of which surface morphology is shown in supporting information

(see Fig. S1). The BET specific surface area of MOF was 41 m?/g with pore volume of 0.03 m*/g. A low BET specific

surface area of MMOFs was 71 m*/g with pore volume of 0.19 m%/g. The BET specific surface area of the biochar was

bound to increase from a smaller value around 11 m%/g to larger quantity (e.g, 55 m?/g for Rmmorsiochar=1:1) and the pore

volume was 0.06 m*/g. The surface morphology of nano-Fe;O4 nanoparticles took a spherical shape while MOFs showed

an irregular shape (see Fig. Sla-b). The size of nano-Fe;O4 was 300-400 nm. As shown in the Fig. Slc, the surface

morphology of MMOF had the shapes of MOFs and nano-Fe3;O4, which showed the successful combination of MOFs and

nano-Fe3;04. The MOF nanoparticles showed good stability, as shown by their shape, and did not change significantly at

pH 4.0, 6.8, and 9.1 (see TEM results in supporting information in Fig. S2). The results are beneficial to the application of

nanoparticles in different pH conditions. Fig. 1 shows the surface morphology of mushroom biochar and BSMU. It showed

biochar as a flaky and folded surface with random sizes and shapes (see Fig. 1a). Fig. 1b-d shows the newly created biochar

supported MMOF nanoparticles and shows different amounts of nanoparticles covered the surface of the biochar. The

amount was dependent on Ryvmor/siochar Value. With the increase of the Rmmor/siochar Value, the amount of surface covered

by nanoparticles increased. For example, a lower amount was found at Rmmor/Biochar 1:4 as shown in Fig. 1b. Fig. 1¢ shows

a medium amount at Rmmor/Biochar 1:1 and Fig. 1d shows a further increase at Rmmor/siochar 4:1. This shows the appearance

of the BSMU controlled by the Rmmor/Biochar Within a constant mass.

10
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Fig. 1 SEM photographs (1000x magnification) for the virgin mushroom biochar (a), BSMU at Rmmormsiocha=1:4 (b),

RmmorBiochar=1:1 (¢), and Rmmormiocha=4:1 (d). The results showed that on the surface of biochar, there were numerous of

nanoparticles and its amount increased with the increase of the mass ratio of Rmmor/Biochar-

3.1.2 Results of FT-IR spectra and magnetization curves

Fourier transform infrared (FT-IR) scan of BSMU at 4000-400 cm™ is shown in Fig. 2a-c. The peak characteristics

corresponding to possible groups were analyzed according to infrared spectrum data (Sigma-Aldrich). In MOF, because a

carboxyl group was introduced a medium O-H bending of carboxyl group appeared at 1384 cm™. The addition of an organic

ligand benzene ring provided the C = C stretching peak at 1637 cm™. The biochar had a medium absorption peak at 1639

cm* which is allocated to the N-H bending vibrations of amide group (Bar et al., 2014), and at 1064 cm* a C-N stretching

11



219 peak of the amine group. When coupled with the MMOF, the N-H bending peak shifted toward low frequency vibrations
220 at 1581 cm! and the C-N stretching vibration peak toward 1045 cm!. The peak at 1384 cm™ of the BSMU resulted from
221 original O-H bending of carboxyl group. The reason for the peak change was possibly attributed to the N-H group of

222 biochar and carboxyl group, forming new group such as O = C—N.

40
——BSMU
30 ——pH=4.0

—pH=6.8
20 |
pH=9.1
10 | J
; i
(b) Biochar
20
(d)
.30 -

M(emu/g)

_40 -
w000 3300 3000 2300 2000 1500 1000 500 -20000 -15000 -10000 -5000 0 5000 10000 15000 20000
223 Wavelength (cmrl) H(Oe)
224 Fig. 2 FT-IR results of (a) MMOF, (b) Biochar and (c¢) BSMU, and the result of (d) magnetization curves

225 The BSMU adsorbent can be recycled and its magnetic characteristics were identified by magnetization curves as shown
226 in Fig. 2d but they behaved differently before and after adsorption. The results showed that they were significantly affected
227 by solution pH. The original magnetization intensity of the BSMU was 36.25 emu/g. After adsorption reaction at pH 4.0,
228  the magnetization intensity was reduced to 26.06 emu/g, which was closer to the 26.46 emu/g at pH 6.8. At alkaline
229  condition (pH 9.1) there was less of a reduction to a value 31.96 emu/g.

230

231 3.1.3 Results of XRD

232 The phase composition of the synthesized biochar, nano-Fe;O4, MOFs and the BSMU was confirmed with XRD analysis.
233 Fig. 3 shows the results of their patterns. As seen from the patter of biochar shown in the Fig. 3a, the peaks at 20-30 °are

234 attributed to (002) of amorphous carbon (Perez and Dumont, 2020). Also, a broad hump at 26 = 40-50° suggest the

12
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presence of an amorphous carbon structure (Hao et al., 2021). The peaks at 260 = 18 °, 30 °, 35 °, 43 °, 53 °, 57 °and 62 °

are attributed to (111, 220, 311, 400, 422, 511 and 440) of Fe304, which are very well matched with the standard peaks

( (PDF 99-0073). As seen from Fig. 3b, the MOF had the peaks found at 20=7 ° (111), 8° (002), 12° (022), 14° (113), 17°

(004), 22° (115), 25° (224), 33° (137) are attributed to the UIO-66 (Xie and Wan, 2019). The patterns were consistent with

the report in previous literature (Zhao et al., 2016; Yang et al., 2019). The broadening of the characteristic peaks at 20=7°-

9° showed the lower relative crystallinity. The BSMU had different XRD pattern from individual component at 26=10°-

40° showing two broadening peaks which would be attributed to interaction active of components.

i Biochar ) s00 |- (b) MOF .
s00 L (a) - - - nano-Fe O/ |

BSMU
700 - - 400 [~ ]

300 - -

Intensity (a.u.)
Intensity (a.u.)

100 -

)

10 20 30 40 50 60 70 80 0 20 40 60
26 20

Fig. 3 XRD results of (a) nano-Fe3;04, biochar and BSMU, and (b) (MOF)

3.2 Effect of synthetic factors

Parameters affecting the preparation and the adsorption of antimony onto the BSMU, such as reaction temperature, reaction

time, initiator concentration, and mass ratio of MMOF nanoparticles to biochar (denoted as Rmmor/Biochar) Were investigated.

The influence of these parameters was evaluated by measuring sorption density (mg/g) and Sb (III) removal efficiency (%)

for treatment of Sb (III) solution at 20 mg/L. The results are shown in Fig. 4.

With stirring time 2 h, initiator concentration 2 mM /L, temperature 60 °C, the effect of Rmmor/Biochar from 1:1 to 4:1 was

13
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investigated. The result is shown in Fig. 4a. Low RmmorBiochar Value decreased sorption density: at Rvmor/Biochar 1:4, the

sorption density was the lowest; at Rmmor/Biochar 4: 1, it reached the maximum removal efficiency and sorption capacity, 91 %

and 9.1 mg/g, respectively. Obviously, the increased MMOF could increase the adsorption efficiency. However, to simply

use more MMOF would result in a higher overall cost in application, thus in this study, we selected the ratio

(RmMOEBiochar=4:1) as the target parameter.

For a chemical reaction, the temperature and reaction time are all important factors to ensure a sufficient reaction. As

illustrated in Fig. 4b-c, At Rmmor/Biochar 4:1, in the range of 30 °C to 80 °C, an appropriate temperature was needed to reach

good sorption: Low temperature such as 30 °C was not beneficial to sorption possibly due to the insufficient reaction,

resulting in an 84% removal efficiency; Increasing temperature to 70 °C, the removal efficiency was up to 92% and sorption

capacity to 9.3 mg/g but a further increase did not result in a better sorption effect. At temperature 70 °C and Rmmor/Biochar

4:1, the reaction time was evaluated over a 0.5 h to 8 h period. With the increase of reaction time from 0.5 h to 2.5 h, the

removal efficiency increased and the sorption capacity was up to 9.2 mg/g at 2.5 h, but over 2.5 h, reaction time had no

significant influence in the sorption. Therefore, temperature 70 °C and reaction time 2.5 h were selected as the optimum

conditions for preparation of the BSMU.

Initiator is often added to the system to prepare MOF or MOF nanoparticles loaded organic monomer in order to initiate

copolymerization, possibly enhancing stabilization of the nanoparticles (Bo Wang, 2016; Yunchun Liu, 2018; Linbing Sun,

2019; Zhenyu Lou, 2021). As seen from our investigation, initiator had a good effect on the stabilization of the MMOF

loaded biochar by examining its appearance and adsorption performance. As shown in the photo of Fig. S3 in the supporting

information without the initiator, the adsorbent is a heterogeneous mixture. The initiator enhanced the dispersion and

14
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stability of the nanoparticles on the biochar and resulted in good sorption performance. In detail, the effect of initiator

concentration in the range of 0 to 8 mM on sorption was investigated at Rvmor/Biochar 4:1, temperature 70 °C, reaction time

2.5 h. The result is shown in Fig. 4d. Obviously, it had a higher sorption density in the presence of initiator and at 4 mM

the sorption capacity achieved the maximum. With the increase of the initiator concentration up to 4 mM, the removal

efficiency increased to the maximum value, 93%. Further increasing initiator concentration, no notable enhancement

occurred and at 8 mM there was a slight decrease. Therefore, we selected 4 mM as an optimum initiator concentration.
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Fig. 4 Effect of preparation conditions on sorption density: (a) mass ratio of Rmmorsiochar, (b) temperature, (c) time, and (d)

initiator concentration. The results showed that a wider range of synthetic conditions of biochar supported MMOF could

be applied.
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3.3 Effect of adsorbent dosage at different pH

The BSMU had a different sorption effect for antimony removal under a varying pH, which differs from sorption of
antimony by other adsorbents. It has been shown previously that Sb (III) sorption is relatively insensitive to pH and is
generally best in an acid environment. However, there are circumstances where suitable adsorbents can be found for acid,
neutral and alkaline pH. For example, ferric hydroxide had a better sorption effect in an acidic environment (He et al.,
2015). The Zirconium oxide (ZrO;)-carbon nanofibers have best performance at pH 7.0 (Luo et al., 2015). The MIL-Fe
and chitosan supported MIL-Fe metal organic materials perform best in alkaline conditions (Cheng et al., 2020; Xiong et
al., 2020). However, Zirconium-based metal—organic frameworks (NU-1000) and goethite show have a negligible
influence of pH on Sb (III) sorption over the range pH 2 to 11 (Li et al., 2017). Therefore, pH effect is dependent on type
of adsorbent, and determining the response for the new material synthesized here is critical. It is suggested that the effect
of pH is dominated by the antimony species and the electro kinetic properties of adsorbent (Ungureanu et al., 2015). The
pH effect tested in this study was investigated at Sb (III) concentration 20 mg/L, pH (4.0, 6.8 and 9.1), the BSMU dose
between 20 mg to 100 mg, temperature 303 K, rapid stirring 150 rev/min and sorption time of 24 h. The results are shown
in Fig. 5. As illustrated in Fig. 5a-b, sorption density descended in the order pH: 9.1 > 6.8 > 4.0 for all adsorbent doses. As
seen from the investigation, an alkaline condition was beneficial to sorption and an acidic condition had an inhibition effect.
As expected, with the increase of the adsorbent dose, the removal efficiency of antimony increased and a low adsorbent
dose resulted in a higher sorption density. The decay of adsorption capacity (¢») with adsorbent dosage could be expressed

using an exponential decay model as follows:
0, =ae " +b )

Where ¢, is sorption capacity (mg/g) corresponding to a fixed adsorbent dosage; a is amplitude constant; D is

adsorbent dosage; k is decay constant and 4 is offset value.
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The parameters of exponential decay model are shown in Table S1. The fitting correlation coefficient (R?) achieved 0.998,

0.986 and 0.986 at pH 4.0, 6.8 and 9.1, respectively. At pH 4.0, the decay constant was 57.984, which was larger than others

(41.974 for pH 6.8 and 42.156 for pH 9.1). It was not conductive to the adsorption under acid condition.
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Fig. 5 Effect of the BSMU dosage and pH 4.0, 6.8, and 9.1 on (a) sorption removal efficiency and (b) sorption capacity.

Solid line is fitting line of exponential decay model.

A comparison in sorption performance of antimony among biochar, MMOF and BSMU was made at pH 9.1, a BSMU dose

of 1000 mg/L, stirring speed 150 rev/min, temperature 30 °C, sorption time 24 h and Sb (III) concentration 20 mg/L. The

result is shown in supporting information (see Fig. S4). As illustrated in Fig. S4a, it showed that removal efficiency was

53% with biochar (sorption capacity=10.62 mg/g), 83% with MMOF (sorption capacity=16.63 mg/g), 92% with biochar

supported MMOF (sorption capacity=18.43 mg/g). This demonstrated that the biochar supported MMOF increased the

sorption performance of either MMOF or biochar alone. As previously indicated, the optimum proportion of components,

the Rmmor/Biochar Of the BSMU was 4:1, which reduces the amount of MMOF and optimizes both sorption and synthesis

minimizing the MMOF needed with positive implications for reducing the costs of final application. The effect of sorption

time in the range of 0.5 h to 24 h on sorption density was investigated, using pH 4.0, 6.8 and 9.1, a BSMU dose of 1000
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mg/L and stirring speed 150 rev/min, temperature 303 K. The result is shown in Fig. S4b, where sorption equilibrium time

was reached after only 4 h. After the sorption equilibrium, the sorption capacity did not change significantly, which

indicated that antimony could not be released to the aqueous environment again, demonstrating the stability of bound

antimony.

3.4 Effect of antimony concentration

The effect of three initial Sb (III) concentrations (10 mg/L, 30 mg/L and 50 mg/L) on sorption was investigated at pH 9.1,

the BSMU dose of 1000 mg/L and stirring speed 150 rev/min, temperature 303 K. The result is shown in Fig. S5a-b. As

expected, sorption increased with increasing antimony concentration and removal efficiency increased with sorption time.

For example, at antimony 50 mg/L, the sorption capacity was up to 33.9 mg/g, and greater than that at 30 mg/L and 10

mg/L. With the increase of the concentration of antimony, the sorption tended to be saturated thus increasing sorption

capacity. However, at higher concentrations the residual antimony was not removed and removal rate did not increase. At

any concentration, the variation of adsorption capacity with adsorption time followed pseudo second order kinetic model.

The details on the kinetics were discussed in the later section.

3.5 Influence of coexisting ions

The BSMU had a stronger resistance to the negative influence of co-existing anions. In general, the coexisting anions such

as NOs, CI, SO4*, F~, and PO4*, do not often inhibit Sb (III) sorption, seen for example with Sb (III) sorption onto

bentonite (PO4*", SO4* and NO;3") (Xi et al., 2011), zirconium-based metal—organic frameworks (PO4*", SO4* F, and

NOs") (Li et al., 2017) and a tannin based adsorbent (CI, PO4*", SO4* and NOs") (Hugo et al., 2018). However, in the

presence of iron-based materials, the influence of coexisting ions on Sb (111) sorption does occur. For example, the sorption
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of Sb (111) by a Ce (l11)-doped FesO4 magnetic particles, showed a minor influence from PO, while Cl- and SO4* enhanced

sorption effect (Qi et al., 2017). For an iron-based metal organic framework (Fe-MIL-88B), the POs* caused a 12 %

reduction in the removal of Sb (IIT)(Cheng et al., 2020). Furthermore, it was up to 30.43% for a chitosan supported Fe-MIL

metal organic frameworks (Xiong et al., 2020). In comparison, Sb(V) was affected significantly by competing anions,

especially PO4>, reducing the efficiency of antimony removal (Xi et al., 2011; He et al., 2015). Although these iron-based

materials include both Fe (II) and Fe (III), it is difficult for the Sb (V) and Sb (III) to co-exist in the same system because

the presence of Fe (II) as a strong reducing agent preventing the oxidation of Sb (II) to Sb(V) and indirectly affecting

antimony sorption (Xiong et al., 2020). In this study, we examined the influence of coexisting anions on the sorption of Sb

(IIT) onto the BSMU. Our investigation was conducted at pH 9.1, a BSMU dose of 1000 mg/L and stirring speed 150

rev/min, temperature 303 K with coexisting ions including NO3~, CI', SO4*, and PO4* . The ionic strength was in the range

0.01 M to 1.0 M. The result is shown in Fig. S6 which shows no significant ionic influence at all ionic strength. The PO4>

had a relatively high negative influence compared to the other anions, followed by the SO4*, but the degree of reduction

was not more than 5%. Therefore, the performance of BSMU was less influenced by coexisting ions, which has been

considered as an indicator of sorption influence by a specific binding or inner-sphere surface complex binding (Xi et al.,

2011).

3.6 Sorption kinetics and isothermal analysis

The sorption of antimony onto the BSMU followed the pseudo second-order kinetics rather than the pseudo first-order

kinetics as indicated by correlation coefficients (R?). As illustrated in Fig. 6a-b and Table S2, good fit lines for pseudo

second-order kinetics at each antimony concentration yielded relatively high R? values up to over 0.98. Measured

equilibrium sorption capacity was in good agreement with calculated. On the contrary, poor fit to pseudo first-order kinetics
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yielded R?values lower than 0.90 at each antimony concentration, which was significantly lower than the R? values derived

from the pseudo second-order kinetics model fit. This suggests that the sorption of antimony on the BSMU followed pseudo

second-order kinetics and antimony was absorbed onto the surface of the BSMU via chemical interaction.

The data for sorption of Sb (l11) onto the BSMU was analysed using the Freundlich and Langmuir isotherm models at

temperatures from 297 K to 313 K, and degree of fit was assessed using the correlation coefficient. As shown in Fig. 6¢-d

and Table S3, it showed that sorption data followed Freundlich isotherm model better as indicated by R2 over 0.95 than

0.90 for Langmuir isotherm model, which suggested the sorption of antimony onto the BSMU was a multilayer sorption.

The Freundlich constant (1/n) is an indicator to determine whether it is favorable sorption (Zhao et al., 2010). The range

0.1 to 0.5 suggests a favorable sorption but a hard sorption when over 2.0 (Zhao et al., 2010). The 1/n constants for all

temperatures were all smaller than 0.5, indicating a favorable sorption and a high affinity between antimony and the BSMU.

The Ks was related to the sorption capacity (DuranoLu et al., 2012). With the increase of the temperature, the Kt increased,

showing the sorption was endothermic in nature. In comparison, the BSMU had the same sorption Kinetics and isothermal

model as for the MMOF, which better followed pseudo second-order kinetics and the Freundlich sorption model (see Fig.

S7 and Table S4-5 in supporting information).
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Fig. 6 Fit lines of sorption kinetics and isothermal models: (a) Pseudo second-order kinetics model, (b) Pseudo first-order

kinetics model, (c) Langmuir isothermal model, and (d) Freundlich isothermal model

The sorption of antimony onto the BSMU was more sensitive to the temperature and consumed more energy than the

adsorption with the MMOF. At temperatures 288 K to 313 K, sorption heat for antimony by the BSMU and the MMOF at

Sb(III) concentration 20 mg/L, solution pH=9.1, sorption time 24 h, was investigated. As seen from AG? values shown in

supporting information (see Table S6), the values are all negative, which suggested that the sorption with the BSMU and

the MMOF were both thermodynamically spontaneous. It also showed that AG? of the sorption with the BSMU was more

sensitive to the increase in temperature while for the MMOF it did not change significantly. The activation energy of

sorption with the BSMU and the MMOF was 8.772 kJ/mol and 5.024 kJ/mol, respectively. Activation energy is usually
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used as one of the criteria to distinguish physical sorption and chemical sorption, with physical sorption being easy to
reverse and reaches equilibrium rapidly. Consequently the energy demand is very small, not more than 4.184 kJ/mol (Sag
and Kutsal, 2000) because the forces involved are weak such as Weak van der Waals forces ( Duranoglu et al., 2012).
Chemisorption has a non-activated and activated step for which the rate varies with temperature (Sag and Kutsal, 2000).
From the results of our investigation, the activated chemisorption needs more activation energy and it can be seen that the

energy required for the BSMU was higher than that needed for the MMOF, which was closer to the value for physical

sorption. Therefore, antimony sorption by the BSMU would be driven by chemisorption. In detail, the AH % of chemical

sorption is considered >29 kJ/mol and that of complexation is between 8 and 60 kJ/mol (Mungasavalli et al., 2007;

Duranoglu et al., 2012). A higher AH ?=97.56 kJ/mol for the BSMU, suggested the sorption of Sb (III) onto the BSMU

would be through a chemical sorption process. The AH ?=21.44 J/mol for the MMOF indicated that the sorption would be

driven by complexation. They are positive values showing their sorption was endothermic in nature. The positive value of

the AS? =360 J/mol-K for the BSMU was three times larger than the AS? =113.72 J/mol-K for MMOF, implying the
contact randomness between antimony and the BSMU increased. Overall, the sorption of Sb (III) onto BSMU is

significantly different from onto the MMOF.

3.7 Analysis of Reaction Mechanism

Three steps could be identified from the overall sorption of antimony onto the BSMU, indicating that the sorption was
controlled by either surface or intraparticle diffusion ( Duranoglu et al., 2012). If the g and °° is a linear relationship
through zero, it suggests that the intraparticle diffusion is the sole rate-limiting step but the presence of changes in gradient
suggests the sorption process also includes a complex chemical reaction (Russo et al., 2020). As seen from Fig. 7a, three

stages are highlighted: a surface or film diffusion process (step 1), a gradual sorption (step 2) of intraparticle or pore
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diffusion, and a final equilibrium (step 3) (Russo et al., 2020). Since it did not pass through the origin, the sorption of

antimony onto the BSMU was not only determined by a rate-limiting based intraparticle diffusion, but also by other

chemisorption processes. In comparison, the BSMU had the same sorption steps with the MMOF that the g and t*® was a

linear relationship and fitted a three-stage process (see Fig. S8 in supporting information), showing the intraparticle

diffusion is not the only rate-limiting step to control the sorption of antimony onto MMOF.

The Sb(III) may exist in the form of uncharged and insoluble antimony hydroxide Sb(OH); over a wide pH range (2-10.4)

in aqueous solutions (Ungureanu et al., 2015). Neutral charge Sb(OH); inhibits electrostatic attraction, and new interaction

mechanisms are needed through a possible hydrogen bonding (Ungureanu et al., 2015; Xiong et al., 2020) or others such

as surface complexation (Vithanage et al., 2013). If the adsorbent was defined as =MeOH and the metal Sb was denoted

as M, the properties of the surface of the adsorbent change with pH because of reaction = MeOH + H* «<>= MeOH; and

= MeOH <«»>= MeO™ + H" . Variation of initial solution pH in the range of 3 to 11 during sorption without buffering

was tested in this study with the BSMU dose of 1200 mg/L, stirring speed 150 rev/min, temperature 303 K and sorption

time 24 h. The result is shown in supporting information (see Fig. S9). As illustrated in the figure, it showed that an initial

pH value increased after sorption at pH 6 or less and increased when at a pH equal or greater than 6.0. This shows that after

addition of the BSMU, H" was consumed by reaction with the sorbent so that the pH increased

(= MeOH + H" <»>= MeOHj is the main reaction) but when the initial pH was lower than 6, further increasing the pH

value, the release of H' to solution decreased pH significantly (= MeOH <>= MeO™ + H" is the main reaction process).

Finally, allowing an effective interaction between = MeQO™ and antimony thus enhancing the sorption efficiency.

The interaction occurring between oxygen and antimony in solution-surface interactions has been highlighted (Vithanage
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et al., 2013; He et al., 2015; Li et al., 2017), and from analysis by FT-IR, X-ray photoelectron spectroscopy and Raman

spectroscopy, the main sorption sites are attributed to hydroxyl and carboxyl functional groups. For example, through

replacement of hydrogen, antimony could bound with oxygen of adsorbent (Vithanage et al., 2013). The FT-IR results of

BSMU before and after sorption are shown in Fig. 7b. There were some significant peaks at 3423 cm™!, 2930 cm™!, 1617

cm!, 1577 em™!,1494 cm!, 1384 cm’!, 1043 cm!, 873 cm’!, and 624 cm!. After sorption, these characteristic peaks showed

significant changes: at 3423 cm™ and 2930 cm™, corresponding to -NH and ~OH (Zhang et al., 2011; Wang; et al., 2015),

respectively, they moved towards low frequency and exhibited wider peak at all pH. This suggested the H of hydroxyl

groups would be replaced by antimony species, -NH was protonated, = MeOH; was formed, all of which would the

reason for H* loss. The C-H and O-H at 1494 cm™ and 1384 cm™* (Sigma-Aldrich; Rodrigues et al., 2015), respectively,

increased at pH 4.0 while decreased at pH 6.8 and pH 9.1. Under alkali condition, carboxyl ionization could enhance the

link of negatively charged oxygen with antimony. It showed the peak at 599 cm™ assigned to Fe—O vibration (Ting Wang,

2013; Wang; et al., 2015). After sorption, the peak moved toward low frequency to 593 cm™' at pH 4.0, 595 cm™ at pH 6.8,

595 cm! at pH 9.1. In addition, the Zr-O would also be a sorption sites as indicated by the XPS analysis (Li et al., 2017).

It was much effective for Sb (III) removal under an alkaline condition, which is inseparable from the binding of Sb and

oxygen. The XPS results of a high-resolution scan of the O 1s of BSMU oxygen, and the Sb 3d of BSMU and Sb (III)

reaction sample (denoted as BSMU-Sb) at pH 6.8 were used to provide insights to the adsorption mechanism. The results

are shown in Fig. 7c-e. As illustrated in Fig. 7c the O 1s XPS spectra for BSMU, has two significant peaks appearing at

around 531.7 and 530.3 electron volts (eV) which were fitted into three oxygen components including a lattice oxygen

bond at 530.28 eV (Oay), carbonyl (C = O) group oxygen or absorbed oxygen at 531.49 eV (Oaq4c), and a hydroxyl group

oxygen at 531.84 eV (Oon). As illustrated in Fig. 7d, the Sb 3d result of BSMU-Sb showed that the Sb 3d XPS peak was
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452 split into Sb 3ds» and Sb 3ds); states corresponding to the Sb (III) oxide at around 540.1 eV and 530.6 eV, respectively,

453 which showed that antimony can be adsorbed by the BSMU, which were divided into four Sb oxide compounds of which

454  binding energy peak at 530.32 eV, 531.08 eV, 532.03 ¢V and 540.10 eV. The oxygen peaks position changed and new Sb

455 3ds, peaks generated, which showed that Sb and BSMU was successfully bonded. As illustrated in Fig. 7e, two significant

456 Fe 2p peaks at 710.7 eV and 724.5 eV corresponded to the characteristic peaks of Fe;04 (Im et al., 2015). While the Sb

457 (IIT) can be oxidized to Sb (V) in the presence of some ambient oxygen, the binding energy signal peak of Sb (V) at a

458 higher value (over 540.2 eV) did not occur in this study because the coexistence of Sb (V) and Fe (II) was not possible

459  when 2 Fe?"+Sb*"—2Fe3"+Sb*" where Fe (II) is strongly reductive and can react with Sb (V) thus preventing the oxidation

460 of Sb (II) to Sb (V) (Huang et al., 2006). This results showed that the adsorption reaction existed in the absence of Sb (V).
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4 CONCLUSIONS

In this study, we evaluated the adsorption of mushroom biochar supported MMOF nanoparticles for removal Sb (III) from

solution. It showed a great potential for enhancing the adsorption of Sb (III) with biochar or magnetic UIO-66-2COOH.

The BSMU was demonstrated to be an effective composite adsorbent to remove Sb (I11) and exhibited much higher removal

capacity toward Sb (III) than biochar, MOF and MMOF. Through adsorption model and elemental analysis, it suggested

that the chemical interaction between carboxyl (-COOH), hydroxyl (-OH), and amine (-NH) groups of absorbent and the

Sb (III) species led the adsorption reaction. It has good application across different reaction conditions. Over a broad pH,

it works well and is superior to the traditional adsorbent only in acidic conditions. The presence of coexisting ions has little

effect on Sb (III) removal. Further studies of recycling and process scale up are needed to strengthen its practical application.
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Supporting information

Text S1

The used chemicals, mainly included ascorbic acid and potassium bromide, were purchased from Kemiou Chemical
Reagent Co. (Tianjin, China). Hydrochloric acid (HCI) and concentrated sulfuric acid (H2SO4) were purchased from
Zhuzhou Xingkong Chemical Co. (Zhuzhou, China). Ferrous sulfate, sodium salt trihydrate, 1, 10-Phenanthroline
monohydrate, acetic acid, ammonium hydroxide, and sodium acetate anhydrous came from Sinopharm Chemical Reagent

Co. (Shanghai, China). Anhydrous ethanol came from Hunan Huihong Reagent Co., Ltd (Hunan, China).

Text S2

Fe3;04 nanoparticles (nano-Fe3O4) were prepared using a solvothermal reduction by the following procedure: 1.62 g of
FeCls.6H,0 and 4.32 g of C;H3NaO, were dissolved in 60 mL of ethylene glycol, which was stirred at room temperature
for 30 mins until a homogeneous solution was achieved. The solution was subsequently transferred to a
polytetrafluoroethylene (PTFE)-lined autoclave to maintain reaction at 200 °C 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 24 hours at 60 °C, the nano-Fe;O4 was produced.

Text S3

MOF (UiO-66-2COOH) was prepared by using the hydrothermal method following the process developed by our
publish[25]: the materials with the molar ratio of ZrCls, BTEC and ultra-pure water (50.4 g) at 1:1.7:280 were mixed and
was treated by a reflux heating for 24 hours at 100 °C. When it was cooled to room temperature, white gel was washed

repeatedly with ultra-pure water for removal of the excess acids and then re-dispersed in ultra-pure water for 16 hours to



undergo reflux heating at 100 °C. Then, the product was centrifuged and washed three times with ethanol and water. After

vacuum drying for 24 hours at 60 °C, the MOF was obtained. The nano-Fe;O4 was further modified by a silica core shell

through the Stober method using the following procedure: 1.0 g of Nano-Fe3;04 and 320 mL of ethanol were dispersed in

80 mL of water. The solution then underwent ultrasonic dispersion for 30 min, prior to the addition of ammonia hydroxide

solution (5 mL). After mechanical stirring for 15 minutes, 20 ml of TEOS was slowly added 5 ml at a time every three

hours, which maintained a reaction while being stirred under nitrogen for 18 hours at 50°C. Then, the MOF was mixed

with nano-Fes;Os at their mass ratio 1:2 and stirred in water bath at 50 °C for 6 hours. Finally, the product was collected

with an external magnetic field and washed three times with ethanol and water. After vacuum drying for 24 hours at 60°C,

the magnetic MOF (MMOF) was obtained.

Table

Table S1 Fitting parameters of Sb (I11) sorption capacity vs. adsorbent coagulant dosage by exponential decay model

Exponential Decay Model Parameters

pH value
Amplitude constant (a)  Decay constant (k) Offset value (b) R?
4.0 38.162 57.984 5.189 0.998
6.8 31.786 41.974 8.447 0.986
9.1 22.416 42.156 7.975 0.986

Table S2 Fitting results of Sb (111) sorption onto the BSMU at various antimony concentration by kinetics models

Measured Pseudo first-order kinetics Pseudo second-order Kinetics

Adsorbent Co (mg/L)

qe (mg/g) Calculated qe ki R? Calculated qe k2 R?




10 9.99 7.17 -0.02  0.58 8.94 0.09 0.99

20 19.50 16.90 -0.02  0.85 18.51 0.04 0.98

30 24.52 23.65 -0.01  0.87 23.70 0.03 0.99

Table S3 Fitting results of Sb (I11) sorption onto the BSMU at various temperature by isothermal model

Adsorbent Isothermal model  Temperature (K) Calculated qmax b R?
297 48.26 0.17 0.67

Langmuir 303 52.24 0.17 0.76

313 64.05 0.15 0.78

Adsorbent Temperature (K) Kr 1/n R?
297 15.62 0.27 0.96

Freundlich 303 17.49 0.26 0.97

313 21.02 0.26 0.96




Table S4 Fitting results of Sb (III) sorption onto the MMOF at various antimony concentration by kinetics models

Pseudo-first-order kinetics

Adsorbent Co (mg/L) Measured g (mg/g)

Pseudo-second-order kinetics

Calculated qe

ki R?

Calculated qe

ko R?

10 9.6604 8.7178
MMOF 20 18.9283 17.3666
30 22.7489 21.1509

-0.0222  0.7749

-0.0176  0.8016

-0.0217  0.9404

10.4283

19.9683

23.7320

0.0813 0.9060

0.0422  0.8926

0.0370 0.9724

Table S5 Fitting results of Sb (III) sorption onto the MMOF at various temperature by isothermal model

Adsorbent Isothermal model Temperature (K) Calculated Qmax b R?
293 45.4838 0.17117 0.8476
Langmuir 303 54.2024 0.11028 0.8061
313 62.7790 0.13042 0.8925

MMOF Temperature (K) Kr 1/n R?
293 12.8158 0.3113 0.9776
Freundlich 303 12.9808 0.3356 0.9568
313 15.4228 0.3428 0.9728

Table S6 Thermodynamic parameters for sorption of Sb (III) onto adsorbents



Co E, AS® AH AGYkJ-mol-1

Adsorbents /mg-L! kJ/mol J/mol-K kJ/mol 288K 293K 303K 313K
BSMU 20 8.77 360 97.56 -12.28  -13.71 -20.81 -21.57
MMOF 20 5.02 113.71 21.44 - -11.54  -13.749  -13.76

180m

Fig. S1 SEM photographs for (a) nano-Fe304, (b) MOFs, (c) MMOF



Fig. S3 Photographs for BSMU prepared in the absence/presence of initiator. The results showed that without the initiator

the dispersion and stability of the BSMU was not good. The enhanced initiator concentrations enhanced the quality
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