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Abstract
Naturally occurring layered double hydroxide mineral, brucite (BRU), was compared with hydromagnesite (HYD) and a 
commercial Mg-rich mineral adsorbent (trade name AQM PalPower M10) to remove antimony (Sb) from synthetic and real 
wastewaters. The BRU and HYD samples were calcined prior to the experiments. The adsorbents were characterized using 
X-ray diffraction, X-ray fluorescence, and Fourier transform infrared spectroscopy. Batch adsorption experiments were 
performed to evaluate the effect of initial pH, Sb concentration, adsorbent dosage, and contact time on Sb removal from 
synthetic wastewater, mine effluent, and textile industry wastewater. Several isotherm models were applied to describe the 
experimental results. The Sips model provided the best correlation for the BRU and M10. As for the HYD, three models 
(Langmuir, Sips, and Redlich–Peterson) fit well to the experimental results. The results showed that the adsorption process in 
all cases followed the pseudo-second-order kinetics. Overall, the most efficient adsorbent was the BRU, which demonstrated 
slightly higher experimental maximum adsorption capacity (27.6 mg  g-1) than the HYD (27.0 mg  g-1) or M10 (21.3 mg  g-1) 
in the batch experiments. Furthermore, the BRU demonstrated also an efficient performance in the continuous removal of 
Sb from mine effluent in the column mode. Regeneration of adsorbents was found to be more effective under acidic condi-
tions than under alkaline conditions.
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Introduction

Antimony (Sb) is a metalloid element that exists in the 
environment mainly as Sb(III) or Sb(V). The common Sb-
containing minerals include stibnite  (Sb2S3) and valentinite 
 (Sb2O3), which are frequently associated with copper, silver, 
or lead ores, coal, and petroleum (Filella et al. 2002). Cor-
respondingly, mining and smelting activities and burning of 
fossil fuels are the major emission sources of Sb (Ungureanu 
et al. 2015). Commercially, Sb is used in flame retardants, in 
paint pigments, as additive in ceramics, glass, or lead, and 

as semiconductor (Filella et al. 2002). In aqueous environ-
ments, Sb is present as soluble hydroxides (e.g, Sb(OH)6

−) 
or it can form complexes with chloride, fluoride, or bromide 
(Schweitzer and Pesterfield 2010). The aqueous concentra-
tions of Sb range from < 1 μg  L−1 in uncontaminated natural 
waters to few mg  L−1 in mine effluents and further to > 
1 g  L−1 in geothermal waters (Filella et al. 2002; Flaková 
et al. 2017). Sb is toxic or even lethal at elevated intake 
levels, but there is no conclusive evidence indicating that 
prolonged oral exposure to low Sb concentrations would 
exert carcinogenic or mutagenic effects in humans (Interna-
tional Agency for Research on Cancer (IARC) 1989; World 
Health Organization (WHO), 2003). Nevertheless, the safe 
Sb levels in drinking water were set at 5, 6, and 20 μg  L−1 
by the European Union (European Council 1998), by the 
United States Environmental Protection Agency ( 2009), 
and by the WHO ( 2011), respectively. In addition, Sb is on 
the European Union list of critical raw materials (European 
Commission 2020).

Sb removal from contaminated waters has been stud-
ied using chemical precipitation (Enders and Jekel 1994b; 
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Multani et al. 2017; Parker et al. 1979), coagulation–floccula-
tion (Djuvfelt 2014; Enders and Jekel 1994a; Guo et al. 2009), 
biological treatment (Sun et al. 2016; Zhang et al. 2016), ion 
exchange (Parker et al. 1979), or reverse osmosis (Kang et al. 
2000). Adsorption has also received considerable attention 
(Cheng et al. 2022; Dong et al. 2022; Lee et al. 2018a, 2018b; 
Ungureanu et al. 2015; Xie et al. 2022; Yan et al. 2022; Zhang 
et al. 2019). Oxidation of Sb(III) prior to treatment is benefi-
cial, as Sb(V) is generally more efficiently removed and less 
toxic. However, many conventional water treatment processes 
are ineffective for Sb removal, or they can be prohibitively 
expensive.

One potential group of adsorbents for Sb removal are lay-
ered double hydroxides (LDHs), which can exchange their 
interlayer anions for Sb(OH)4

−. Sb adsorption has already 
been studied using synthetic LDHs: Zn-Al sulfate (Ardau et al. 
2016), Zn-Fe (Lu et al. 2015), Fe-Al (Kameda et al. 2009), 
Mg-Al (Kameda et al. 2015), Cu-Al (Kameda et al. 2012), 
and magnetic nanoparticles that support calcined LDHs (Lee 
et al. 2018b). LDHs are also available as naturally occurring 
minerals, such as brucite (BRU).

This study investigates the use of the BRU and hydromag-
nesite (HYD), which is commonly associated with weather-
ing products of BRU, for aqueous Sb removal and compare 
their individual performances with that of a commercial 
magnesium-rich mineral adsorbent (trade name AQM Pal-
Power M10). The experimental results were also compared 
with the reported findings obtained using synthetic LDHs. 
M10 consists mainly of magnesium, iron, and silicon-rich 
phases, and it has been applied in passive treatment systems 
for the removal of metals (Zn, Ni, Cd, Cu, and Pb) from 
urban runoff waters (Gogoi et al. 2018) or mine effluents 
(Postila et al. 2019). The research questions of this study are 
as follows: (1) Is naturally occurring LDH BRU suitable for 
the treatment of synthetic and real waters containing Sb? (2) 
How does the efficiency of natural LDHs compare with that 
of synthetic LDHs? (3) How stable are Sb-laden LDHs and 
what is their reusability potential? The motivation behind 
this study is that naturally occurring LDHs are a potentially 
cost effective and readily available alternatives to synthetic 
LDHs. In this study, batch adsorption experiments involving 
synthetic solutions, real mine effluent, and textile wastewa-
ters were performed to evaluate the influence of initial pH, 
Sb concentration, adsorbent dosage, and contact time on Sb 
removal. Sb desorption was tested under acidic and alkaline 
conditions to evaluate the stability of the spent adsorbents 
and assess their regenerability. Moreover, several isotherm 
and kinetic models were applied to the obtained data. The 
preliminary suitability of the adsorbents for the treatment of 
Sb-laden mine effluent was determined through batch and 
column experiments.

Materials and methods

Materials

The BRU, HYD, and M10 were obtained from a Finnish 
supplier. The M10 was used as received, whereas the BRU 
and HYD were calcined at 500 °C and 700 °C, respec-
tively, washed with deionized water, and then dried at 105 
°C. Particle sizes of 63–125 μm were separated and used 
in the batch experiments. For the column experiments, 
BRU particles of 0.5–1 mm were used.

Synthetic wastewater was prepared by dissolving anti-
mony trichloride  (SbCl3) (99%, Alfa Aesar) in ultrapure 
water. A stock solution of Sb(III) (25 mg  L−1) was first 
prepared by adding sodium hydroxide (NaOH) (~1.4 g 
 L−1) to facilitate the dissolution of  SbCl3. Then, the stock 
solution was diluted to the required concentrations. The 
pH was adjusted using 1.0 or 0.1 M hydrochloric acid 
(HCl) and NaOH (FF-Chemicals).

The real wastewater samples were mine effluent and tex-
tile industry wastewater. The mine effluent (settled drain-
age water treated with ferric sulfate) was obtained from an 
underground gold mine in Finland. For the textile industry 
wastewater, the source of Sb was the flame retardants used 
in textiles. The compositions of the wastewater samples 
are presented in Table 1.

Characterization methods

X-ray diffraction (XRD) and X-ray fluorescence (XRF) 
analyses were conducted to confirm the mineralogy and 
chemical composition of the adsorbents. The XRD pat-
terns were recorded by a PANalytical X’Pert Pro X-ray 
diffractometer (Malvern Panalytical) using monochromatic 
CuKα1 radiation (λ=1.5406 Å) at 45 kV and 40 mA. Dif-
fractograms were collected within the 2θ range 10°–90° 
at 0.017° intervals and with a scan step time of 100 s. The 
crystalline phases and structures of the adsorbents were 
analyzed using the HighScore Plus software (Version 4.0, 
PANalytical). The peaks were identified according to the 
International Centre for Diffraction Data (ICDD) (PDF-4+ 
2020 RDB). The phases were quantified through Rietveld 
analysis using HighScore. XRF spectra were recorded by 
a PANalytical Axios mAX XRF spectrometer, wherein the 
samples were prepared as loose powders using a mylar film 
under helium atmosphere at 4 kW.

The Fourier transform infrared spectroscopy (FTIR) 
spectra of the adsorbents were collected using a Perkin 
Elmer Spectrum One spectrometer equipped with an atten-
uated total reflectance unit.
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Batch adsorption experiments

Batch adsorption experiments were conducted to determine 
the effects of initial pH, Sb concentration, adsorbent dosage, 
and contact time on Sb removal efficiency. All adsorption 

experiments, except the kinetic studies, were performed in 
50 mL centrifuge tubes (25 mL water volume) placed on a 
shaker. The kinetic studies were performed in a 1-L reactor 
vessel (800 mL water volume) equipped with a magnetic 
stirrer and subjected to an agitation speed of 1000 rpm. All 
adsorption experiments were performed in duplicate. The 
parameters for each experiment are shown in Table 2.

After the desired contact time had elapsed, the samples 
were centrifuged (3500 rpm, 5–15 min), and the super-
natant was collected using a pipette. The Sb concentra-
tion was measured with an optical emission spectrometer 
(Thermo Electron IRIS Intrepid II XDL Duo and Perkin 
Elmer Optima 5300 DV). The removal efficiencies (R%) and 
adsorption capacities qe (mg  g−1) of the adsorbents were 
calculated using the following equations:

and

where C0 and Ce (mg  L−1) are the initial and equilibrium 
liquid phase Sb ion concentrations, respectively, V (L) is 
the volume of the solution, and m (g) is the mass of the 
adsorbent.

Adsorption isotherms

Langmuir (1918), Freundlich (1906), Sips (1948), Bi-Lang-
muir (Graham 1953), Dubinin–Radushkevich (DR) (Dubinin 
and Radushkevich 1947), Redlich–Peterson (RP) (Redlich 
and Peterson 1959), and Temkin and Pyzhev (1940) iso-
therm models were applied to the experimental results for 
the Sb adsorption onto the BRU, HYD, and M10. The DR 
and Temkin models did not fit the results, and the Bi-Lang-
muir model was reduced to the Langmuir model in all cases. 
Therefore, only the results for the Langmuir, Freundlich, 
Sips, and RP models are reported. The isotherm parameters 
were obtained through non-linear regression using OriginPro 

(1)R% =
C0 − Ce

C0

× 100%

(2)qe =

(

C0 − Ce

)

V

m

Table 1  The compositions of the wastewater samples

a Determined using an optical emission spectrometer (metals) or flow 
analysis (CFA and FIA) and spectrometric detection (ammonium 
nitrogen) by an accredited laboratory

Compound Concentration [mg  L−1] in 
mine  effluenta

Concentration 
[mg  L−1] in textile 
 wastewatera

NH4
+ 2.9 -

Al <0.03 0.19
As <0.015 <0.015
B 0.080 <0.02
Ba 0.040 0.14
Be <0.005 <0.005
Ca 315 3.00
Cd <0.002 <0.002
Co <0.003 <0.003
Cr <0.01 0.046
Cu <0.005 0.010
Fe 0.030 0.17
K 9.75 23.6
Mg 101 1.60
Mn 0.99 0.022
Mo 0.010 <0.005
Na 54.9 3950
Ni 0.10 0.011
P <0.05 24.4
Pb <0.015 <0.015
S 382 1840
Sb 0.20 21.4
Se - <0.015
Sn - <0.015
Ti - <0.015
V - 0.008
Zn - 1.29

Table 2  Parameters for the 
batch experiments conducted to 
determine the effects of initial 
pH, Sb concentration, adsorbent 
dosage, and contact time on Sb 
removal in synthetic solutions, 
mine effluent, and textile 
wastewater. All experiments 
were conducted at room 
temperature (~22–23 °C)

Parameters Initial
pH

C0
[mg  L−1]

Adsorbent dosage
[g  L−1]

Contact time
[min  h−1]

Water type

Initial pH 2.0–10.0 25.0 5.0 24 h Synthetic
Adsorbent dosage 4.0 18.0 0.5–5.0 24 h Synthetic

7.2 0.2 0.1–15 24 h Mine effluent
7.9 22.1 0.1–15 24 h Textile wastewater

Sb concentration 4.0 5.0–25.0 0.5 24 h Synthetic
Contact time 4.0 13.0 0.5 1 min–48 h Synthetic

7.2 0.2 5.0 2 min–24 h Mine effluent
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2018 (OriginLab Corporation). The non-linear form of the 
Langmuir’s equation is:

where bL (L  mg−1) is the parameter related to energy of 
adsorption, qm (mg  g−1) is the maximum adsorption capac-
ity, and Ce (mg  L−1) is the Sb concentration in the solution 
in equilibrium.

The Freundlich model non-linear form is as follows:

where KF ((mg  g− 1)(mg  L− 1)− 1/nF ) is the Freundlich con-
stant related to adsorption capacity, and nF (dimensionless) 
is the Freundlich constant related to adsorption intensity.

The Sips isotherm combines the properties of the two 
models above and is expressed as:

where bS (L  mg−1) is a constant related to adsorption energy, 
and ns is a dimensionless constant characterizing the hetero-
geneity of the system.

The RP isotherm is modified from the Langmuir and Fre-
undlich models and is expressed as:

where KR (L  g−1) and aR (L  mg−1)-β are RP isotherm con-
stants, and β (dimensionless) is an exponent.

The suitability of the isotherm equations was evaluated 
by comparing the residual root mean square errors (RMSE). 
A small error function value indicates good curve fitting. An 
error function is defined as follows:

where n is the number of experimental data points, p is the 
number of parameters in the isotherm model, qe(exp) (mg 
 g−1) is the experimental adsorption capacity in equilibrium, 
and qe(alc) (mg  g−1) is the calculated adsorption capacity in 
equilibrium.

Kinetics of adsorption

The kinetic parameters of the adsorption experiments were 
solved using the non-linear forms of the pseudo-first-order 
(Lagergren 1898), pseudo-second-order (Ho and McKay 
1999), and Elovich (Zeldowitsch 1934) models. These models 

(3)qe =
bLqmCe

1 + bLCe

(4)qe = KFC
1∕nF
e

(5)qe =
qm

(

bSCe

)ns

1 +
(

bSCe

)ns

(6)qe =
KRCe

1 + aRC
�
e

(7)RMSE =

√

∑n

i=1

(

qe(exp) − qe(calc)
)2

are typically applied to adsorption processes. OriginPro 2018 
was used to obtain the kinetic model parameters.

The pseudo-first-order rate is expressed as follows:

where qe (mg  g−1) is the amount of adsorbed Sb at equilibrium, 
qt (mg  g−1) is the amount of adsorbed Sb at time t (min), and 
kf  (min−1) is the pseudo-first-order rate constant.

The pseudo-second-order process is expressed as follows:

where ks (g  mg−1  min−1) is the rate constant of the pseudo-
second-order kinetics.

The Elovich equation can be written as follows:

where υ0 (mg  g−1  min−1) is the initial adsorption rate, and β (g 
 mg−1) is the desorption constant.

The suitability of the kinetic models was compared based 
on the RMSE value in Eq. 7.

Intra‑particle diffusion model

In identifying the diffusion mechanism, the intra-particle diffu-
sion model based on the theory proposed by Weber and Morris 
(1963) was used. The Weber−Morris equation is as follows:

where Kid (mg  g−1  h−1/2) is the intra-particle diffusion rate 
constant, and C is the intercept.

Desorption experiments

The adsorbents were loaded with Sb by mixing 2.5 g of BRU, 
HYD, or M10 with 500 mL of 25 mg  L−1 Sb solution for 
2 h. Then, the adsorbents were collected through centrifuga-
tion, dried at 105 °C overnight, and kept in an exicator. The 
desorption experiments were conducted by transferring 0.5 g 
of the Sb-loaded adsorbents into 100 mL distilled water, 1 M 
HCl, or 1 M NaOH and then mixed for 2 h. Subsequently, the 
adsorbents were isolated using a centrifuge, and the Sb con-
centration in the aqueous solution was measured. Desorption 
efficiency (%RE) was calculated by using Eq. 12:

where q0 and qr are the adsorption capacities of the adsor-
bents before and after regeneration, respectively.

(8)qt = qe
(

1 − e−kf t
)

(9)qt =
qe

2kst

qekst + 1

(10)q =
1

�
ln

(

�0� +
1

�
lnt

)

(11)qt = Kidt
1∕2 + C

(12)%RE =
qr

q0
× 100%
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Column experiments

Column adsorption experiments were performed using only 
the most efficient adsorbent, that is, the BRU. A plastic col-
umn (diameter, 44.0 mm; height, 98.8 mm; volume, 0.15 L) 
was loaded with 100 g of BRU (particle size: 0.5−1 mm). 
The bed volume was approximately 90 mL. Mine effluent 
was pumped through the column by a peristaltic pump in the 
up-flow mode. The volumetric flow rates employed in the 
experiments were approximately 0.35, 0.18, and 0.09 L  h−1 
corresponding to 15 min, 30 min, and 1 h empty bed contact 
time. The empty bed contact time is determined as follows:

where Vm (L) is the bed volume, and Q (L  h−1) is the volu-
metric flow rate. Samples were taken from the outlet of the 
column at different time intervals.

The cumulative amount of adsorbed Sb, qtotal (mg) rep-
resents the area under the breakthrough curve at a given 
feeding concentration and flow rate. It is determined using 
the following equation:

where C0 (mg  L−1) and Ct (mg  L−1) are the influent and 
effluent concentrations, respectively, and Q (L  h−1 is the 
flow rate through the column). The appropriate breakthrough 
time was chosen so that the effluent concentration from the 
column would be approximately 5% of the influent concen-
tration (C0); also, the suitable exhaustion time was set so 
that the effluent concentration would be 95% of the influent 
concentration (C0).

(13)EBCT =
Vm

Q

(14)qtotal = Q∫
total

0

Caddt = Q∫
total

0

(

C0 − Ct

)

dt

The operation and dynamic response of the adsorption 
column were determined. The breakthrough and exhaustion 
times were used to evaluate the breakthrough curves.

The cumulative amount of Sb adsorbed per unit mass 
of adsorbent was calculated according to the following 
equation:

where m (g) is the mass of the adsorbent.

Results and discussion

Characterization of the adsorbents

The chemical compositions of the HYD, BRU, and M10 
are presented in Table 3. Expectedly, the adsorbents had a 
high magnesium content. The HYD contained a consider-
able amount of calcium, which is associated with dolomite 
and other carbonate phases (see Fig. 1). The adsorbents also 
contained some silicon, iron, sulfur, and potassium as minor 
elements.

The XRD patterns of the BRU and HYD are shown in 
Fig. 1a and 1b. Brucite (Mg(OH)2, ICDD 04-011-5938) was 
the main mineral phase in the BRU, and its contents were 
91.2 and 51.8 weight-% in the non-calcined BRU and cal-
cined BRU (Fig. 1a), respectively. The non-calcined BRU also 
contained magnesite  (MgCO3, 04-008-0479, 5.0 weight-%), 
dolomite (CaMg(CO3)2, 00-036-0426, 2.7 weight-%), and 
calcite  (CaCO3, 04-012-0489, 1.1 weight-%). As for the cal-
cined BRU, the mineral phases were periclase (MgO, 04-005-
4790, 42.1 weight-%), forsterite  (Mg2SiO4, 01-084-1402, 6.0 
weight-%), and calcite (04-012-0489, 0.1 weight-%).

(15)qe =
qtotal

m
,

Table 3  Main chemical 
constituents (normalized values) 
of the adsorbents as determined 
by XRF

a Including  TiO2, Cl,  As2O3,  Co3O4, ZnO, and  Na2O

Composition Non-calcined 
BRU
[w/w%]

Calcined BRU
[w/w%]

Non-calcined 
HYD
[w/w%]

Calcined HYD
[w/w%]

M10
[w/w%]

MgO 83.6 87.7 56.3 58.0 51.7
SiO2 6.87 4.64 2.62 3.29 28.5
CaO 5.47 3.64 37.9 35.4 1.45
Fe2O3 0.764 0.783 0.23 0.196 12.1
SO3 0.078 0.273 0.038 0.038 1.90
K2O 0.028 0.042 0 0 0.052
NiO 0 0 0.024 0.019 0.302
MnO 0.078 0.093 0.012 0 0.256
Cr2O3 0.011 0 0.019 0 0.296
P2O5 1.42 1.12 1.246 0.89 0.621
Al2O3 0.364 0.372 0.117 0.175 1.49
SrO 0 0 0.268 0.224 0
Othersa 0.065 0.056 0.055 0.53 0.104
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In the non-calcined HYD (Fig. 1b), the main compo-
nents were dolomite (CaMg(CO3)2, 42.7 weight-%) and 
hydromagnesite  (Mg5(CO3)4(OH)2(H2O)4, 44.1 weight-%), 
which is a weathering product of brucite (Lechat et al. 
2016). Moreover, it may contain both monoclinic (04-
013-7631) and orthorhombic (04-012-8557) structures of 
hydromagnesite. It also contained 10.1 weight-% of huntite 
 (CaMg3(CO3)4, 04-007-5228) and 3.1 weight-% of magne-
site  (MgCO3, 04-009-2317). As for the calcined HYD, the 
main phase was dolomite (85.4 weight-%), and the other 
components were huntite (6.7 weight-%), magnesite (6.3 
weight-%), calcite (1.4 weight-%), and magnesium oxide 
(0.2 weight-%).

Calcination caused the decomposition of carbonate 
phases in the BRU and HYD, but the actual purpose of calci-
nation was to remove the interlayer water molecules in these 
LDHs to render them effective adsorbents (Lee et al. 2018a).

The FTIR spectra of the non-calcined and calcined BRU 
and HYD are shown in Fig. 2. In both the calcined and non-
calcined adsorbents, a sharp and strong peak was observed 
at around 3700  cm−1, which is attributed to the structural 
hydroxyl group (–OH), to the stretching vibration peak, 
and to the water molecules in the interlayer region (Baliars-
ingh et al. 2013; Chowdhury et al. 2018; Focke et al. 2014; 
Lu et al. 2015). In the calcined BRU, the intensity of the 
peak at around 3700  cm−1 decreased due to the decomposi-
tion of Mg(OH)2 to MgO during calcination (Chowdhury 
et al. 2018). The band at around 1500  cm−1 may be attributed 
to the carbonate and/or bending vibration of the physisorbed 
water (Baliarsingh et al. 2013; Chowdhury et al. 2018; Lu 
et al. 2015). The bands observed in the low frequency region 
(<1000  cm−1) are attributed to the lattice vibration modes of 
the metal–oxygen and metal–hydrogen bonds (Baliarsingh 
et al. 2013; Chowdhury et al. 2018; Lu et al. 2015).

Fig. 1  a X-ray diffraction pat-
terns of the non-calcined and 
calcined BRU. A—Mg(OH)2 
(04-011-5938), B—MgCO3 (04-
009-2317), C—CaMg(CO3)2 
(04-015-9838), D—CaCO3 (04-
012-0489), E—Mg2SiO4 (01-
084-1402), and F—MgO (04-
005-4790). b X-ray diffraction 
patterns of the non-calcined and 
calcined HYD. B—MgCO3 (04-
009-2317), C—CaMg(CO3)2 
(04-015-9838), D—CaCO3 
(04-012-0489), E—Mg2SiO4 
(01-084-1402), F—MgO (04-
005-4790), G—Mg5(CO3)4(OH
)2(H2O)4 (mono: 04-013-7631, 
ortho: 04-012-8557), and H—
CaMg3(CO3)4 (04-007-5228)
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Calcined BRU and HYD were selected for adsorption 
experiments, and for the sake of brevity, they are referred to 
as BRU and HYD in the subsequent sections.

Effect of initial pH

pH is one of the most important parameters affecting the 
adsorption of metal ions in an aqueous solution. Among 
the dissolved Sb(III) species, the cationic form Sb(OH)+

2
 is 

the predominant species at pH <1.4. The electrically neu-
tral Sb(OH)3 is the principal species at pH 2–11, whereas 
Sb(OH)−

4
 is the dominant species at pH >11.8 (Kang et al. 

2000; Wu et al. 2012). However, when Sb(III), which was 
used to prepare the model wastewater, is oxidized into 
Sb(V), a soluble Sb(OH)6

− species is present at pH >3. 
The effect of the initial pH ranging from 2 to 10 on the Sb 
desorption by the BRU, HYD, and M10 was investigated 
(Fig. 3). The results showed that the removal efficiency and 
adsorption capacity remained nearly constant at the ini-
tial pH of 4–10. At pH 2, the adsorption capacities were 
slightly lower than those at initial pH values of 4, 6, and 8. 
This phenomenon may have been caused by the inability 
of the positively charged Sb(OH)2

+ to enter the positively 
charged interlayers of the LDHs. Also, the Sb removal at pH 
2 may have been influenced by other mineral phases present 
in adsorbents with negative surface charges. One possible 
explanation for the nearly constant removal efficiency at dif-
ferent initial pH values is the oxidation of Sb(III) to Sb(V) 
in the solution. Consequently, the soluble Sb(OH)6

− species 
started to dominate in the solution at pH >3, resulting in the 

improved adsorption efficiency. In addition, the adsorbents 
were alkaline materials, and the pH increased during the 
adsorption experiment. Thus, it is possible that apart from 
Sb(OH)6

−, Sb(OH)−
4
 species were also present in the solu-

tion, enhancing the removal efficiency. The results showed 
that the BRU and HYD were more effective adsorbents than 
the M10. When the initial pH was varied from 2 to 10, the 
removal efficiencies and capacities were 97.3–99.1% and 
3.96–4.51 mg  g−1, respectively. For the HYD and M10, the 

Fig. 2  FTIR spectra of a non-
calcined BRU, b calcined BRU, 
c non-calcined HYD, and d 
calcined HYD

Fig. 3  Effect of initial pH on the adsorption of Sb onto the BRU, 
HYD, and M10. The Sb removal efficiencies (R%) are indicated by a 
solid line, and the adsorption capacities (q) are indicated by a dashed 
line.  C0: 25 mg  L−1, adsorbent dosage: 5 g  L−1, contact time: 24 h, 
and T: 22–23 °C
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removal efficiencies varied only slightly, that is, 89.2–90.7% 
(3.6–4.1 mg  g−1) and 71.8–88.4% (3.2–3.9 mg  g−1), respec-
tively. Given that the removal efficiencies and adsorption 
capacities for Sb were nearly the same at pH 2–10, the initial 
pH was adjusted to pH 4 in the subsequent experiments.

Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption of Sb from 
the model solution and wastewater samples are shown in 
Figs. 4 and 5. In the model solution (Fig. 4) and mine efflu-
ent (Fig. 5a), the removal efficiency increased with increas-
ing adsorbent dosage. A higher adsorbent dosage provides a 
larger surface area and ultimately more available adsorption 
sites; consequently, the Sb removal efficiency increases. On 
the contrary, the adsorption amounts (qe) decreased when 
the adsorbent dosage increased. This result is due to the 
increase in the adsorbent-to-adsorbate ratio. An increase 
in adsorbent dosage under a constant Sb concentration and 
solution volume leads to the unsaturation of the adsorption 

sites, resulting in comparatively lower adsorption amount. 
A similar phenomenon has been observed in other studies 
(Gaur et al. 2018).

In the model solutions (Fig. 4), the most efficient adsor-
bent was the BRU. Its removal efficiency was considerably 
high at 96.2−98.8% for the entire adsorbent dosage range, 
and its maximum adsorption amount was 33.4 mg  g−1. The 
maximum Sb removal efficiencies of the HYD and M10 
were approximately 97.9% (q = 3.5 mg  g−1) and 95.9% (q 
= 8.4 mg  g−1) when their respective dosages were 5 and 
2.0 g  L−1. As shown in Fig. 4, the Sb removal efficiencies 
of the three adsorbents were considerably high even at low 
adsorbent dosages. Therefore, 0.5 g  L−1 was selected as the 
optimum absorbent dosage.

The removal of Sb ions from the mine effluent and textile 
wastewater was also studied. In the mine effluent (Fig. 5a), 
the BRU was also the most efficient adsorbent. Its Sb 
removal efficiency was approximately 96.5% (q = 0.041 mg 
 g−1) at a dosage of 5 g  L−1. Further increases in its dosage 
did not significantly affect its Sb removal efficiency. As for 
the HYD and M10, their maximum Sb removal efficiencies 
were approximately 91.2% (q = 0.013 mg  g−1) and 77.4% 
(q = 0.011 mg  g−1), respectively, when their dosage was 15 
g  L−1. Meanwhile, the sulfate present in the mine effluent 
(approximately 1100 mg  L−1, reported as total S in Table 1) 
appears to not have competed with the anionic Sb species.

In the textile wastewater (Fig. 5b), the Sb removal effi-
ciency was considerably low (<15%) at adsorbent dosages 
ranging from 1 g  L−1 to 15 g  L−1. Interestingly, a consider-
able increase in the adsorbent dosage appears to have little 
effect on the removal efficiency. This phenomenon indicates 
that some other species present at high concentrations in 
the textile wastewater matrix competed with the anionic Sb. 
For instance, the concentration of sulfate was approximately 
5500 mg  L−1 (reported as total S in Table 1). Correspond-
ingly, the removal efficiencies were much lower in the textile 
wastewater than in the model solution or mine effluent. Pre-
vious studies have also reported that divalent anions, such 
as sulfate, could decrease Sb(V) removal (Lee et al. 2018a; 
Shan et al. 2014).

Fig. 4  Effect of adsorbent dosage on Sb removal by the BRU, HYD, 
and M10 from the model solution. The Sb removal efficiencies (R%) 
are indicated by a solid line, and the adsorption capacities (q) are 
indicated by a dashed line.  C0: ~18 mg  L−1, initial pH: 4, contact 
time: 24 h, and T: 22–23 °C

Fig. 5  Effect of adsorbent dos-
age on Sb removal by the BRU, 
HYD, and M10 from the a mine 
effluent  (C0: 210 μg  L−1, pH: 
7.18) and b textile wastewater 
 (C0: 22.13 mg  L−1, pH: 7.90). In 
both cases, contact time was 24 
h and T was 22–23 °C
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Effect of Sb concentration

Experimental results for the Sb removal by the BRU, HYD, 
and M10 when the Sb concentration was 0.07–18 mg  L−1 
are shown in Fig. 6. Initially, the Sb removal efficiencies of 
the adsorbents increased rapidly. This phenomenon can be 
explained by the fact that the driving force of the concen-
tration gradient increased as the initial Sb concentration 
increased. When the initial Sb concentration was >6.0 mg 
 L−1, the increase in removal efficiencies slowed down; the 
removal efficiency eventually plateaued and then adsorption 
started to decrease. Nevertheless, the removal efficiencies 
in the synthetic wastewater samples were still higher than 
those in the textile wastewater (Fig. 5b), which supports 
the view that competition between adsorbates decreased 
the removal efficiency in the textile wastewater. The trend 
shown in Fig. 6 can be explained by the fact that at low 
initial concentrations, the available pores on the adsor-
bents’ surface could adsorb most of the Sb ions. Thus, the 
adsorption efficiency increased to a certain level. With the 
increasing initial concentration, the adsorption sites became 
saturated and thus could not adsorb Sb any longer. Several 
investigations have shown that the removal efficiency and 
adsorption capacity for Sb or any other impurity is concen-
tration-dependent (Bessaies et al. 2020; Fan et al. 2016; 
Ge et al. 2015; Ghasemi et al. 2014; Nishad et al. 2014; 
Thangaraj et al. 2020). The maximum Sb adsorption capaci-
ties of the BRU, HYD, and M10 were 27.6, 27.0, and 21.3 
mg  g−1, respectively.

Adsorption isotherms

The Langmuir, Freundlich, Sips, and RP isotherm param-
eters and curve fits for Sb adsorption were analyzed. The 
isotherm parameters, correlation coefficients, and RMSE 
values are given in Table 4. Fig. 6 presents the results of the 
isotherm modelling of the experimental data.

The experimental data on the Sb adsorption onto the BRU 
and M10 produced curves with a similar shape. Therefore, 
both datasets can be represented by the same model. For 
both adsorbents, the Sips model had the smallest RMSE and 
the highest R2 value. However, the Langmuir and RP were 
also found to be quite well fit for both adsorbents. In the 
HYD, three models (Langmuir, Sips, and RP) were an exact 
fit to the experimental results. Based on the R2 and RMSE 
values, the Freundlich model was less satisfactorily fit to the 
experimental results (Fig. 7).

Table 5 compares the reported adsorption capacities 
for different metal oxides, hydroxides, and minerals with 
those of Sb(III/V). The variations in these values are tre-
mendous, with the smallest value being 0.50 mg  g−1 and 
the highest being 214 mg  g−1. Apart from the q values, 
the initial concentrations and adsorbent dosages varied in 
the considered studies. For this reason, the comparison is 
not straightforward. For example, in the study of Xu et al. 
(2011), a considerably small amount of adsorbent was 
used to remove a large concentration of Sb. Comparing 
the capacities of the adsorbents investigated herein with 

Fig. 6  Effect of initial Sb concentration on Sb removal by the BRU, 
HYD, and M10 from the model solution. The Sb removal efficiencies 
(R%) are indicated by a solid line, and the adsorption capacities (q) 
are indicated by a dashed line. Adsorbent dosage: 0.5 g  L−1, initial 
pH: 4, contact time: 24 h, and T: 22–23 °C

Table 4  Parameters of the adsorption isotherms

Experimental/model Constant/unit BRU HYD M10

Experimental qm,exp [mg  g−1] 27.6 27.0 21.3
Langmuir qm,calc [mg  g−1] 32.513 41.107 22.915

bL [L  mg−1] 1.332 0.432 1.165
R2 0.956 0.973 0.943
RMSE 2.207 1.528 1.924

Freundlich nF 2.107 1.613 2.387
KF [(mg  g− 1)

(mg  L− 1)− 1/n ]
15.600 11.098 9.972

R2 0.891 0.949 0.863
RMSE 3.462 2.106 2.999

Sips qm [mg  g−1] 25.496 34.970 18.936
bS [L  mg−1] 2.400 0.620 1.972
nS 1.887 1.166 1.771
R2 0.974 0.975 0.960
RMSE 1.784 1.572 1.687

RP KR [L  g−1] 38.250 15.926 24.664
aR [L  mg−1]-β 0.986 0.271 0.960
β 1.137 1.205 1.064
R2 0.958 0.974 0.944
RMSE 2.262 1.610 2.010
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the reported results obtained under similar conditions, we 
can conclude that our adsorbents have demonstrated an 
approximately average performance.

Effect of contact time

The kinetic studies involving the BRU, HYD, and M10 were 
performed at room temperature using the model solution and 
mine effluent in which the Sb concentrations were 13 and 

200 μg  L−1, respectively. Experiments were not performed 
for the textile wastewater samples because their Sb removal 
efficiencies were considerably low, as seen in the earlier 
experiments. As shown in Figs. 8 and 9, the Sb removal 
increased with increasing contact time. In the case of the 
model solution (Fig. 8), an approximately 50% Sb removal 
efficiency by the BRU, HYD, and M10 was attained after 
32, 5, and 1 min, respectively. The contact time required to 
reach the equilibrium was 25.5 h (96%, 25.0 mg  g−1) for the 

Fig. 7  Langmuir, Freundlich, and Redlich–Peterson (RP) isotherm fitting to the Sb adsorption by brucite (BRU), hydromagnesite (HYD), or 
commercial AQM PalPower M10 adsorbent (M10). Adsorbent dosage: 0.5 g  L−1, initial pH: 4, contact time: 24 h, and T: 22–23 °C

Table 5  Comparison of the adsorption capacity q (mg  g−1) of various adsorbents for the removal of Sb(III/V) from an aqueous phase. The listed 
adsorbents are metal oxides, hydroxides, or minerals, and the experiments were conducted at nearly room temperature (20−30°C)

a Langmuir maximum adsorption capacity, qm.calc; bSIPS, qm.calc; cexperimental maximum adsorption capacity, qm.exp

Adsorbent Capacity
q [mg  g−1]

Initial
pH

C0
[mg  L−1]

Adsorbent dosage
[g  L−1]

T
[°C]

Time
[h]

Sb oxid. state Ref.

Zn-Al Sulfate LDH 210−246c ~5.1−5.4 243.52−1217.6
(2−10 mmol)

0.625, 1.24 - 24 V Ardau et al. 2016

Fe2+ -doped Mg-Al layered 
double hydroxides

231.4a - 36.5−73.0
(0.3-0.6 mmol/L)

10 30 24 V Kameda et al. 2015

Fe-Mn binary oxide 214a 3 24−244 0.0004 20 24 III Xu et al. 2011
Magnetic nanop artic les 

supported calcined layered 
double oxide (MLDO)

180.96c 7 10−500 0.2 25 24 V Lee et al. 2018b

Zn-Fe-LDH 122.03b 7 2−100 0.2 20 - V Lu et al. 2015
FeOOH 101a 3 24−244 0.0004 20 24 III Xu et al. 2011
MnO2 98.6a 3 24−224 0.0004 20 24 III Xu et al. 2011
Synthetic MnOOH 95.5a 3 0.5−98 0.4 25 24 V Wang et al. 2012
Fe-Zr binary oxide 60.4a 7 0−25 0.2 25 24 V Li et al. 2012
ZrO2 55.0a 7 0−25 0.2 25 24 V Li et al. 2012
Hematite modified magnetic 

nanoparticles
36.7a 4.1 1−20 0.1 25 36 III Shan et al. 2014

Diatomite 35.2a 6 10−400 4 20 0.5 III Sarı et al. 2010
Calcined brucite 27.6c 4 13 0.5 24 III Current study
Calcined hydromagnesite 27.0c 4 13 0.5 24 III Current study
AQM PalPower M10 21.3c 4 13 0.5 24 III Current study
FeOOH 18.5a 7 0−25 0.2 25 24 V Li et al. 2012
Bentonite 0.56a 6 0.05−4 25 25 24 III Xi et al. 2011
Bentonite 0.50a 6 0.05−4 25 25 24 V Xi et al. 2011
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BRU and 7.5 h (68.4%, 17.8 mg  g−1) for the HYD. As for 
the M10, the maximum removal efficiencies of 85.3% (22.2 
mg  g−1) and 90.0% (23.4 mg  g−1) were obtained after 24 and 
49 h, respectively.

For the mine effluent (Fig. 9), the highest removal effi-
ciency was attained at 48 h; the removal efficiencies were 
86.5% (0.03 mg  g−1) and 77.6% (0.03 mg  g−1) for the BRU 
and M10, respectively. For the HYD, the highest removal 
efficiency of 17.6% (0.06 mg  g−1) was attained at 24 h, after 
which the removal efficiency decreased slightly.

Kinetic modelling

The pseudo-first-order, pseudo-second-order, and Elovich 
models were applied to the experimental data. The kinetic 
parameters, correlation coefficients, and RMSE values are 
presented in Table 6. The Elovich model was clearly the best 
fit model for the three adsorbents based on the R2 and RMSE 
values. The Elovich model fits the experimental results for 
the studied adsorbents, as shown in Fig. 10.

Weber–Morris intra‑particle diffusion model

The plot qt versus t1/2 for the Sb adsorption onto the BRU, 
HYD, and M10 is shown in Fig. 11. When a straight line passes 
through the origin, it can be assumed that the rate-limiting 
step in the mechanism is the intra-particle diffusion. As can be 
seen in Fig. 11, the adsorption of Sb onto the BRU, HYD, and 
M10 involved three steps, indicating that three mechanisms 
govern the adsorption. The first stage (from 0 min to 1 min) is 
the instantaneous or external surface adsorption, wherein Sb 
is diffused through the solution to the external surface of the 
adsorbent. The second stage is the gradual adsorption phase, 
wherein intra-particle diffusion (pore diffusion) is the rate-lim-
iting step. The third stage is the final equilibrium phase, where 
intra-particle diffusion starts to slow down due to the extremely 
low concentration of the remaining Sb in the solution (Dong 
et al. 2015; Salam and Mohamed 2013; Xiong et al. 2020).

Regeneration of spent adsorbents

Desorption experiments involving the Sb-loaded BRU, 
HYD, and M10 adsorbents were conducted using deionized 

Fig. 8  Effect of contact time on Sb removal from the model solution 
by the BRU, HYD, and M10. The Sb removal efficiencies (R%) are 
indicated by a solid line, and the adsorption capacities (q) are indi-
cated by a dashed line. Adsorbent dosage: 0.5 g  L−1,  C0: 13 mg  L−1, 
initial pH: 4, and T: 22−23 °C

Fig. 9  Effect of contact time on Sb removal from the mine effluent 
by the BRU, HYD, and M10. Adsorbent dosage: 5 g  L−1,  C0: 200 μg 
 L−1, initial pH: 7.18, and T: 22−23 °C

Table 6  Pseudo-first-order, pseudo-second-order, and Elovich model 
parameters for the Sb removal by the BRU, HYD, and M10

Experimental/
model

Constant [unit] BRU HYD M10

Experimental qm(exp) [mg  g−1] 27.7 18.1 23.4
Pseudo-first-

order
qe(cal) [mg  g−1] 17.125 14.125 17.198
k1  [min−1] 0.973 1.508 1.608
R2 0.488 0.825 0.727
RMSE 5.708 1.933 3.992

Pseudo-second-
order

qe(cal) [mg  g−1] 22.339 15.361 17.970
k2 [g  mg−1 

 min−1]
0.005 0.136 0.108

R2 0.717 0.858 0.761
RMSE 4.244 1.742 3.730

Elovich β [g  mg−1] 0.481 1.099 0.800
υ0 [mg  g−1 

 min−1]
90.806 165504.000 15463.803

R2 0.944 0.986 0.940
RMSE 1.888 0.537 1.871
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water, 1 M NaOH, and 1 M HCl. In the case of deionized 
water, Sb was not detected in the eluent (Table 7). This find-
ing suggested that the Sb-loaded BRU, HYD, and M10 are 
stable in water at neutral pH and that Sb is not released 

back into the water. When 1 M NaOH solution was used as 
desorption agent, the desorption efficiencies were 28.2%, 
39.5%, and 12.9% for the BRU, HYD, and M10, respec-
tively. High desorption efficiencies of approximately 98.6%, 
98.7%, and 88.7% for the BRU, HYD, and M10, respectively, 
were obtained in 1 M HCl solution. These high desorption 
efficiencies may have been facilitated by the formation of 
chloro-complexes (Schweitzer and Pesterfield 2010). These 
results suggested that the spent adsorbents can be regener-
ated for subsequent use, improving their cost effectiveness, 
and reducing the operational costs in their application in 
water treatments.

Column studies

The BRU was the most efficient adsorbent based on the 
results of the batch adsorption experiments. Thus, the BRU 
was selected for the column experiments in which mining 
wastewater (containing ~170 μg  L−1 Sb) was used. The flow 
rates of 1.50, 3.00, and 5.83 mL  min−1 were used to obtain 
the adsorption breakthrough curves (Fig. 12). At 1.50, 3.00, 
and 5.83 mL  min−1 flow rates, the breakthrough times were 
3.91, 1.71, and 8.17 min, respectively. The exhaustion time 
(~183 min) was reached only under the highest flow rate 
(5.83 mL  min−1). As for the two other flow rates (1.50 and 

Fig. 10  Pseudo-first-order, pseudo-second-order, and Elovich model 
plots. Adsorbent dosage: 0.5 g  L−1,  C0: 13 mg  L−1, initial pH: 4, and 
T: 22−23 °C

Fig. 11  Weber–Morris plots for intra-particle diffusion of the Sb removal on the a BRU, b HYD, and c M10. Adsorbent dosage: 0.5 g  L−1,  C0: 
13 mg  L−1, initial pH: 4, and T: 22−23 °C

Table 7  Sb desorption using deionized water, 1 M NaOH, and 1 M HCl

Adsorbent Adsorption Desorption

Deionized water 1 M NaOH 1 M HCl

Capacity
[mg  g−1]

Efficiency
[%]

Amount of 
Sb 
released
[mg  g−1]

Efficiency
[%]

Amount of 
Sb released
[mg  g−1]

Efficiency
[%]

Amount of 
Sb released
[mg  g−1]

Efficiency
[%]

BRU 2.84 71.0 0.06 2.1 0.80 28.2 2.80 98.6
HYD 3.04 76.0 0.10 3.3 1.20 39.5 3.00 98.7
M10 2.48 62.0 0.08 3.2 0.32 12.9 2.20 88.7
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3.00 mL  min−1), a plateau was achieved at 90 and 60 min, 
respectively. Because the exhaustion time was not achieved 
under these flow rates, the adsorption capacity for com-
parative purposes was calculated after the contact time of 
~300 min for each flow rate had elapsed. The cumulative 
amounts of adsorbed Sb were 0.274, 0.297, and 0.405 μg 
 g−1 when the flow rates were 1.50, 3.00, and 5.83 mL  min−1, 
respectively.

Mechanistic considerations

The adsorption mechanisms of LDHs have been scrutinized 
in many earlier studies, and thus we provide a brief summary 
of those in this section. LDHs are able to remove effectively 
anionic contaminants such as arsenic (Wang et al. 2018), 
phosphate (Keyikoglua et al. 2022), chromium (Tran et al. 
2019), and antimony (Ungureanu et al. 2015) from water 
based on the ion exchange of the interlayer anions e.g.  CO3

2- 
(interlayer ion exchange). In addition, the calcination treat-
ment of LDHs, which was conducted in the present study, 
enhances the removal efficiency of anionic contaminants by 
eliminating of water molecules from the interlayer space and 
also by affecting the interlayer space dimensions (Elhalil 
et al. 2018; Lee et al. 2018a). This mechanism is referred to 
as the “memory effect.” In addition, antimony removal can 
be based on surface adsorption, which can be physical or 
chemical. In the case of LDH materials, chemical adsorption 
is more common due to the presence of hydroxyl groups on 
the hydroxide layer on the surface of LDHs, which are able 
to interact with cationic species by hydrogen-bonding and 
the complexation effect (Dong et al. 2022).

Conclusions

Calcined brucite (BRU) and hydromagnesite (HYD) were 
studied for the Sb removal from synthetic solution and real 
wastewaters from mining and textile industries. The com-
mercial adsorbent AQM PalPower (M10) was used as refer-
ence material. The batch adsorption experiments showed 
that the BRU was more effective than the HYD and M10 
for Sb removal: their experimental maximum adsorption 
capacities in model solutions were 27.7, 27.0, and 21.3 mg 
 g-1, respectively. The isotherm study results indicated that 
the adsorption data correlated well with the Sips model in 
the case of the BRU and M10. For the HYD, the Langmuir, 
Sips, and RP were the best-fitting models. Moreover, the 
kinetics of the Sb adsorption onto the three adsorbents indi-
cated that ~50% of the adsorption occurred within 30 min 
followed by a slow evolution up to ~24 h when the equilib-
rium was reached. The kinetics could be described well with 
the Elovich model. Desorption studies showed that 1 M HCl 
can be used to desorb Sb into the waters.

Acknowledgements The authors would like to thank Aleksanteri 
Nikula, Minja Parviainen, Matti Kuukasjärvi, Juhani Väisänen, Jaakko 
Pulkkinen, and Tuomo Vähätiitto for their contribution in the labora-
tory experiments. Part of the work was carried out with the support of 
the Centre for Material Analysis, University of Oulu, Finland.

Author contribution Investigations (experiments, chemical analysis, 
and material characterization) were performed by Hanna Runtti, Tero 
Luukkonen, and Tao Hu. Formal analysis (application of different com-
putational models) was performed by Hanna Runtti, Sari Tuomikoski, 
and Teija Kangas. The first draft of the manuscript was written by 
Hanna Runtti and all authors commented on previous versions of the 
manuscript and approved the final manuscript. All authors contributed 
to the study conceptualization and methodology. Supervision was con-
ducted by Ulla Lassi and Teija Kangas.

Funding Open Access funding provided by University of Oulu includ-
ing Oulu University Hospital. This study was supported financially by 
WaterPro (ERDF Project No. A74635, funded by the Central Ostro-
bothnia Regional Council, the European Union, the European Regional 
Development Fund, and the Leverage from the EU), as well as by 
Maa- ja vesitekniikan tuki ry. and The Academy of Finland (Grant No. 
315103 and No. 326291).

Data availability All processed data supporting the findings of this 
study is included in this manuscript.

Declarations 

Ethics approval Authors declare that the ethical guidelines of the Com-
mittee on Publication Ethics (COPE) have been followed in this study. 
The research presented in this study did not involve human participants 
and/or animals.

Consent to participate Not applicable.

Consent for publication Not applicable.

Fig. 12  Experimental breakthrough curves for the adsorption of Sb 
from the mine effluent onto the BRU at three different flow rates. 
Adsorbent dosage: 100 g,  C0: 160−190 μg  L−1, initial pH: 7.18, and 
T: 22−23 °C

14151Environmental Science and Pollution Research (2023) 30:14139–14154



1 3

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Ardau C, Frau F, Lattanzi P (2016) Antimony removal from aqueous 
solutions by the use of Zn-Al sulphate layered double hydrox-
ide. Water Air Soil Pollut 227:344. https:// doi. org/ 10. 1007/ 
s11270- 016- 3048-z

Baliarsingh N, Parida KM, Pradhan GC (2013) Influence of the nature 
and concentration of precursor metal ions in the brucite layer of 
LDHs for phosphate adsorption – a review. RSC Adv 3:23865. 
https:// doi. org/ 10. 1039/ c3ra4 2857e

Bessaies H, Iftekhar S, Doshi B, Kheriji J, Ncibi MC, Srivastava V, 
Sillanpaa M, Hamrouni B (2020) Synthesis of novel adsorbent 
by intercalation of biopolymer in LDH for the removal of arse-
nic from synthetic and natural water. J Environ Sci 91:246–261. 
https:// doi. org/ 10. 1016/j. jes. 2020. 01. 028

Cheng M, Fang Y, Li H, Yang Z (2022) Review of recently used 
adsorbents for antimony removal from contaminated water. 
Environ Sci Pollut Res 29:26021–26044. https:// doi. org/ 10. 1007/ 
s11356- 022- 18653-w

Chowdhury AH, Ghosh S, Islam SM (2018) Flower-like AgNPs@m-
MgO as an excellent catalyst for  CO2 fixation and acylation reac-
tions under ambient conditions. New J Chem 42:14194. https:// 
doi. org/ 10. 1039/ c8nj0 2286k

Djuvfelt D (2014) Removal of antimony from reclaim water at Boliden 
Tara Mines. Available from http:// www. diva- portal. org/ smash/ get/ 
diva2: 729158/ FULLT EXT01. pdf (accessed 22.6.2021).

Dong S, Dou X, Mohan D, Pittman CU, Luo J (2015) Synthesis of 
graphene oxide/schwertmannite nanocomposites and their appli-
cation in Sb(V) adsorption from water. Chem Eng J 270:205–214. 
https:// doi. org/ 10. 1016/j. cej. 2015. 01. 071

Dong Y, Kong X, Luo X, Wang H (2022) Adsorptive removal of heavy 
metal anions from water by layered double hydroxide: a review. 
Chemosphere 303:134685. https:// doi. org/ 10. 1016/j. chemo sphere. 
2022. 134685

Dubinin MM, Radushkevich LV (1947) The equation of the character-
istic curve of the activated charcoal. Proc Acad Sci USSR Phys 
Chem 55:331–337

Elhalil A, Farnane M, Machrouhi A, Mahjoubi FZ, Elmoubarki R, 
Tounsadi H, Abdennouri M, Barka N (2018) Effects of molar 
ratio and calcination temperature on the adsorption performance 
of Zn/Al layered double hydroxide nanoparticles in the removal of 
pharmaceutical pollutants. J Sci Adv Mat Dev 3:188–195. https:// 
doi. org/ 10. 1016/j. jsamd. 2018. 03. 005

Enders R, Jekel M (1994a) Removal of antimony(V) and antimony(III) 
from aqueous solutions. Part I: Co-precipitation and adsorption in 
flocculation with ferric salts. GWF Wasser-Abwasser 11:632–641

Enders R, Jekel M (1994b) Removal of antimony(V) and antimony(III) 
from aqueous solutions. Part II: Sulfide precipitation 

followed by flocculation with ferric salt. GWF Wasser-Abwasser 
135(12):690–695

European Commission (2020) Study on the EU’s list of Critical Raw 
Materials. Factsheets on Critical Raw Materials

European Council (1998) Directive 98/83/EC of the European Coun-
cil on the quality of water intended for human consumption

Fan HT, Sun W, Jiang B, Wang QJ, Li DW, Huang CC, Wang KJ, 
Zhang ZG, Li WX (2016) Adsorption of antimony(III) from 
aqueous solution by mercapto-functionalized silica-supported 
organic–inorganic hybrid sorbent: mechanism insights. Chem 
Eng J 286:128–138. https:// doi. org/ 10. 1016/j. cej. 2015. 10. 048

Filella M, Belzile N, Chen YW (2002) Antimony in the environment: 
a review focused on natural waters I. Occurrence. Earth Sci Rev 
57:125–176. https:// doi. org/ 10. 1016/ S0012- 8252(01) 00070-8

Flaková R, Ženišová Z, Krčmár D, Ondrejková I, Sracek O (2017) 
Occurrence of antimony and arsenic at mining sites in Slovakia: 
Implications for their mobility. Carpath J Earth Env 12:41–48

Focke WW, Molefe D, Labusschagne FJW, Ramjee S (2014) The 
influence of stearic acid coating on the properties of magnesium 
hydroxide, hydromagnesite and hydrotalcite powders. J Mater 
Sci 44:6100–6109. https:// doi. org/ 10. 1007/ s10853- 009- 3844-6

Freundlich HMF (1906) Over the adsorption in solution. J Phys 
Chem 57:385–471

Gaur N, Kukreja A, Yadav M, Tiwari A (2018) Adsorptive removal 
of lead and arsenic from aqueous solution using soya bean 
as a novel biosorbent: equilibrium isotherm and thermal sta-
bility studies. Appl Water Sci 8:98. https:// doi. org/ 10. 1007/ 
s13201- 018- 0743-5

Ge Y, Cui X, Kong Y, Li Z, He Y, Zhou Q (2015) Porous geopolymeric 
spheres for removal of Cu(II) from aqueous solution: synthesis 
and evaluation. J Hazard Mater 283:244–251. https:// doi. org/ 10. 
1016/j. jhazm at. 2014. 09. 038

Ghasemi M, Naushad M, Ghasemi N, Khosravi-fard Y (2014) Adsorp-
tion of Pb(II) from aqueous solution using new adsorbents pre-
pared from agricultural waste: adsorption isotherm and kinetic 
studies. J Ind Eng Chem 20:2193–2199. https:// doi. org/ 10. 1016/j. 
jiec. 2013. 09. 050

Gogoi H, Leiviskä T, Heiderscheidt E, Postila H, Tanskanen J (2018) 
Removal of metals from industrial wastewater and urban runoff by 
mineral and bio-based sorbents. J Environ Manag 209:316–327. 
https:// doi. org/ 10. 1016/j. jenvm an. 2017. 12. 019

Graham D (1953) The characterization of physical adsorption systems. 
I. The equilibrium function and standard free energy of adsorp-
tion. J Phys Chem 57:665–669

Guo X, Wu Z, He M (2009) Removal of antimony(V) and antimony(III) 
from drinking water by coagulation-flocculation-sedimentation 
(CFS). Water Res 43:4327–4335. https:// doi. org/ 10. 1016/j. watres. 
2009. 06. 033

Ho YS, McKay G (1999) Pseudo-second-order model for sorption 
processes. Process Biochem 34:451–465. https:// doi. org/ 10. 1016/ 
S0032- 9592(98) 00112-5

International Agency for Research on Cancer (IARC) (1989) Some 
organic solvents, resin monomers and related compounds, pig-
ments and occupational exposures in paint manufacture and paint-
ing. IARC Monographs on the Evaluation of Carcinogenic Risks 
to Humans, Lyon, France

Kameda T, Yagihashi N, Park K, Grause G, Yoshioka T (2009) Prepa-
ration of Fe-AI layered double hydroxide and its application in Sb 
removal. Fresenius Environ Bull 18:1006–1010

Kameda T, Nakamura M, Yoshioka T (2012) Removal of antimonate 
ions from aqueous solution using copper-aluminum layered dou-
ble hydroxide. Fresenius Environ Bull 21:1323–1328

Kameda T, Kondo E, Yoshioka T (2015) Equilibrium and kinetics stud-
ies on As(V) and Sb(V) removal by  Fe2+-doped Mg–Al layered 
double hydroxides. J Environ Manag 151:303–309. https:// doi. 
org/ 10. 1016/j. jenvm an. 2014. 12. 050

14152 Environmental Science and Pollution Research (2023) 30:14139–14154

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11270-016-3048-z
https://doi.org/10.1007/s11270-016-3048-z
https://doi.org/10.1039/c3ra42857e
https://doi.org/10.1016/j.jes.2020.01.028
https://doi.org/10.1007/s11356-022-18653-w
https://doi.org/10.1007/s11356-022-18653-w
https://doi.org/10.1039/c8nj02286k
https://doi.org/10.1039/c8nj02286k
http://www.diva-portal.org/smash/get/diva2:729158/FULLTEXT01.pdf
http://www.diva-portal.org/smash/get/diva2:729158/FULLTEXT01.pdf
https://doi.org/10.1016/j.cej.2015.01.071
https://doi.org/10.1016/j.chemosphere.2022.134685
https://doi.org/10.1016/j.chemosphere.2022.134685
https://doi.org/10.1016/j.jsamd.2018.03.005
https://doi.org/10.1016/j.jsamd.2018.03.005
https://doi.org/10.1016/j.cej.2015.10.048
https://doi.org/10.1016/S0012-8252(01)00070-8
https://doi.org/10.1007/s10853-009-3844-6
https://doi.org/10.1007/s13201-018-0743-5
https://doi.org/10.1007/s13201-018-0743-5
https://doi.org/10.1016/j.jhazmat.2014.09.038
https://doi.org/10.1016/j.jhazmat.2014.09.038
https://doi.org/10.1016/j.jiec.2013.09.050
https://doi.org/10.1016/j.jiec.2013.09.050
https://doi.org/10.1016/j.jenvman.2017.12.019
https://doi.org/10.1016/j.watres.2009.06.033
https://doi.org/10.1016/j.watres.2009.06.033
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1016/j.jenvman.2014.12.050
https://doi.org/10.1016/j.jenvman.2014.12.050


1 3

Kang M, Kawasaki M, Tamada S, Kamei T, Magara Y (2000) Effect 
of pH on the removal of arsenic and antimony using reverse 
osmosis membranes. Desalination 131:293–298. https:// doi. org/ 
10. 1016/ S0011- 9164(00) 90027-4

Keyikoglua R, Khataee A, Yoond Y (2022) Layered double hydrox-
ides for removing and recovering phosphate: recent advances 
and future directions. Adv Colloid Interf Sci 300:102598. 
https:// doi. org/ 10. 1016/j. cis. 2021. 102598

Lagergren S (1898) About the theory of so-called adsorption of solu-
ble substances. K Sven Vetenskapsakad Handl 24:1–39

Langmuir I (1918) The adsorption of gases on plane surfaces of 
glass, mica and platinum. J Am Chem Soc 40:1361–1403

Lee S-H, Tanaka M, Takahashi Y, Kim K-W (2018a) Enhanced 
adsorption of arsenate and antimonate by calcined Mg/Al lay-
ered double hydroxide: investigation of comparative adsorption 
mechanism by surface characterization. Chemosphere 211:903–
911. https:// doi. org/ 10. 1016/j. chemo sphere. 2018. 07. 153

Lee S, Choi H, Kim K (2018b) Removal of As(V) and Sb(V) in water 
using magnetic nanoparticle-supported layered double hydrox-
ide nanocomposites. J Geochem Explor 184:247–254. https:// 
doi. org/ 10. 1016/j. gexplo. 2016. 11. 015

Lechat K, Lemieux J, Molson J, Beaudoin G, Hébert R (2016) Field 
evidence of  CO2 sequestration by mineral carbonation in ultra-
mafic milling wastes, Thetford Mines, Canada. Int J Greenh Gas 
Con 47:110–121. https:// doi. org/ 10. 1016/j. ijggc. 2016. 01. 036

Li X, Dou X, Li J (2012) Antimony(V) removal from water by iron-
zirconium bimetal oxide: Performance and mechanism. J Envi-
ron Sci 24:1197–1203. https:// doi. org/ 10. 1016/ S1001- 0742(11) 
60932-7

Lu H, Zhu Z, Zhang H, Zhu J, Qiu Y (2015) Simultaneous removal of 
arsenate and antimonate in simulated and practical water samples 
by adsorption onto Zn/Fe layered double hydroxide. Chem Eng J 
276:365–375. https:// doi. org/ 10. 1016/j. cej. 2015. 04. 095

Multani RS, Feldmann T, Demopoulos GP (2017) Removal of anti-
mony from concentrated solutions with focus on tripuhyite 
 (FeSbO4) synthesis, characterization and stability. Hydrometal-
lurgy 169:263–274. https:// doi. org/ 10. 1016/j. hydro met. 2017. 02. 
004

Nishad PA, Bhaskarapillai A, Velmurugan S (2014) Nano-titania-
crosslinked chitosan composite as a superior sorbent for antimony 
(III) and (V). Carbohydr Polym 108:169–175. https:// doi. org/ 10. 
1016/j. carbp ol. 2014. 02. 091

Parker CL, McKeon K, Livshits E (1979) Antimony removal technol-
ogy for mining industry wastewaters. Report No. EPA600/7-79-
129, U.S. Environmental Protection Agency

Postila H, Heiderscheidt E, Leiviskä T (2019) Removal of metals from 
mine drainage waters by in situ mineral sorbent-based pilot filter 
systems. J Environ Manag 236:631–638. https:// doi. org/ 10. 1016/j. 
jenvm an. 2019. 01. 115

Redlich O, Peterson DL (1959) A useful adsorption isotherm. J Phys 
Chem 63:1024–1024

Salam MA, Mohamed RM (2013) Removal of antimony (III) by multi-
walled carbon nanotubes from model solution and environmental 
samples. Chem Eng Res Des 91:1352–1360. https:// doi. org/ 10. 
1016/j. cherd. 2013. 02. 007

Sarı A, Çıtak D, Tuzen M (2010) Equilibrium, thermodynamic and 
kinetic studies on adsorption of Sb(III) from aqueous solution 
using low-cost natural diatomite. Chem Eng J 162:521–527. 
https:// doi. org/ 10. 1016/j. cej. 2010. 05. 054

Schweitzer GK, Pesterfield LL (2010) The aqueous chemistry of the 
elements. Oxford University Press, New York

Shan C, Ma Z, Tong M (2014) Efficient removal of trace antimony(III) 
through adsorption by hematite modified magnetic nanoparticles. 
J Hazard Mater 268:229–236. https:// doi. org/ 10. 1016/j. jhazm at. 
2014. 01. 020

Sips R (1948) On the structure of a catalyst surface. J Chem Phys 
16:490–495

Sun W, Xiao E, Kalin M, Krumins V, Dong Y, Ning Z, Liu T, Sun M, 
Zhao Y, Wu S, Mao J, Xiao T (2016) Remediation of antimony-
rich mine waters: assessment of antimony removal and shifts in the 
microbial community of an onsite field-scale bioreactor. Environ 
Pollut 215:213–222. https:// doi. org/ 10. 1016/j. envpol. 2016. 05. 008

Temkin MJ, Pyzhev V (1940) Recent modifications to Langmuir iso-
therms. Acta Physicochim URSS 12:217–222

Thangaraj V, Bhaskarapillai A, Velmurugan S (2020) Synthesis of a 
crosslinked poly(ionic liquid) and evaluation of its antimony bind-
ing properties. J Hazard Mater 384:121481. https:// doi. org/ 10. 
1016/j. jhazm at. 2019. 121481

Tran HN, Nguyen DT, Le GT, Tomul F, Lima EC, Woo SH, Sar-
mah AK, Nguyen HQ, Nguyen PT, Nguyen DD, Nguyen TV, 
Vigneswaran S, Vo D-VN, Chao H-P (2019) Adsorption mecha-
nism of hexavalent chromium onto layered double hydroxides-
based adsorbents: a systematic in-depth review. J Hazard Mater 
373:258–270. https:// doi. org/ 10. 1016/j. jhazm at. 2019. 03. 018

Ungureanu G, Santos S, Boaventura R, Botelho C (2015) Review, Arse-
nic and antimony in water and wastewater: overview of removal 
techniques with special reference to latest advances in adsorption. 
J Environ Manag 151:326–342. https:// doi. org/ 10. 1016/j. jenvm 
an. 2014. 12. 051

United States Environmental Protection Agency (EPA), (2009) 
National primary drinking water regulations. Available https:// 
www. epa. gov/ sites/ produ ction/ files/ 2016- 06/ docum ents/ npwdr_ 
compl ete_ table. pdf (accessed 22.6.2021)

Wang X, He M, Lin C, Gao Y, Zheng L (2012) Antimony(III) oxidation 
and antimony(V) adsorption reactions on synthetic manganite. 
Geochem 72:41–47. https:// doi. org/ 10. 1016/j. chemer. 2012. 02. 002

Wang J, Zhang T, Li M, Yang Y, Lu P, Ning P, Wang Q (2018) Arsenic 
removal from water/wastewater using layered double hydroxide 
derived adsorbents, a critical review. RSC Adv 8:22694. https:// 
doi. org/ 10. 1039/ c8ra0 3647k

Weber WJ Jr, Morris JC (1963) Kinetics of adsorption of carbon from 
solution. J Sanit Eng Div Am Soc Civ Eng 89:31–60

World Health Organization (2003) Antimony in drinking-water: 
background document for development of WHO guidelines for 
drinking-water quality

World Health Organization (2011) World Health Organization guide-
lines for drinking-water quality, 4th ed

Wu F, Sun F, Wu S, Yan Y, Xing B (2012) Removal of antimony(III) 
from aqueous solution by freshwater cyanobacteria Microcystis 
biomass. Chem Eng J 183:172–179. https:// doi. org/ 10. 1016/j. cej. 
2011. 12. 050

Xi JH, He MC, Lin CY (2011) Adsorption of antimony(III) and 
antimony(V) on bentonite: Kinetics, thermodynamics and anion 
competition. Microchem J 97:85–91. https:// doi. org/ 10. 1016/j. 
microc. 2010. 05. 017

Xie LX, Zhong Y, Chen YY, Zhou GY, Yang C (2022) Effective 
adsorption of antimony (V) from contaminated water by a novel 
composite manganese oxide/oxyhydroxide as an adsorbent. Water 
Sci Technol 85(9):2463–2478. https:// doi. org/ 10. 2166/ wst. 2022. 
128

Xiong N, Wan P, Zhu G, Xie F, Xu S, Zhu C, Hursthouse AS (2020) 
Sb(III) removal from aqueous solution by a novel nano-modified 
chitosan (NMCS). Sep Purif Technol 236:116266

Xu W, Wang H, Liu R, Zhao X, Qu J (2011) The mechanism of 
antimony(III) removal and its reactions on the surfaces of Fe–Mn 
binary oxide. J Colloid Interface Sci 363:320–326. https:// doi. org/ 
10. 1016/j. jcis. 2011. 07. 026

Yan L, Chan T, Jing C (2022) Mechanistic study for antimony adsorp-
tion and precipitation on hematite facets. Environ Sci Technol 
56:3138–3146. https:// doi. org/ 10. 1021/ acs. est. 1c078 01

14153Environmental Science and Pollution Research (2023) 30:14139–14154

https://doi.org/10.1016/S0011-9164(00)90027-4
https://doi.org/10.1016/S0011-9164(00)90027-4
https://doi.org/10.1016/j.cis.2021.102598
https://doi.org/10.1016/j.chemosphere.2018.07.153
https://doi.org/10.1016/j.gexplo.2016.11.015
https://doi.org/10.1016/j.gexplo.2016.11.015
https://doi.org/10.1016/j.ijggc.2016.01.036
https://doi.org/10.1016/S1001-0742(11)60932-7
https://doi.org/10.1016/S1001-0742(11)60932-7
https://doi.org/10.1016/j.cej.2015.04.095
https://doi.org/10.1016/j.hydromet.2017.02.004
https://doi.org/10.1016/j.hydromet.2017.02.004
https://doi.org/10.1016/j.carbpol.2014.02.091
https://doi.org/10.1016/j.carbpol.2014.02.091
https://doi.org/10.1016/j.jenvman.2019.01.115
https://doi.org/10.1016/j.jenvman.2019.01.115
https://doi.org/10.1016/j.cherd.2013.02.007
https://doi.org/10.1016/j.cherd.2013.02.007
https://doi.org/10.1016/j.cej.2010.05.054
https://doi.org/10.1016/j.jhazmat.2014.01.020
https://doi.org/10.1016/j.jhazmat.2014.01.020
https://doi.org/10.1016/j.envpol.2016.05.008
https://doi.org/10.1016/j.jhazmat.2019.121481
https://doi.org/10.1016/j.jhazmat.2019.121481
https://doi.org/10.1016/j.jhazmat.2019.03.018
https://doi.org/10.1016/j.jenvman.2014.12.051
https://doi.org/10.1016/j.jenvman.2014.12.051
https://www.epa.gov/sites/production/files/2016-06/documents/npwdr_complete_table.pdf
https://www.epa.gov/sites/production/files/2016-06/documents/npwdr_complete_table.pdf
https://www.epa.gov/sites/production/files/2016-06/documents/npwdr_complete_table.pdf
https://doi.org/10.1016/j.chemer.2012.02.002
https://doi.org/10.1039/c8ra03647k
https://doi.org/10.1039/c8ra03647k
https://doi.org/10.1016/j.cej.2011.12.050
https://doi.org/10.1016/j.cej.2011.12.050
https://doi.org/10.1016/j.microc.2010.05.017
https://doi.org/10.1016/j.microc.2010.05.017
https://doi.org/10.2166/wst.2022.128
https://doi.org/10.2166/wst.2022.128
https://doi.org/10.1016/j.jcis.2011.07.026
https://doi.org/10.1016/j.jcis.2011.07.026
https://doi.org/10.1021/acs.est.1c07801


1 3

Zeldowitsch J (1934) Über den mechanismus der katalytischen oxyda-
tion von CO an  MnO2 [About the mechanism of catalytic oxida-
tion of CO over  MnO2]. Acta Physicochim URSS 1:364–449

Zhang G, Ouyang X, Li H, Fu Z, Chen J (2016) Bioremoval of anti-
mony from contaminated waters by a mixed batch culture of sul-
fate-reducing bacteria. Int Biodeterior Biodegradation 115:148–
155. https:// doi. org/ 10. 1016/j. ibiod. 2016. 08. 007

Zhang C, Jiang H, Deng Y, Wang A (2019) Adsorption performance 
of antimony by modified iron powder. RSC Adv 9:31645–31653

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

14154 Environmental Science and Pollution Research (2023) 30:14139–14154

https://doi.org/10.1016/j.ibiod.2016.08.007

	Removal of antimony from model solutions, mine effluent, and textile industry wastewater with Mg-rich mineral adsorbents
	Abstract
	Introduction
	Materials and methods
	Materials
	Characterization methods
	Batch adsorption experiments
	Adsorption isotherms
	Kinetics of adsorption
	Intra-particle diffusion model

	Desorption experiments
	Column experiments

	Results and discussion
	Characterization of the adsorbents
	Effect of initial pH
	Effect of adsorbent dosage
	Effect of Sb concentration
	Adsorption isotherms
	Effect of contact time
	Kinetic modelling
	Weber–Morris intra-particle diffusion model
	Regeneration of spent adsorbents
	Column studies
	Mechanistic considerations

	Conclusions
	Acknowledgements 
	References


