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A B S T R A C T   

This work investigated Sb adsorption–desorption using iron-coated cork granulates (ICG) in both batch and 
continuous modes to evaluate the materialś adsorption and regeneration performance, as well as the possibility 
of antimony recovery. A fixed-bed column filled with ICG, demonstrated maximum adsorption capacities of 13 
± 2 mg g− 1 and 10 ± 1 mg g− 1 for Sb(III) and Sb(V), respectively, at pH 3. ICG was able to remove Sb within the 
WHO guideline of 20 μg/L at pH 6. Among the different classes of eluents tested for Sb(V) desorption, the acids 
achieved the highest desorption rates − 81 ± 9 % and 66 ± 8 % for HCl 1 M and ascorbic acid 0.1 M, respec
tively. The desorption kinetics showed that HCl 1 M reached equilibrium in 4 h, but ascorbic acid 0.1 M took 16 
h. This work presents an ecological emerging solution for antimony removal and recovery from water and 
wastewater.   

List of acronyms.  

AD Adsorption 
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EDS Electron dispersive X-ray spectroscopy 
FAAS Flame atomic absorption spectrometry 
FR Flow rate 
GFAAS Graphite furnace atomic absorption spectrometry 
ICG Iron-coated cork granulates 
MTZ Mass transfer zone 
PET Polyethylene terephthalate 
SE Standard error 
SEM Scanning electron microscopy 
SDG Sustainable Development Goals 
S/L solid/liquid ratio 
WHO World Health Organization 
List of symbols 
a initial rate of adsorption/desorption (mg g− 1 h− 1) 
aYa Yan model empirical parameter 

(continued on next column)  

(continued ) 

b coverage scale factor that corresponds to the reciprocal of the coverage at 
which the adsorption/desorption rate has fallen to 1/e of its initial value 
(g mg− 1) 

BVb bed volume at breakthrough (L) 
BVs bed volume at saturation (L) 
C concentration of adsorbate (mg/L) 
Cf final concentration of the adsorbate (mg L-1) 
Ci initial concentration of the adsorbate (mg L-1) 
k1 pseudo-first-order kinetic constant (h− 1) 
k2 pseudo-second-order kinetic constant (g mg− 1 h− 1) 
KF Freundlich constant (mg(1− 1/n) L1/n g− 1) 
KL Langmuir constant (L mg− 1) 
m mass of adsorbent (g) 
MTZ mass transfer zone length (cm) 
n dimensionless parameter related to adsorbent-adsorbate affinity 
qad adsorption capacity (mg g− 1) 
qb adsorption capacity at breakthrough (mg g− 1) 
qd desorption capacity (mg g− 1) 
qe adsorbed/desorbed amount at equilibrium (mg g− 1) 
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(continued ) 

qmax maximum adsorption capacity (mg g− 1) 
qs adsorption capacity at the saturation point (mg g− 1) 
qt adsorbed/desorbed amount at time t (mg g− 1) 
qYa Yan model predicted adsorption capacity (mg g− 1) 
Q flow rate (mL min− 1) 
r2 coefficient of determination 
t time (h) 
tb breakthrough time (h) 
ts saturation time (h) 
T temperature (◦C) 
V solution volume (L) 
Vb breakthrough volume (L) 
Vs saturation volume (L) 
yb arsenic removal efficiency at breakthrough (%) 
ys arsenic removal efficiency at saturation (%)   

1. Introduction 

Antimony is a hazardous pollutant and toxic for humans which can 
enter the body through oral, skin, and inhalation forms (Nishad and 
Bhaskarapillai, 2021). In surface and groundwaters, antimony (Sb) 
usually exists in two oxidative states, as the inorganic oxyanions, Sb(III) 
and Sb(V) (Zhang et al., 2022b). The less oxidized form is ten times more 
harmful than the more oxidized form (Qi et al., 2021). 

There are various sources of contamination of water bodies by 
antimony, from natural erosion of antimony ores or minerals to 
anthropogenic sources, such as industrial and mining activities. A recent 
concern is related to the leaching of antimony from PET plastics (Nishad 
and Bhaskarapillai, 2021). The industrial application of antimony is 
wide, for example, in the production of semiconductors, infrared de
tectors, acid batteries, ceramics, glasses, plastics, and flame retardants 
(Dembele et al., 2022; Zhang et al., 2021b). 

Sb levels in drinking water may not exceed 20 µg/L per liter, as 
guidelines from the World Health Organization suggest (WHO, 2022). 
More restricted limits were established by the European Union (EU) of 
10 μg L-1 (European Union, 2020), the United States (USA) and Canada 
of 6 μg L-1 (Canada, 1999; EPA, 2002), and China of 5 μg L-1 ((MOH), 
2006). Currently, the presence of antimony in the aquatic systems of 
countries like China, the USA, Mexico, Australia, Spain, Slovakia and 
New Zealand is a serious problem (Herath et al., 2017). High levels of 
antimony were also reported in other countries in the water close to 
abandoned mining areas: 15,000 μg L-1 in Italy (Cidu et al., 2013), 2,500 
μg L-1 in Poland (Lewińska et al., 2018), 2,138 μg L-1 in Portugal (Car
valho et al., 2014), 750 μg L-1 in Ghana (Serfor-Armah et al., 2006), and 
271.6 μg L-1 in Turkey (Kurt et al., 2021). In wastewaters, the concen
trations of Sb are much higher than in drinking water, and the legal limit 
varies by industry and country (Gan et al., 2023), 

Antimony’s removal from water and wastewater can be achieved by 
different techniques or even a combination of them, based on the ele
mentś concentration in solution and on the quality requirements for the 
treated water, such as coagulation-flocculation-sedimentation, mem
brane separation technologies, electrocoagulation, phytoremediation, 
adsorption (AD), and ion exchange (Nishad and Bhaskarapillai, 2021; 
Ungureanu et al., 2015). Among these, ion exchange and adsorption are 
considered more suitable for industrial applications (Nishad et al., 2017; 
Zhang et al., 2021a). Adsorption is a well-known technology used to 
remove contaminants from water. Recent innovations have improved it 
towards reducing costs and increasing efficiency (Bortone et al., 2021; 
Chen et al., 2022; R et al., 2022). 

Various adsorbents were demonstrated to be capable of removing 
antimony from water under legal limits; however, their production costs 
on a large scale can be a hindrance to their commercial application 
(Cheng et al., 2022). Hence, it is important to develop adsorbents using 
abundant and low-cost materials, even if their performance may be 
slightly lower (Bacelo et al., 2022; Ungureanu et al., 2015). Still, only a 

few studies have reported antimony uptake by naturally derived mate
rials, such as pine bark tannin resin (Bacelo et al., 2022; Bacelo et al., 
2018), marine algae (Ungureanu et al., 2015; Ungureanu et al., 2017), 
Mn-coated biochar (Jia et al., 2020), plant waste (Iqbal et al., 2013), 
metal-loaded orange waste (Biswas et al., 2009), and iron-treated fungi 
aerobic granules (Wan et al., 2014). However, certain inexpensive ad
sorbents indicated are not sufficiently stable to be used in “clean” ap
plications, while others have inadequate particle size or mechanical 
characteristics, which can lead to clogging issues in packed beds (Bacelo 
et al., 2018). 

Iron-coated cork granulates (ICG) were investigated for pnictogen 
adsorption, and good uptake capacities for antimony, arsenic, and 
phosphorus were found (Carneiro et al., 2022b; Pintor et al., 2021; 
Pintor et al., 2020a; Pintor et al., 2020b; Pintor et al., 2018). Antimony 
adsorption onto ICG has so far only been studied in batch mode. How
ever, data from continuous operation are more reliable for scaling up 
adsorption processes applied to industrial effluents (Thirunavukkarasu 
et al., 2021). Previous research on the regenerability of arsenic-loaded 
iron-coated cork granulates (Carneiro et al., 2022a) revealed that the 
adsorbent was stable and suitable for adsorption in fixed-bed columns. 

Given the commercial value of antimony and its projected scarcity 
(Cole-Hamilton, 2020), it is worthwhile to investigate its recovery after 
removal from water (Bacelo et al., 2022). Furthermore, the regeneration 
of biosorbents via desorption is one of the most often proposed strategies 
for valorizing exhausted biosorbents saturated with metals and metal
loids (Bădescu et al., 2018). Hence, it is important to undertake a study 
on regeneration to gain a deeper insight into how biosorbents recycle 
and to contribute towards minimizing the need for raw materials, en
ergy, time, and reagents spent in the process (Adegoke et al., 2022). 
Studies on the valorization of wastewater are an important strategy for a 
more responsible and sustainable future. 

This work investigated antimony adsorption in aqueous solution by 
ICG, an activated biosorbent, and the subsequent desorption in batch 
and continuous modes aiming at both drinking water treatment and 
wastewater treatment, and resource recovery. The outcome of this 
research contributes to the “2030 Agenda for Sustainable Development”, 
mainly regarding the Sustainable Development Goal (SDG) 6 of “Clean 
Water and Sanitation” and 12 of “Responsible Consumption and Pro
duction” (UN, 2016). 

2. Materials and methods 

2.1. Materials 

Stock solutions of Sb(III) were produced by diluting antimony tri
chloride (SbCl3) (ACS reagent, Acrós Organics) in 0.1 % (v/v) HCl. Stock 
solutions of Sb(V) were produced by diluting potassium hexahydrox
oantimonate (KSb(OH)6) (Aldrich) in distilled water. A distilled water 
dilution of the stock solutions was performed to achieve the desired 
working concentration. 

Iron-coated cork granulates (ICG) were manufactured according to 
the methodology optimized by the research group, as described by 
Pintor et. al. (2018). In brief, cork granulates were put in contact with a 
FeCl3 0.05 M solution of pH 7.0, at 20 g/L, in a rotating shaker at 20 rpm, 
for 24 h, at room temperature. Following the coating time, the granu
lates were washed with distilled water until the iron excess was removed 
and put to dry for 24 h. 

The desorption eluents were prepared by diluting the following 
chemicals in distilled water: sodium hydroxide (NaOH) pearls 99.14 % 
(Labsolve), sodium carbonate anhydrous Na2CO3 99.5 % (Merck), 
disodium ethylenediaminetetraacetate (EDTA) > 98.5 % (May & Baker), 
nitric acid (HNO3) 68 % (VWR), HCl 37 % (VWR), citric acid 
(99.5–102.0)% (Panreac), ascorbic acid (99.0–100.5 %) (VWR), tartaric 
acid ≥ 99.5 % (Merck), and NaCl ≥ 99.5 % (Merck). All reagents were of 
analytical grade. 
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2.2. Analytical methods 

2.2.1. Antimony 
The concentration of Sb(III) / Sb(V) was determined by measuring 

total antimony by flame atomic absorption spectrometry (FAAS) (GBC 
932 Plus) between 2–50 mg L− 1 and graphite furnace atomic absorption 
spectrometry (GFAAS) (GBC GF 3000, SenAA Dual) between 20–100 μg 
L− 1. The operating conditions for both spectrometers were 8 mA lamp 
current, 217.6 nm wavelength and 0.2 nm slit width. In GFAAS, a Ni 
solution of 50 mg L− 1 (prepared from a commercial standard) was used 
as a chemical matrix modifier. 

2.2.2. Iron 
Iron concentrations were determined by measuring total iron con

centration by FAAS (GBC 932 Plus) in the range of 0.25–5 mg L− 1 under 
an air-acetylene flame, a slit width of 0.2 nm, at 8 mA lamp current and a 
wavelength of 248.3 nm. 

2.3. Adsorption in continuous mode 

The lab-scale system employed for the adsorption of Sb(V) and Sb 
(III) onto iron-coated cork granules in continuous mode consisted of 
various components. These included a glass column (Chromaflex®) 
(diameter = 2.5 cm and length = 15 cm), an influent reservoir with a 
capacity of 50 L, an effluent reservoir with a capacity of 30 L, a peri
staltic pump (Hei-FLOW Advantage 01, Heidolph), a thermostatic bath 
(DIGIT-COOL, J.P. SELECTA), and an automatic sample collector (GIL
SON, FC-203B). A representation of the lab-scale adsorption system is 
shown in Fig. S1. 

The fixed-bed column was operated in a downward flow due to the 
adsorbent’s low density. ICG were hydrated in distilled water and vac
uumed before each experiment to minimize the air trapped in the pores. 
Next, the adsorbent was added to the column, which was then operated 
for two hours with distilled water under the same operational conditions 
previously optimized for arsenic removal (Carneiro et al., 2022b): 5 mL 
min− 1 of flow rate (FR), 12 cm of bed height (6 g of ICG), and 20.0 ±
0.3 ◦C of temperature. The experimental breakthrough parameters were 
calculated using the equations mentioned in a previous article with a 
similar setup (Carneiro et al., 2022b). 

The Yan model (Yan et al., 2001) (Eq. S.5) was fitted to the experi
mental results and the theoretical parameters were obtained. 

2.4. Adsorption on a batch operation mode 

Batch adsorption of antimony was carried out using a mixing rotator 
(SB3, Stuart) operating at 20 rpm within a thermostatic cabinet oper
ating at 20.0 ± 0.5 ◦C, with a solid-to-liquid (S/L) ratio of 2.5 g L-1. After 
contact, the adsorbent was separated by filtering it through cellulose 
acetate membrane filters (0.45 μm pore size), and the concentration of 
antimony was measured in the solution. More details on batch meth
odological procedures were described in previous works (Pintor et al., 
2021; Pintor et al., 2020a). The total iron concentration was additionally 
determined to observe the release of iron from the adsorbent. 

Equilibrium experiments were performed for Sb(III) at pH 3, with a 
fixed initial concentration of 10 mg L-1. The S/L was varied at values of 
0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 g/L. The contact time for the experiments 
was fixed as 24 h. 

The adsorption kinetics was evaluated for Sb(III) at pH 3.0, with 
initial concentrations of 1 and 15 mg L-1, for contact times of 0.25, 0.5, 1, 
2, 4, 8, 16 and 24 h; and 0.25, 0.5, 1, 2, 4, 8, 16, 24 and 48 h, 
respectively. 

The adsorbed amount after each experiment,qad, was obtained using 
an equation of mass balance (Eq. (S.1)). 

2.4.1. Kinetic models 
Both adsorption and desorption kinetic data were assessed using the 

pseudo-first-order model (Eq. S.2), pseudo-second-order model (Eq. 
S.3), and Elovich model (Eq. S.4) (Elovich and Larionov, 1962), whose 
equations are shown in Supplementary Materials. 

Non-linear regression analysis was performed using CurveExpert 
Professional v. 2.6.4 to fit the kinetic models to the experimental results. 

2.5. Desorption in batch mode 

Desorption tests were conducted using different eluents at different 
concentrations to remove Sb(V) from the saturated ICG. Only the Sb(V) 
species was tested because it is the most prevalent oxidation state of the 
element in water. The eluents used as follows: base – NaOH (0.1 M and 
0.5 M); acid – HCl (from 0.1 M to 1 M), tartaric acid (0.5 M), citric acid 
(from 0.1 M to 1 M), ascorbic acid (from 0.001 M to 1 M); salt and 
complexing agents – NaCl (0.5 M), Na2CO3 (0.5 M), and EDTA (0.5 M); 
and distilled water. The assays were carried out using antimony 
saturated-ICG containing 10 ± 1 mg Sb(V)/g ICG. The contact time in 
desorption tests was 24 h. Fig. S2 illustrates a schematic diagram of the 
adsorption and desorption assays carried out in batch mode. 

Ascorbic acid 0.1 M and HCl 1 M were used as eluents to study the 
desorption kinetics of Sb(V). For that, 0.25, 0.5, 1, 2, 4, 8, 16 and 24 h 
were the contact times. The assays were carried out using antimony 
saturated-ICG containing 10 ± 1 mg Sb(V)/g ICG, at a fixed temperature 
of 20.0 ± 0.5 ◦C and a S/L ratio of 2.5 g/L. 

A mixing rotator was used to agitate the solutions at a speed of 20 
rpm. Following the previously specified contact times, filtration was 
carried out with a 0.45 μm acetate cellulose filter. Subsequently, the 
filtrated solution was analyzed for the total concentration of Sb by FAAS. 
The desorbed amount of Sb (qd, mg g− 1) was calculated according to Eq. 
(S.6). 

To determine the amount of iron that leached from the adsorbent, the 
total amount of dissolved iron in the aforementioned solutions was 
determined using FAAS. 

All the batch assays were carried out in duplicate, and the results 
presented as the average. 

2.6. Desorption in continuous mode 

Cycles of adsorption and desorption were performed to evaluate how 
effectively regenerated ICG can remove Sb(V) from an aqueous solution. 
For adsorption, the column was fed by a solution of 5 mg L-1 of Sb(V) at 
the operating conditions described in section 2.4. After bed saturation, 
the column was fed by ascorbic acid 0.1 M in the same operating con
ditions of adsorption. After desorption was complete, distilled water was 
pumped by the column at the same flow rate to remove the acid. 

2.7. Adsorption in continuous mode using recycled iron-coated cork 
granulates 

After two adsorption–desorption cycles in continuous mode using 
ascorbic acid 0.1 M as eluent, as described in section 2.6, the ICG was 
recycled by undergoing a new iron coating. The desorbed ICG were put 
in contact with a FeCl3 0.05 M solution of pH 7.0, for 24 h, then washed 
with distilled water until the iron excess was removed, as described in 
section 2.1. Then, another adsorption cycle was carried out under the 
conditions described in section 2.3 to assess the performance of the 
recycled adsorbent. 

2.8. Material characterization 

Few studies explore the material changes before and after desorp
tion. In this work, the material was characterized by iron content and 
SEM—EDS to evaluate the effect of desorption on its chemical and 
structural properties. 
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2.8.1. Acid digestion 
The iron content of the ICG was assessed before and after regener

ation. Each adsorbent material was digested in glass tubes connected to 
condensers with a mixture of 5.0 mL distilled water, 4.0 mL HNO3 65 % 
(analytical grade, VWR), and 12.0 mL HCl 37 % (analytical grade, 
VWR). The total dissolved iron was determined by FAAS after the 
digested solution had been filtered and diluted with distilled water. The 
iron content was calculated by mass balance. 

2.8.2. SEM-EDS 
Scanning electron microscopy coupled with energy-dispersive X-ray 

spectroscopy (SEM-EDS) was used to determine the surface morphology 
and elemental components of the adsorbent. The SEM / EDS analysis 
was conducted using a High resolution (Schottky) Environmental 
Scanning Electron Microscope with X-Ray Microanalysis and Electron 
Backscattered Diffraction analysis: FEI Quanta 400 FEG ESEM / EDAX 
Genesis X4M. 

Using the SPI Module Sputter Coater equipment, samples were 
coated with an Au/Pd thin film by sputtering. 

3. Results 

3.1. Adsorption in continuous mode 

3.1.1. Effect of pH 
The breakthrough curves at pH 3.0 and 6.0 were compared for each 

inorganic antimony species. The pH values were selected because a 
previous study in batch mode indicated that pH 3 and 6 were the optimal 
values for Sb(V) and Sb(III) adsorption, respectively (Pintor et al., 
2020a). The studies were conducted at an initial concentration of 1 mg L- 

1 and a temperature of 20 ◦C. The experimental results and Yan model 
predictions are shown in Fig. 1 and Table 1. 

Adsorption of both antimony species was higher at pH 3, compared 
to the almost neutral solution at pH 6. For Sb(V), this pH effect follows 
batch equilibrium and kinetic studies shown in earlier research work, 
but for Sb(III), it was expected that adsorption would remain constant 
throughout a wide range of pH (Pintor et al., 2020a). Other results re
ported in the literature for iron-based adsorbents for Sb(V) indicated 
optimal pH values ranging from 3 to 5, with a significant decrease as pH 
increases above 5 (Deng et al., 2017). These results indicate that ICG 
may be a great candidate for treating acid effluents, such as acid mine 
drainage (Cappuyns et al., 2021; Guo et al., 2018; Manaka et al., 2007). 

Furthermore, the effect of pH reduction from 6 to 3 was more evident 
for Sb(III) removal than for Sb(V) removal, as seen in Fig. 1. The 
maximum Sb(III) and Sb(V) adsorption capacities achieved were 13 ± 2 
mg g− 1 and 10 ± 1 mg g− 1, respectively, at pH 3. Meanwhile, the 

reduction in adsorption capacity from pH 3 to pH 6 was 89 % and 80 % 
for Sb(III) and Sb(V), respectively (Table 1). These findings are ac
cording to the literature that shows Sb adsorption to be speciation and 
pH-dependent (Bai et al., 2022; Dündar et al., 2022). However, it was 
not expected for this material, given the batch adsorption results 
referred earlier. Other studies have found a stronger Sb(V) than Sb(III) 
affinity toward green seaweed at pH 2 (Ungureanu et al., 2016). The 
optimal pH value for Sb(V) adsorption by Microcystis biomass was found 
to be 2.5–3.0 (Sun et al., 2014). 

As the performance is reduced at higher pH levels, ICG is indicated 
for treating acid effluents such as acid mine drainage water containing 
high levels of antimony. 

The ICG maximum removal capacity of Sb(III) in continuous mode 
was superior to that of quartz sand coated with Fe3O4 and graphene 
oxide (QFGO) of 2.88 – 6.09 mg g− 1 as estimated by the Thomas model 
(Yang et al., 2015), brown seaweeds of 3.56 ± 0.06 mg g− 1 as estimated 
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Fig. 1. pH effect on the Sb(III) and Sb(V) removal in the fixed-bed column (dots = experimental data, lines = Yan model predicted curves) (Inlet Sb(III)/Sb(V) 
concentration 1 mg/L; Bed height: 12 cm; Flow rate: 5 mL min− 1; Temperature: 20 ◦C). 

Table 1 
Experimental and predicted breakthrough parameters on pH effect in Sb(III) and 
Sb(V) adsorption (Ci = 1 mg/L, T = 20 ◦C, FR = 5 mL min− 1; Bed height = 12 cm) 
(±standard error of the mean).    

Sb(III) Sb(V)   
pH 3 pH 6 pH 3 pH 6 

Experimental tb (h) 126 ± 0.4 10.3 ±
0.2 

98 ± 0.4 12.8 ±
0.3 

ts (h) 295 65 263 50 
qb (mg g− 1) 7.9 ± 0.9 0.49 ±

0.03 
6.2 ±
0.6 

0.84 ±
0.06 

qs (mg g− 1) 13 ± 2 1.5 ± 0.2 10 ± 1 2.0 ± 0.2 
BVb 639 ± 11 52 ± 1 501 ± 9 68 ± 2 
BVs 1502 ± 87 331 ± 19 1339 ±

77 
265 ± 15 

Vb (L) 37.7 ± 0.7 3.09 ±
0.08 

29.5 ±
0.5 

4.0 ± 0.1 

Vs (L) 88.5 ± 0.2 19.50 ±
0.06 

78.9 ±
0.1 

15.6 ±
0.1 

yb (%) 99.973 ±
0.006 

99.45 ±
0.08 

99.2 ±
0.1 

99.95 ±
0.01 

ys (%) 71 ± 5 48 ± 4 63 ± 4 62 ± 4 
MTZ (cm) 6.9 ± 0.3 10.1 ±

0.5 
7.5 ±
0.3 

8.9 ± 0.4 

MTZ/Bed 
height 

0.57 ±
0.03 

0.84 ±
0.05 

0.63 ±
0.04 

0.74 ±
0.05  

Yan Model Qya (mg 
g− 1) 

13.0 ± 1.5 1.2 ± 0.1 9.9 ±
0.9 

1.7 ± 0.1 

aya 6.1 ± 0.3 2.1 ± 0.1 4.3 ±
0.2 

4.5 ± 0.3 

SE (mg g− 1) 0.04 0.05 0.06 0.04 
R2 0.984 0.953 0.972 0.990  
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by the Yan model (Ungureanu et al., 2017); but inferior to that of pine 
bark tannin resin of 31 ± 2 mg g− 1 as estimated by the Yan model 
(Bacelo et al., 2022). Table 2 presents the maximum adsorption capac
ities reported in the literature. 

3.2. Adsorption in batch mode 

The pH effect on Sb(III) and Sb(V) adsorption onto ICG was previ
ously investigated by this research group (Pintor et al., 2020a). In this 
study, the uptake of Sb(III) was stable in the range of 4–10, achieving a 
maximum adsorption capacity of 5.8 mg g− 1 at pH 6. 

Nonetheless, the investigation on the effect of pH in Sb(III) adsorp
tion in continuous mode showed that the best adsorption capacity was 
found at pH 3 (Table 1). In order to confirm the best results of Sb(III) 
uptake onto ICG at pH 3, equilibrium and kinetics studies were con
ducted at this pH. 

3.2.1. Equilibrium studies 
The adsorption equilibrium of Sb(III) onto ICG was investigated at 

pH 3 and the results are shown in Table 3 and Fig. S3. 
The Freundlich model presented a better fit to the experimental data 

like earlier equilibrium experiments conducted with Sb(III) onto iron- 
coated cork granulates (Pintor et al., 2020a). The Langmuir model 
showed a satisfactory fit and allowed us to estimate the maximum 
adsorption capacity as 8.2 ± 0.7 mg g− 1. This is over 40 % higher than 
the Langmuir estimate for Sb(III) removal reported for pH 6 as 5.8 ± 0.5 
mg g− 1 (Pintor et al., 2020a). Hence, the an increase in pH from 3 to 6 
has a negative impact on the ICǴs Sb(III) adsorption capacity. 

Similar results were reported in studies showing that Sb(III) 
adsorption in zero-valent iron decreased from 15.3 mg g− 1 to 10.9 mg 
g− 1 as pH increased from 3 to 10 (Zhang et al., 2019) and from ~ 70 % 
to ~ 30 % as pH increased from 4 to 10 (Liu et al., 2020). However, the 
opposite behavior was also observed when an increase in pH caused an 
increase in adsorption capacity (Bacelo et al., 2022; Bacelo et al., 2018; 
Ungureanu et al., 2017; Zou et al., 2016). Also, no influence on Sb(III) 
removal was observed in the pH ranges from 2 to 12 (Verbinnen et al., 
2013) or 3 to 9 (Yang et al., 2015) for other iron-based adsorbents. 

The negative effect of pH increase on Sb(III) removal onto ICG can be 
caused by a higher concentration of H+ in acidic solutions, which ben
efits the adsorption processes that may be taking part in the Sb(III) 
complexation with iron oxide surface groups (Guo et al., 2014; Pintor 
et al., 2020a). The uptake of Sb(III) is mostly pH-independent and occurs 
as neutral Sb(OH)3. Electrostatic interactions do not play a significant 
role in the uptake of this species (Pintor et al., 2020a). 

3.2.2. Kinetic studies 
The kinetics models were fitted to the experimental results, however, 

only the pseudo-second-order model led to satisfactory results (Table S1 
and Fig. S4). This indicates the occurrence of chemisorption, which is 

generally observed in iron-based adsorbents (Deng et al., 2017). A 
previous study (Pintor et al., 2020a) showed that the kinetics of Sb(III) 
adsorption at pH 6 (Ci = 10 mg/L) was very well described by the 
pseudo-second-order and Elovich models, with a kinetic constant k2 
value of 0.12 ± 0.03 g mg-1h− 1. This value was lower than the k2 found 
in this study of 0.51 ± 0.05 g mg-1h− 1 (Ci = 15 mg/L), which indicates 
faster adsorption at pH 3.0 compared to pH 6.0. 

Sb(III) adsorption kinetics initially presents a high adsorption rate 
for both initial concentration assays. For the lower concentration, Sb(III) 
equilibrium was achieved after 2 h. Still, in the first 15 min, the 
adsorption capacity of 0.53 ± 0.02 mg g− 1 was very close (more than 90 
%) to the equilibrium adsorption capacity of 0.580 ± 0.003 mg g− 1 

(Table S1). For higher concentrations, the kinetics was slower. The 
equilibrium was achieved after 48 h, leading to an adsorption capacity 
of 4.90 ± 0.07 mg g− 1, but after 4 h, the Sb(III) uptake was almost in 
equilibrium (90 %) with an adsorption capacity of 4.4 ± 0.9 mg g− 1. The 
initial concentration increase from 1 to 15 mg L-1 resulted in an 
approximately 8-fold increase in adsorption capacity at equilibrium. 
However, the adsorption capacity at equilibrium (8.2 ± 0.7 mg Sb(III) 
g− 1) according to Langmuir (section 3.2.1) was higher than that pre
dicted by the pseudo-second-order model. 

With other biosorbents, antimonite adsorption proceeded very 
rapidly. For example, in brown seaweeds, the equilibrium was also 
reached after 2 h but with good adsorption in the first 15 min (0.022 ±
0.002 < k2 < 0.41 ± 0.03) (Ungureanu et al., 2017). By cyanobacterium 
Synechocystis sp., almost 50 % of the adsorption was achieved in 30 min, 
and equilibrium was reached after 1 h (k2 = 0.052) (Biosorption of 
Antimony (Sb), 2011). In the first 20 min, antimonite was rapidly 
removed by iron-oxide-cottonwood biochar, and equilibrium was ob
tained after one hour (Zhang et al., 2022a). 

3.3. Desorption in batch mode 

In the study of desorption, only Sb(V) was examined, as it is the most 
prevalent oxidation state in the environment. Several eluents were 

Table 2 
Comparison of maximum adsorption capacities of antimony in fixed-bed columns.   

Species pH Ci (mg L- 

1) 
Flow rate (mL 
min− 1) 

Bed height 
(cm) 

Maximum adsorption capacity 
(mg g− 1) 

Ref. 

Brown seaweeds Sb(III) 7 25 4 17 3.56 ± 0.06 (Ungureanu et al., 
2017) 

Granular titanium dioxide (TiO2) Sb(V) 8.2 0.24 1.5 16 0.981 (Qiu et al., 2019) 
Pine bark tannin resin Sb(III) 6 9 3 10.5 31 ± 2 (Bacelo et al., 2022) 
Quartz sand coated with Fe3O4 and graphene oxide 

(QFGO) 
Sb(III) 7 40 8 10 6.03 (Yang et al., 2015) 

Layered double hydroxide mineral, brucite (BRU) Sb(III) 7.2 0.17 5.83 9.9 0.0004 (Runtti et al., 2023) 
Nanoscale zero-valent iron (Fe0) supported on 

activated carbon (nZVI/AC) 
Sb(V) 7 1 5 20 0.6275 (Zhu et al., 2021) 

Fe-Mn binary oxides (FMBO3) Sb(V) 7 0.2 3.75 8.2 3.12 (Yang et al., 2019) 
Bayoxide E33 (GFH) Sb(III) 7 0.1 54.4 11.3 2.11 (Sazakli et al., 2014) 
Iron-coated cork granulates (ICG) Sb(III) 3 1 5 12 13.0 ± 1.5 This study 

Sb(V) 3 1 5 12 9.9 ± 0.9  

Table 3 
Equilibrium model parameters for Sb(III) at pH 3.0 (Ci = 10 mg/L) (±standard 
error of the mean).    

T = 20 ◦C 

Langmuir Qmax (mg g− 1) 8.2 ± 0.7 
KL (L mg− 1) 3 ± 1 
R2 0.937  
SE 0.7  

Freundlich KF (mg(1− 1/n) L1/n g− 1) 5.3 ± 0.2 
n 3.2 ± 0.3 
R2 0.982  
SE 0.4  
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tested, at varying concentrations,in batch mode. The findings are sum
marized in Fig. 2 and Table S2. The acids outperformed the base and the 
salts, indicating Sb(V) desorption from ICG to be more favorable at very 
low pH levels. In Sb(V) desorption from cyanobacteria, acid eluents such 
as HCl 1 M (68.46 %) and citric acid 1 M (51.45 %) were found to be 
more efficient than NaOH 1 M (30.55 %) (Sun et al., 2014). Oppositely, 
the Sb(V) desorption from pine bark tannin resin was found to be higher 
using a basic solution of NaOH 0.1 M than using acid solutions of HCl 
(0.04 – 0.5 M) (Bacelo et al., 2022). Another study reported desorption 
rates of 65–75 % for ZVI decorated carbon nanotubes (CNT – Fe(0)) 
using HCl 0.05 M (Mishra et al., 2016). 

The influence of eluent concentration on desorption was investigated 
for HCl, ascorbic acid, and citric acid. Each eluent behaved differently 
(Fig. S5). Between 0.1 to 1 M, the citric acid desorption efficiency 
remained nearly constant. Differently, the ascorbic acid efficiency 
rapidly increased from 0.001 to 0.05 M, reaching a maximum value of 
66 ± 8 % at 0.1 M, and started to decrease from 0.1 M to 1 M. In the 
concentration range of 0.1 M to 1 M, HCl showed a different trend with a 
rise in efficiency until 81 ± 9 % but a propensity to reach a curve in
flection at higher concentrations. 

The Sb(V) desorption kinetics was studied using the eluents with the 
highest desorption efficiency at their most efficient concentration: 
ascorbic acid 0.1 M and HCl 1 M. The results from kinetic model fittings 
are shown in Table 4 and Fig. S6. 

The pseudo-first-order model was the best fit for the experimental 
data for both desorbing agents, based on the observation of the corre
lation coefficient (R2) and the standard error (SE), followed by the 
pseudo-second-order model and the Elovich model. The difference be
tween each model fitting was higher when the inorganic acid was used. 

Pseudo-first-order model estimations showed that both acids had 
comparable maximum desorption capacities (qd) of 5.9 and 5.8 mg Sb 
(V) g− 1 for HCl 1 M and ascorbic acid 0.1 M, respectively. However, the 
curve shapes differed, the curve of HCl 1 M being steeper than the curve 
of ascorbic acid. This difference in the curves’ shapes is reflected in the 
contact time required to achieve roughly the maximum qd, which was 
16 h and 4 h for ascorbic acid 0.1 M and HCl 1 M, respectively. The 
kinetic constant k1 of 0.86 ± 0.05 h− 1 was also about four times higher 
for HCl 1 M than that for ascorbic acid 0.1 M of 0.22 ± 0.03 h− 1. 

The maximum concentration of iron leached in the desorbed solution 
when using ascorbic acid 0.1 M and HCl 1 M was 23 ± 2 mg g− 1 and 34 ±
2 mg g− 1, respectively, corresponding to approximately 70 and 100 % of 
the iron content in the adsorbent. As hydrochloric acid is more aggres
sive, the eluent chosen for desorption in continuous mode was the 

ascorbic acid 0.1 M. Although desorption using ascorbic acid 0.1 M can 
take longer it is a more environmentally friendly option, This makes it 
advantageous for desorption processes at a larger scale. 

The results revealed that the iron, together with the Sb(V), was 
desorbed from ICG, possibly posing a barrier to the application of the 
adsorbent in multiple adsorption cycles. The results differed from As(V) 
desorption from ICG, in which the basic eluents allowed for the highest 
desorption rates, and the iron coating was preserved sufficiently to 
withstand 3 and 5 adsorption/desorption cycles using NaOH 0.1 M and 
0.01 M, respectively (Carneiro et al., 2022a). 

The increased efficiency of HCl in removing Sb(V) can be attributed 
to Fe dissolution, and as a result, the removal of previously adsorbed Sb 
(V) complexed to iron. Runtti et al. (2022) suggest that the higher per
formance of HCl over NaOH to desorb Sb(V) from Mg-rich mineral ad
sorbents might be attributed to the forming of chloro-complexes. The 
affinity of Sb(V) to organic acids such as ascorbic acid, can be justified 
by the formation of neutral or cationic complexes, while the affinity of 
Sb(V) towards tartaric acid can be related to the formation of Sb(V)- 
tartrate complex (Thangaraj and Bhaskarapillai, 2020). The finding of 
this work is in line with the literature, in which citric acid was found to 
have lower effect on Sb release, compared to tartatric acid (Hu and He, 
2017; Carneiro et. al., 2024). 

The NaOH solutions that have proven to be effective eluents for As 
(V) from ICG were ineffective for desorbing Sb(V) from ICG. Variations 
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Fig. 2. Desorption efficiency of Sb(V) from ICG in batch mode and iron leaching for each eluent (S/L = 2.5 g/L; 20 ◦C; 10 ± 1 mg Sb(V)/g ICG; Initial iron loading =
29 ± 3 mg Fe/g ICG). 

Table 4 
Parameters obtained in the fitting of kinetic models to experimental data of 
desorption kinetics of Sb(V) from ICG.  

Model Parameters HCl Ascorbic acid 

Pseudo-first-order qe (mg g− 1) 5.7 ± 0.2 5.8 ± 0.3 
k1 (h− 1) 0.86 ± 0.05 0.22 ± 0.03 
R2 0.994 0.976 
SE 0.2 0.4  

Pseudo-second-order qe (mg g− 1) 6.3 ± 0.3 7.0 ± 0.5 
k2 (g mg− 1h− 1) 0.18 ± 0.04 0.03 ± 0.01 
R2 0.963 0.973 
SE 0.4 0.4  

Elovich a (mg g− 1h− 1) 20 ± 14 2.4 ± 0.7 
b (g mg− 1) 0.9 ± 0.2 0.57 ± 0.09 
R2 0.852 0.963 
SE 0.8 0.4  
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in the interaction between arsenate and OH– and antimonate and OH– in 
alkaline solutions can explain these differences. Antimony has a lower 
negative charge at high pH values (− 1) compared to arsenic (− 3) 
(Ungureanu et al., 2015). When the ICG surface charge becomes nega
tive at alkaline pH values (its pHpzc is 6 (Pintor et al., 2018)), that can 
cause a more repulsive effect on arsenate, which might not be observed 
for antimonate. Another difference between antimony and arsenic that 
might be related to their different interaction with NaOH is the molec
ular structure. Sb(V) is arranged with oxygen in an octahedral geometry, 
while As(V) forms a lower spatial structure in a tetrahedral geometry 
(Simeonidis et al., 2017), leading to different adsorption (Pintor et al., 
2020a) and, consequently, desorption mechanisms. 

3.4. Desorption in continuous mode 

We performed three adsorption–desorption cycles using 0.1 M 
ascorbic acid as a desorbing agent. Fresh ICG, regenerated ICG (after Sb 
desorption) and recycled ICG (after iron reloading) were used in the 
first, second and third adsorption cycles, respectively. The results are 
shown in Fig. 3 and Table S3. 

The fresh ICG achieved a saturation adsorption capacity (qs), ac
cording to the Yan model, of 7.5 ± 0.3 mg Sb(V) g− 1. Following 
adsorption, a desorption cycle was conducted for 7 h using ascorbic acid 
0.1 M, resulting in a desorption capacity of 6.6 ± 0.2 mg Sb(V) g− 1 (88 
± 4 %). Nevertheless, the iron leaching observed in batch desorption 
studies was also observed in continuous mode, with an iron removal of 
approximately 27.0 ± 0.8 mg Fe g− 1, 87 ± 4 % of the original iron 
content in the adsorbent. Following desorption, another AD cycle was 
carried out, and, as expected, the Sb(V) removal by the adsorbent was no 
longer feasible. This is a result of the absence of active sites from the iron 
coating leached in the previous desorption assay. 

A new iron coating was carried out to regenerate and recycle the 
adsorbent. An AD cycle was run with recycled ICG, and a saturation 
adsorption capacity of 1.4 mg Sb(V) g− 1 (Yan model) was achieved, 
about 80 % lower than the value obtained with fresh ICG. Another study 
using Fe(III) modified kapok fiber after adsorption/desorption cycles 
(using HCl as eluent), further reinvigorated with iron, showed a reduc
tion in arsenic removal of 55 % compared to the one found using fresh 
adsorbent (Yeo et al., 2022). The authors suggested this might have been 
caused by damage in the structure of the natural adsorbent. For this 

reason, material characterization studies were carried out on ICG before 
and after adsorption and regeneration to understand possible modifi
cations on the cork material that caused recycling to be ineffective. 

3.6. Analysis of fresh, regenerated and recycled adsorbent 

The iron content from fresh and recycled ICG was determined by acid 
digestion followed by FAAS. Results showed that recycled ICG had an 
iron loading of 13 ± 1 mg g− 1, which was 58 ± 4 % lower than the iron 
loading of fresh ICG (31 ± 1 mg g− 1). Therefore, the decrease in iron 
content in the adsorbent likely relates to the lower performance of the 
recycled adsorbents in terms of Sb(V) uptake. 

SEM was used to compare the morphology and structure of the iron- 
coated cork granulates before and after desorption. Fig. 4 shows SEM 
micrographs of the ICG and recycled ICG after Sb(V) adsorption, and ICG 
after desorption using ascorbic acid 0.1 M and HCl 1 M. The Sb(V)- 
loaded ICG (Fig. 4ab) does not show a visual modification in compari
son to fresh ICG (before adsorption) (Carneiro et al., 2022a; Pintor et al., 
2018), with visible iron deposits and structured cell walls laid in 
“bricks”. In contrast, recycled ICG has a different cell structure, with 
wrinkled cells and fewer iron deposits (Fig. 4cd). This structural alter
ation, accompanied by a reduction in iron content, explains the lower 
efficiency of the recycled material in adsorbing antimonate. 

The iron layer is nearly eliminated in the samples after one adsorp
tion–desorption cycle. However, it is still detectable in the ICG desorbed 
with ascorbic acid 0.1 M (Fig. 4e). Overall, it seems the wall composition 
was not altered after desorption, but the adsorbent structure became less 
compact, with the cells more open, which might be the reason influ
encing iron fixation. SEM micrographs of ICG samples after treatments 
with NaOH 0.1 M and NaOH 0.01 M revealed a stronger degradation in 
the adsorbent structure (Carneiro et al., 2022a). Nonetheless, the alka
line treatment did not remove as much iron from the cork cells as the 
acid eluents (Fig. 4ef). 

The EDS results of ICG before and after desorption determined from 
the SEM images are shown (Fig. S7). Before desorption, the most 
abundant elements in ICG are Sb and Fe, with lower peaks of C and O. As 
predicted, Sb and Fe are much less present in the samples after 
desorption, with C and O remaining as the most abundant elements of 
the organic adsorbent. 

4. Conclusions 

This study evaluated the scaling up of antimony adsorption using 
iron-coated cork granulates (ICG), a carbon–neutral material for anti
mony removal. In continuous mode, the adsorption capacities were 13 
± 2 mg g− 1 and 10 ± 1 mg g− 1 for Sb(III) and Sb(V), respectively. 
However, pH sensitivity reduced performance at higher pH levels, sug
gesting ICG’s preference for treating acid effluents such as acid mine 
drainage. Acids were effective for Sb desorption from ICG compared to 
NaOH, salts, or complexing agents. However, iron leaching during 
desorption impacted the reuse of ICG. Further research should be carried 
out using real water matrices to identify the interference of other con
taminants in the antimony adsorption. For scaling-up the technology, 
improvements on the recovery/extraction techniques and environ
mental impact evaluations are necessary. 

Funding 

This work was supported by national funds through FCT/MCTES 
(PIDDAC): LSRE-LCM, UIDB/50020/2020 (https://doi.org/10.54499/ 
UIDB/50020/2020) and UIDP/50020/2020 (https://doi.org/ 
10.54499/UIDP/50020/2020); and ALiCE, LA/P/0045/2020 (https:// 
doi.org/10.54499/LA/P/0045/2020). A. Pintor acknowledges her Ju
nior Researcher contract CEECIND/01485/2017 (https://doi.org/ 
10.54499/CEECIND/01485/2017/CP1399/CT0012) by FCT. M. Car
neiro acknowledges her Ph.D. scholarship by FCT [2020.07233.BD] 

0.00

0.20

0.40

0.60

0.80

1.00

0 10 20 30 40 50 60 70

C
/C

o

Time (h)

1st cycle
2nd cycle
3rd cycle

Fig. 3. Experimental and predicted (Yan model) breakthrough curves for Sb(V) 
adsorption from fresh ICG, regenerated ICG (after Sb desorption) and recycled 
ICG (after Fe reloading) (Ci = 5 mg/L; pH = 3.0, FR = 5 mL min− 1, 6 g of ICG, T 
= 20 ◦C). 

M.A. Carneiro et al.                                                                                                                                                                                                                            



Chemical Engineering Science 296 (2024) 120207

8

(https://doi.org/10.54499/2020.07233.BD). 

CRediT authorship contribution statement 

Mariko A. Carneiro: Methodology, Validation, Formal analysis, 
Data curation, Investigation, Writing – original draft, Visualization. 
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