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A B S T R A C T   

The chemical desorption of arsenic from saturated iron-coated cork granulates (ICG) and the regeneration ca-
pacity of this adsorbent for further reuse was investigated in batch and continuous modes. Different types of 
eluents were tested at different concentrations for evaluating their desorption capacity, and leaching of total 
organic carbon (TOC), iron content, and characterization by SEM/EDS were used to assess the eluents' attack on 
the adsorbent structure. The NaOH 0.1 M solution achieved the highest arsenic removal rate from saturated 
media; however, it was aggressive to the adsorbent structure, as reflected in high TOC values found in the eluate, 
higher iron leaching from the adsorbent, and degradation of cork cellular structure. The Elovich model fitted best 
(r2 

> 0.98) the desorption kinetics when using NaOH as eluent. The less basic solution of NaOH 0.01 M proved to 
be less aggressive to ICG and allowed media regeneration for at least four adsorption-desorption cycles, while 
remaining an arsenic adsorption capacity of 1 mg g− 1 in both batch and continuous modes. ICG's adsorption 
capacity was less affected after various cycles than other adsorbents, so this material proved to be potentially 
applicable as an alternative green solution for arsenic removal from water. The adsorbent was also successfully 
applied in continuous mode to remove arsenic from real groundwater and was able to maintain arsenic con-
centration under 10 and 50 μg L− 1 for 140 and 341 bed volumes, respectively. This work provided good insights 
on arsenic desorption from ICG and its further application in similar real scenarios.   

1. Introduction 

Arsenic's first guideline for drinking water was established 80 years 
ago (at least in the U⋅S) [1,2]. In 1958, the World Health Organization 
(WHO) published the first International Standards for Drinking Water 
which fixed an admissible level of arsenic at 0.2 mg L− 1 [3]. Never-
theless, the concern about its consumption has been known for 
millennia, and for some time, its name was used as a synonym for poi-
son. Much time has passed, but water contamination with arsenic is still 
an obstacle in many parts of the globe. And not surprisingly, the pub-
lications of academic papers about arsenic in drinking water have raised, 
in two decades (1992–2011), from the least to the most researched 
contaminant among the most frequently studied pollutants: arsenic, 
nitrate, fluoride, lead, and cadmium [4]. Moreover, in the last decade 

there was an increase of nearly 50 % in the number of Scopus-Indexed 
documents related to arsenic and drinking water. 

Arsenic is environmentally present in both organic and inorganic 
species, being the inorganic forms more toxic and found in water bodies 
[5]. The contamination of water with arsenic can be related to natural 
and anthropogenic sources. It was reported [6] that >230 million people 
in almost 108 countries are at risk of drinking arsenic-contaminated 
water, being nearly half of the population affected placed in Asia. In 
addition, 92 % of OECD nations are affected by arsenic contamination in 
groundwater [6]. So, exposure to arsenic is still a major global health 
issue, and further deep investigation should be conducted on its effects 
on human health [7]. 

Various researchers are developing more sustainable and cost- 
effective technologies to limit the impacts of arsenic-polluted water, 
from biosensors for As detection [8] to biosorbents for As removal from 
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water [5,9]. Adhering to WHO guideline for arsenic in drinking water of 
10 μg L− 1 is one of the best ways to control poisoning and morbidity 
[10,11]. In terms of advanced water treatment technologies, adsorption 
is considered the most efficient and inexpensive solution [12,13], and it 
holds better prospects than other treatment techniques for arsenic 
removal [14], e.g. ion-exchange, phytoremediation, phytobial remedi-
ation, chemical precipitation, electrokinetic techniques, electro-
coagulation, and membrane separation. Adsorption is particularly suited 
for places requiring systems with simple operation, little toxic sludge 
formation, and regeneration possibility [5]. The adsorbents can be 
divided into three groups: synthetic, natural, and semi-synthetic, being 
the last one also known as “modified biosorbents” and considered the 
group with the most cost-effective results [12]. Among different modi-
fication methods, iron incorporation is the most common transformation 
of biosorbents to increase arsenic removal rates [15]. 

Raw lignocellulosic biomasses have been gaining attention in recent 
years to produce more sustainable adsorbents [16]. Cork is a lignocel-
lulosic natural material extracted from the bark of the cork oak tree, and 
it is known for its traditional usage as stopper for wine bottling [17]. Due 
to its high porosity and original renewable characteristic, cork has been 
widely studied as a biosorbent for water pollutants, including heavy 
metals, oils, and contaminants of emerging concern, such as pesticides, 
hormones, pharmaceuticals, among others [18–23]. Iron-coated cork 
granulates (ICG) are modified biosorbents that were developed and 
optimized by this research group. Characterization of the optimized 
material has previously been carried out through Scanning Electron 
Microscopy (SEM) and Electron Dispersive X-ray Spectroscopy (EDS) 
analysis [24]. SEM micrographs of cork granulates before and after 
coating revealed that the iron was deposited inside the macropores in 
uneven distribution, rather than as a homogeneous thin layer on the 

surface of the cork granulates. EDS analysis revealed iron peaks after the 
ferric loading. The kinetics and equilibrium of As adsorption on ICG 
were investigated, and distinct behavior was reported for each inorganic 
arsenic species [24,25], revealing a tendency for monolayer adsorption 
in the case of As(III) and heterogeneous multilayer adsorption for As(V). 
Thermodynamic studies also showed that the adsorption of arsenate 
onto ICG is an endothermic, spontaneous and feasible process [25]. 

Moreover, ICG have been successfully applied in batch operation 
mode for adsorption of As, Sb, and P [24,26–28] and in a continuous 
operation lab-scale column for removal of As [25]. Still, ICG regenera-
tion capacity has not been yet investigated to evaluate the feasibility of 
the adsorbent for real application. Desorption and regeneration of any 
adsorbent play an important role in the adsorption process in ecological 
and economic terms [29]. In terms of industrial application, the regen-
eration over many cycles can be decisive in the choice of the adsorbent 
[30]. Thus, in developing a new adsorbent, it is important to study its 
regenerability and the desorption mechanism. 

This work focuses on the desorption of arsenic from iron-coated cork 
granulates adsorbents in batch and continuous mode. Moreover, the 
regenerability of ICG was investigated, and its performance in treating 
real arsenic-contaminated groundwater was assessed. 

2. Materials and methods 

2.1. Materials 

The adsorbent, iron-coated cork granulates (ICG), was produced by 
treating raw cork granulates (RCG) (particle size of 0.5–1.0 mm) with an 
iron chloride solution, in previously optimized coating conditions [24]. 

Arsenic aqueous solutions were diluted in distilled water from a 

List of acronyms 

BTC Breakthrough curve 
EBCT Empty bed contact time 
EDS Electron dispersive X-ray spectroscopy 
FAAS Flame atomic absorption spectroscopy 
GFAAS Graphite furnace atomic absorption spectroscopy 
ICG Iron-coated cork granulates 
ICP-OES Inductively coupled plasma – optical emission 

spectrometry 
OECD Organization for Economic Co-operation and Development 
pHPZC Point of zero charge 
SE Standard error 
SEM Scanning electron microscopy 
S/L Solid/liquid ratio 
TDS Total dissolved solids 
TOC Total organic carbon 
WHO World Health Organization 

List of symbols 
a initial rate of adsorption (mg g− 1 h− 1) 
aya Yan model empirical parameter 
b coverage scale factor corresponding to the reciprocal of the 

coverage at which the adsorption rate has fallen to 1/e of 
its initial value (g mg− 1) 

BVd desorption bed volume 
BVb bed volume at breakthrough 
BVs bed volume at saturation 
C concentration of adsorbate (mg L− 1) 
Cf final concentration of the adsorbate (mg L− 1) 
Ci initial concentration of the adsorbate (mg L− 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) 
mad mass of arsenic retained in the saturated adsorbent in the 

previous adsorption cycle (mg) 
Md mass of arsenic desorbed (mg) 
M mass of adsorbent in the column (g) 
MTZ mass transfer zone length (cm) 
n dimensionless parameter related to adsorbent-adsorbate 

affinity 
p probability of observing variation in results due to random 

factors 
qad adsorption capacity (mg g− 1) 
qb adsorption capacity at breakthrough (mg g− 1) 
qd desorption capacity (mg g− 1) 
qe adsorption capacity at equilibrium (mg g− 1) 
qs adsorption capacity at saturation point (mg g− 1) 
Q flow rate (mL min− 1) 
Qya Yan model predicted adsorption capacity (mg g− 1) 
r2 coefficient of determination 
t time (h) 
tb time of breakthrough (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 (%) 
yd desorption efficiency (%)  
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standard solution of 1069 ± 22 mg As(V) L− 1 or 987 ± 43 mg As(V) L− 1, 
prepared by dissolution of HAsNa2O4⋅7H2O (Sigma-Aldrich; analytical 
grade) in 2 % HNO3. 

Arsenic-contaminated groundwater was prepared from a matrix of a 
real groundwater, collected in Northeastern Portugal. The arsenic con-
centration was elevated to 0.1 mg L− 1 by spiking with an arsenic com-
mercial standard of 1000 mg L− 1 (Chem-Lab). 

The eluent solutions were prepared by dissolving in distilled water 
the following chemicals: sodium hydroxide pearls 99.14 % (Labsolve), 
sodium carbonate anhydrous 99.5 % (Merck), nitric acid 68 % (VWR), 
potassium hydroxide pellets ≥85 % (Merck), potassium nitrate 99 % 
(Riedel-de-Haen), di‑sodium ethylenediaminetetra-acetate (EDTA) >
98.5 % (May & Baker), di‑sodium hydrogen phosphate dihydrate 
(VWR). 

2.1.1. Material characterization 
The adsorbents at different stages of saturation and regeneration 

were characterised by three different methodologies: acid digestion and 
flame atomic absorption spectroscopy (FAAS) for measuring iron con-
tent, scanning electron microscopy (SEM) for visual observation, and 
energy-dispersive X-ray spectroscopy (EDS) to identify the main ele-
ments present in the materials. 

The methodology used in a previous study was applied for iron 
content determination by acid digestion [24]. In short, the materials 
were digested using a mixture of HCl 37 % (analytical grade, Sigma- 
Aldrich), HNO3 68 % (analytical grade, VWR) and distilled water for 
2 h at 150 ◦C. The digested solution was filtered and diluted with 
distilled water, and total iron content was measured by FAAS. 

The SEM / EDS exam was performed 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. Samples were coated with 
a Au/Pd thin film by sputtering using the SPI Module Sputter Coater 
equipment. 

2.2. Analysis 

For column experiments and kinetics studies, total arsenic concen-
trations were measured by graphite furnace atomic absorption spec-
trometry (GFAAS) in the operating range of 6.7–50 μg L− 1. For batch 
experiments, the total arsenic concentration was measured by FAAS in 
the working range of 5–50 mg L− 1 [24,26,28] and by inductively 
coupled plasma-optical emission spectrometry (ICP-OES) in the range of 
0.005–10 mg L− 1. Total dissolved iron was determined by FAAS and ICP- 
OES in the ranges of 0.25–5.0 mg L− 1 and 0.005–10 mg L− 1, 
respectively. 

The FAAS and GFAAS equipment used in this work were a GBC 932 
Plus and a GBC GF3000, respectively. The ICP-OES apparatus was an 
ICP-OES Thermo X Series. 

The organic matter content of the aqueous solutions was quantified 
as total organic carbon (TOC) using a Shimadzu Equipment TOC-L. 

2.3. Batch adsorption-desorption experiments 

2.3.1. Eluent performance 
Different eluents were selected for As(V) desorption: distilled water, 

NaOH (0.01 M, 0.05 M, 0.1 M, 0.5 M), Na2CO3 (0.01 M, 0.1 M, 0.5 M, 1 
M, 2 M), HNO3 (0.1 M), KOH (0.1 M), KNO3 (0.5 M), EDTA (0.5 M), and 
Na2HPO4 (0.5 M). For each assay, 2.5 g L− 1 saturated iron-coated cork 
granulates (3.9 ± 0.5 mg As(V) g− 1 adsorbent) were put in contact with 
eluent solutions, in a rotating shaker (Stuart, SB3) at 20 rpm and a 
controlled temperature of 20.0 ± 0.5 ◦C. After 24 h of contact time, the 
samples were filtered using acetate cellulose filters (0.45 μm pore size) 
and analyzed for total As concentration by ICP-OES. The As desorbed 
amount (qd, mg g− 1) was calculated as follows: 

qd =
V*C

m
(1) 

where V is the eluent solution volume (L), C is the As concentration 
(mg L− 1) desorbed to the solution, and m is the mass of saturated 
adsorbent (g). 

The total dissolved iron was measured in the final samples after 
filtration to determine the extent of iron leaching from the adsorbent. 

2.3.2. Desorption kinetics 
Desorption kinetics were studied for As(V) using NaOH 0.01 and 0.1 

mol L− 1. Like previous desorption assays, 2.5 g L− 1 saturated iron-coated 
cork granulates were put in contact with the basic solution in a rotating 
shaker at 20 rpm and 20.0 ± 0.5 ◦C. The contact times were 0.25, 0.5, 1, 
2, 4, 8, 16 h for NaOH 0.01 M, and 0.25, 0.5, 1, 2, 4, 8, 16 and 24 h for 
NaOH 0.1 M. The final solutions were filtered (acetate cellulose filters, 
0.45 μm pore size) and analyzed for As by ICP-OES (assays using NaOH 
0.1 M) or FAAS/GFAAS (assays using NaOH 0.01 M). The desorbed 
amount was calculated using Eq. (1). 

2.3.3. Adsorption-desorption cycles 
Adsorption-desorption cycles were conducted to determine the 

regenerability of the iron-coated cork granulates. The first cycle was 
always conducted with fresh ICG and the following cycles with regen-
erated ICG. For every cycle, an As(V) solution of 40 mg L− 1 at pH 3.0 or a 
NaOH eluent solution was put in contact with ICG (S/L ratio 2.5 g L− 1) 
for a certain period in a rotating shaker at 20 rpm and a temperature of 
20.0 ± 0.5 ◦C. Finished the experiment, the adsorbent was separated 
from the solution and left to dry in an oven overnight. After each 
desorption cycle, the adsorbent was washed for approximately 2 h to 
remove the residual eluent. The final solutions were filtered (acetate 
cellulose filters, 0.45 μm pore size) and analyzed for As by FAAS. The 
adsorbed amount (qad, mg g− 1) was calculated by mass balance (Eq. (2)), 
and the desorbed amount was calculated by Eq. (1). 

qad =
V
(
Ci − Cf

)

m
(2)  

where V is the solution volume (L), Ci and Cf are the initial and final As 
concentrations (mg L− 1), respectively, and m is the mass of adsorbent 
(g). 

All the batch assays performed in this work were carried out in 
duplicate, and the result presented as the average. 

2.4. Continuous adsorption-desorption experiments 

Continuous adsorption-desorption tests were carried out in a lab- 
scale fixed-bed column, working in a downward flow due to the low 
density of the adsorbent. The lab-scale continuous adsorption system 
included a 50 L influent reservoir, a 30 L outlet reservoir, a glass column 
(Chromaflex®) with a 2.5 cm internal diameter and a maximum height 
of 15 cm, a peristaltic pump for flow rate regulation (VWR), an auto-
matic sampler (GILSON, FC-203B), and a thermostatic bath for tem-
perature control (DIGIT-COOL, J.P. SELECTA). The operational 
conditions were optimized in previous work and were as follows: flow 
rate - 5 mL min− 1, bed height - 12 cm, and temperature - 20 ◦C, which 
corresponds to a bed volume of 59 mL and empty bed contact time 
(EBCT) of 11.8 min [25]. The tests were carried out for both arsenic- 
spiked distilled water (1 mg As(V) L− 1) and arsenic-spiked ground-
water (0.1 mg As L− 1). 

The desorption assays were carried out under conditions similar to 
those of adsorption. The eluent applied was NaOH in concentrations of 
0.1 M and 0.01 M. The desorption of arsenic from the exhausted 
adsorbent was conducted until arsenic concentrations in the eluent were 
very low. The first cycle was always conducted with fresh ICG and the 
following cycles with regenerated ICG. 
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The desorption capacity, Qd (mg g− 1), was calculated as the total 
amount of arsenic eluted from the saturated adsorbent, divided by the 
total mass of adsorbent, as follows: 

Qd =
Md

m
(3) 

where Md is the As mass (mg) desorbed, and m is the mass of 
adsorbent (g). 

The desorption efficiency (%) was calculated as the ratio between the 
total of arsenic eluted from the saturated adsorbent (Md), and the mass 
of arsenic retained in the saturated adsorbent in the previous adsorption 
cycle (mad), as follows: 

yd =
Md

mad
× 100  

2.5. Analysis of breakthrough curves 

The performance of the fixed-bed column was evaluated by break-
through curves (BTC) according to the following experimental param-
eters: breakthrough time (tb), saturation time (ts), bed volumes treated at 
breakthrough (BVb), bed volumes treated at the saturation point (BVs), 
adsorption capacity at breakthrough (qb), adsorption capacity at the 
saturation (qs), treated volume at breakthrough (Vb), treated volume at 
saturation (Vs), arsenic removal at breakthrough (yb), arsenic removal at 
saturation (ys), the mass transfer zone (MTZ) in the column, and the 
MTZ/Bed height ratio. The calculation of each parameter is described in 
a previous paper of the research group [25]. 

Breakthrough time was defined as that corresponding to the outlet 
concentration of 10 μg L− 1, which is the maximum level permitted in the 
European Union and the guideline recommended by the World Health 
Organization [11,31]. Theoretical parameters were obtained by fitting 
the Yan model to the experimental values by nonlinear regression, using 
Curve Expert Pro 2.7 software. The Yan model [32] is an empirical model 
represented by the equation: 

C
Ci

= 1 −
1

1 +
(

CiQ
qYa*m*t

)aYa (9) 

Where aYa is an empirical parameter, qYa is the theoretical saturation 
adsorption capacity (mg g− 1), m is the mass of adsorbent in the column 
(g), C is the concentration of adsorbate at time t (mg L− 1), Ci is the initial 
adsorbate concentration (mg L− 1), Q is the flow rate (L min− 1), and t is 
flow time (min). 

3. Results 

3.1. Desorption in batch operation mode 

The adsorbent's regeneration performance was firstly studied in 
batch operation mode. Lab-scale tests were conducted to evaluate the 
desorption of arsenic from ICG using several eluents, followed by the 
study of the effect of different eluent concentrations, and finally, the 
assessment of regeneration cycles by the application of consecutive 
adsorption-desorption cycles, using the most suitable eluent. 

3.1.1. Eluent performance 
The desorption of arsenate from ICG was studied by applying 

different classes of eluents: salts (Na2CO3–0.1 M and 0.5 M, 
Na2HPO4–0.5 M, KNO3− 0.5 M), bases (NaOH – 0.1 M and 0.5 M, KOH – 
0.1 M), an acid (HNO3− 0.1 M), a complexing agent (EDTA – 0.5 M), and 
distilled water. The distilled water was able to desorb only 4.2 %. Fig. 1 
and Table S.1 (Supplementary Materials) show the desorption efficiency 
for the other desorbing agents. The bases stood out in comparison to the 
salts and the acid. Among the bases, NaOH achieved the best desorption 
efficiencies of 83 % and 92 %, for concentrations of 0.5 M and 0.1 M, 
respectively, followed by KOH at 0.1 M (83 %). In the class of salts, 
Na2CO3 0.1 M achieved the best elution of 56 %. We observed that the 
acid option was not feasible to be applied in arsenic elution from ICG, 
not only because of its low desorption capacity (34 %) but also for the 
high extraction of iron from the adsorbent of 9.2 mg Fe g− 1, which was 
approximately 40 times higher than the iron leached in the solution 
using other eluents. Another iron-based sorbent for arsenic removal had 
also demonstrated high iron solubility from desorption using an inor-
ganic acid eluent (638 mg L− 1) [33]. 

The overall arsenic desorption efficiency decreased in the following 
order: NaOH > KOH > Na2CO3 > HNO3 > Na2HPO4 > EDTA > H2O >
KNO3. For iron leaching from ICG, the increasing order was observed: 
Na2CO3 < H2O < KNO3 < Na2HPO4 < NaOH < KOH < EDTA < HNO3. 

The results showed that desorption efficiency was dependent on pH 
values (Table S.1). A pH change in solution affects both arsenate 
speciation and the surface charge of iron-coated cork granulates. Arse-
nate is prevalent in solution in the forms H3AsO4 (pH < 2.2), H2AsO4

−

(2.2 < pH < 6.9), HAsO4
2− (6.9 < pH < 11.5), and AsO4

3− (pH > 11.5) 
[34,35], whereas the iron oxide surface is typically loaded with surface 
hydroxyl groups (Fe-OH), and the surface is protonated (Fe-OH2

+) or 
deprotonated (Fe–O), depending on the point of zero charge (pHPZC) 
[36]. The pHPZC value for ICG is close to 6 [24], and the arsenate loading 
does not change this value significantly [28]. Consequently, for all pH 
levels of the alkaline solutions examined, the surface of ICG is depro-
tonated and negatively charged, resulting in the release of the negatively 
charged arsenate molecule [37]. A study of the “shared charge” for 

Fig. 1. Arsenate desorption efficiency and iron leaching from ICG for different eluents and concentrations (S/L ratio of 2.5 g L− 1; T = 20 ◦C).  
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oxyanions has found that OH− has the highest affinity to form a bond 
with Fe3+ compared to AsO4

3− and CO3
2− [36], which justifies a higher 

desorption efficiency for NaOH and KOH solutions. However, KOH 0.1 
M solution dissolved more iron than NaOH 0.1 M solution, which may 
have reduced its desorption efficiency. 

3.1.2. Effect of eluent concentration 
In this section, a deeper investigation of the effect of eluent con-

centration was carried out with NaOH and Na2CO3, which achieved the 
best desorption efficiency for the respective class of eluents (Section 
3.1.1) and the lowest iron dissolution. The desorbing efficiency of NaOH 
solutions was investigated in the range 0.01–0.5 M and that of Na2CO3 in 
the range 0.01–2 M. The results are presented in Fig. 2 and Table S.1. 

From Fig. 2, it can be observed that the variation in eluent concen-
tration causes, firstly, an increase in desorption removal, followed by a 
decrease. The trend at higher concentrations could be caused by a 
degradation of the cork structure under strong basic solutions [38]. 
Furthermore, a similar tendency was also observed for As(V) desorption 
from granular ferric hydroxide (GFH) using sodium hydroxide in the 
range 1 % - 6 % w/v, with a higher desorption rate achieved for 2 % [39]. 
For commercial adsorbent ARM 200 (VV), the optimum NaOH concen-
tration was found to be 4 %, with a desorption efficiency of 87.2 % [39]. 

The optimal concentration for both NaOH and Na2CO3 was found to 
be 0.1 M. The desorption efficiencies of basic solutions were much 
higher than that of salt solutions; hence, NaOH was chosen as the 
optimal eluent for arsenic from ICG. The iron leached from the adsor-
bent after 24 h in contact with 0.1 M NaOH was 0.21 mg g− 1, which is 
<1 % of the total iron content of the ICG. 

The 92 % desorption efficiency of arsenate from ICG by NaOH 0.1 M 
was higher than that reported for other iron-based adsorbents, such as 
iron-impregnated biochar, with a desorbing capacity of 72 % [40], and 
GFH, with 36.5 % desorption, for a 1 M concentration [39]. 

3.1.3. Desorption kinetics 
The regeneration of arsenic-loaded adsorbents can produce highly 

toxic waste. The minimization of both the eluent volume and chemical 
additions is important, and can be reached by understanding the effects 
of eluent composition on the equilibrium and kinetics of arsenic 
desorption [41]. In this section, the kinetics of As(V) desorption from 
ICG was investigated using NaOH 0.1 M and 0.01 M as desorbing agents. 
Saturated adsorbents containing 3.9 ± 0.5 mg As(V) g− 1 and 3.7 ± 0.6 
mg As(V) g− 1 were used for assays with NaOH 0.1 M and NaOH 0.01 M, 
respectively. The results are presented in Fig. 3 and Table S.2. 

Desorption using 0.1 M NaOH starts with a rapid increase in the first 
4 h, followed by a slower second stage (4–24 h). The same trend was also 
observed in As(V) desorption kinetics on Ni/Mn-LDH-biochar [42] and 
Fe-biochar [40] in similar conditions. 

The Elovich model fit to the experimental data using NaOH 0.1 M (r2 

= 0.999) and NaOH 0.01 M (0.978) indicates a heterogeneous surface of 

the adsorbent [43]. Results show a slower desorption rate for the 0.01 M 
NaOH solution. This decrease in desorption rate was expected given the 
reduction of the available molecules to cleave the arsenate bonds with 
the adsorbent. 

We observed that some samples acquired an orange-yellow colour-
ation, which could indicate a degradation of the adsorbent (Fig. S.1). So, 
TOC was measured to better understand the impact of eluent on the 
adsorbent integrity. Fig. S.2 shows that both concentrations of sodium 
hydroxide provoke a disintegration of the adsorbent, which leads to an 
increase of TOC concentration in the basic solution. The stronger basic 
solution caused significantly higher harm in the ICG, with higher 
observed TOC concentrations, especially after 4 h of contact time. The 
NaOH 0.01 M solution caused a steep increase in TOC after 16 contact 
hours. Following TOC results, desorption kinetics for NaOH 0.01 M was 
studied until 16 h. 

At 16 h of contact, the TOC concentration in the solution was 21.4 
mg L− 1 for NaOH 0.01 M, compared to 140.7 mg L− 1 for NaOH 0.1 M, 
which is approximately seven times higher. So, the NaOH 0.01 M basic 
solution was considered more suitable for arsenic desorption from ICG in 
batch mode, even leading to a lower desorbing capacity. 

3.1.4. Adsorption-desorption cycles in batch operation mode 
The regeneration capacity of the arsenic-loaded adsorbent was 

investigated in batch mode. For more insights into the effect of eluent 
concentration, NaOH was applied as eluent in two concentrations: 0.01 
M and 0.1 M. The results of adsorption-desorption cycles are presented 
in Table S.3. 

Even though the desorption rate with NaOH 0.01 M solution was 

Fig. 2. Arsenate desorption efficiency using NaOH and Na2CO3 solutions at different concentration (S/L ratio - 2.5 g L− 1; T = 20 ◦C).  
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lower than that achieved with NaOH 0.1 M, the weaker basic eluent was 
able to provide better preservation of adsorption capacity in consecutive 
adsorption-desorption cycles. The reduction in adsorption capacity after 
the 1st regeneration was much higher using NaOH 0.1 M than NaOH 
0.01 M. The higher TOC values obtained for the NaOH 0.1 M eluent in 
comparison with NaOH 0.01 M, may help justify these results (Fig. S.2). 
TOC represents the degradation of the adsorbent properties after contact 
with the desorbing agent that attacks the adsorbent structure. The loss in 
adsorption capacity in the successive cycles can also be related to the 
remaining arsenic content in the adsorbent [44]. It was evident that after 
highly efficient desorption, such as in the 2nd cycle, the adsorption 
capacity will be better maintained in the following cycle, as observed 
between the 2nd and 3rd cycles. 

ICG was able to be regenerated by 0.01 M NaOH, for three cycles, 
after the first adsorption cycle using fresh ICG. The adsorbent was still 
able to remove high quantities of arsenic (1.0 mg g− 1) even after being 
exposed to the basic solution. The reduction in adsorption and desorp-
tion efficiency through the regeneration cycles was observed in other 
modified biosorbents, such as modified watermelon rind [45], iron- 
impregnated biochar [40], and Fe(III) modified kapok fiber [46]. 

3.2. Adsorption-desorption cycles in a fixed-bed column 

3.2.1. Arsenic aqueous solution 
Lab-scale fixed-bed column assays were conducted using 1 mg As(V) 

L− 1 in distilled water for the adsorption and NaOH as eluent, in both 
concentrations of 0.1 M and 0.01 M, to evaluate the regeneration ca-
pacity of ICG in continuous mode. The results obtained in consecutive 
adsorption-desorption cycles are presented in Fig. 4 and Table S.4. 

A similar trend from batch results was observed in continuous mode. 
The regenerated ICG presented a lower adsorption capacity in compar-
ison to the fresh ICG, and NaOH 0.01 M could regenerate ICG for more 
cycles. The breakthrough curves using the regenerated ICG were very 
much alike, using either NaOH 0.1 M or NaOH 0.01 M. 

In the first hours of adsorption with regenerated ICG, a significant 
concentration of arsenic in the effluent was observed, as shown in Fig. 4. 
However, the arsenic release decreased and ceased after a few hours, 
and then the typical adsorption process was initiated. The Yan model 
fitted well the adsorption data from all cycles (r2 > 0.98). 

The breakthrough time (tb) from fresh ICG to regenerated ICG 
reduced from 46 to 23 h and from 46 to 25 h after treatment with NaOH 
0.1 M and 0.01 M, respectively. In the following 3rd, 4th, and 5th 
adsorption cycles using regenerated ICG by NaOH 0.01 M tb was 34 h, 
25 h, and 16 h. Saturation time (ts) of regenerated ICG ranged from 51 to 

63 h and from 68 to 71 h, using NaOH 0.01 M and 0.1 M, respectively. 
The bed volumes before breakthrough (BVb) reduced from 253 (fresh 
ICG) to 147 and 140 after one desorption cycle with NaOH 0.01 M and 
0.1 M, respectively. The BVb decreased approximately 63 % from the 1st 
to the 5th adsorption cycle using NaOH 0.01 M. A reduction of about 65 
% was reported from the 1st to the 4th cycle in BVb of beaded coal mine 
drainage sludge (BCMDS-YD), using NaOH 0.1 M as desorbing agent 
[47]. 

For the adsorption cycles using NaOH 0.1 M regenerated ICG, the 
treated volume before breakthrough (Vb) was 14.9, 7.0, and 8.2 L. For 
the adsorption cycles with regeneration carried out with NaOH 0.01 M, 
ICG was able to treat 14.9, 8.3, 10.5, 7.7, and 5.2 L of water under 10 μg 
L− 1 consecutively after desorption cycles. 

Fresh ICG achieved adsorption capacities at breakthrough (qb) and 
saturation (qs) of 2.0 and 3.8 mg g− 1 in continuous mode. The treatment 
by sodium hydroxide 0.01 M caused a reduction in arsenate uptake after 
the first regeneration cycle of 30 % and 36 % in qb and qs, respectively. 
The impact was higher when using NaOH 0.1 M, with a diminution of 
almost 50 % in both qb and qs. Fig. S.3 shows the adsorption capacities 
after each regeneration cycle using NaOH. The qb of regenerated ICG 
decayed from 1.3 to 0.8 mg g− 1 after four regeneration cycles using 
NaOH 0.01 M. For assays carried with NaOH 0.1 M, the qb of regenerated 
ICG kept a constant value of 1.1 mg g− 1. Saturation capacities for re-
generated ICG varied from 2.4 to 1.6 mg g− 1 and from 1.9 to 2.0 mg g− 1 

using NaOH 0.01 M and 0.1 M, respectively. 
The performance of breakthrough curves from fresh ICG to regen-

erated ICG by NaOH 0.01 M was essentially affected, with a reduction in 
almost all parameters (tb, ts, BVb, BVs, qb, qs, Vb, Vs, yb, ys) except two, 
MTZ and MTZ/bed height. The values of these parameters for the fixed- 
bed column assay using fresh ICG were 7.6 cm and 0.63, respectively, 
whereas for regenerated ICG using NaOH 0.01 M, they reduced to 6.9 
and 0.60, 4.1 and 0.36, 6.7 and 0.58, respectively, for the 2nd, 3rd, and 
4th cycles of adsorption. The shortening in these parameters means an 
improvement in the fixed-bed column efficiency overall by increasing 
the utilized bed height. The adsorption cycles using NaOH 0.1 M and the 
last adsorption cycle (5th) using NaOH 0.01 M presented lower fixed- 
bed performance, like the assay carried with fresh ICG. The fact that 
the fixed-bed column was more efficient through most of the adsorption 
cycles with regenerated ICG using NaOH 0.01 M suggests that the 
reduction of adsorption efficiency observed after desorption is caused by 
the residual arsenic content in the adsorbent. 

This effect can be observed in the breakthrough curves (Fig. 4), in 
which BTCs after NaOH 0.01 M treatment are steeper than BTC at 1st 
adsorption cycle (fresh ICG) and BTCs from regeneration cycles with 
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NaOH 0.1 M. 
The desorption efficiency through the regeneration cycles was 62 %, 

113 % and 130 % for 1st, 2nd, and 3rd desorption cycles, respectively, 
using NaOH 0.1 M. For the weaker basic solution, the desorption effi-
ciencies were 74 %, 77 %, 139 %, and 103 % for the 1st, 2nd, 3rd, and 
4th cycles, respectively. The desorption parameters are presented in 
Table S.5. The desorption capacity varied from 1.8 to 2.5 mg g− 1 and 2.3 
to 2.7 mg g− 1 for NaOH 0.01 M and 0.1 M, respectively. The desorption 
capacities using the stronger basic solution were slightly higher, as 
observed in batch mode (item 3.1.2). The efficiencies above 100 % in 
some of the later desorption cycles can be explained by the desorption of 
residual arsenic from previous cycles. 

The desorption profiles for both basic solutions are displayed in 
Fig. S.4. The desorption using NaOH 0.1 M was faster than NaOH 0.01 
M. The stronger basic solution was able to desorb the arsenic from the 
adsorbent in 3 h, but the weaker base required >20 h to achieve a good 
desorption efficiency. This means a consumption of approximately 19 
BV and 1 L of eluent using NaOH 0.1 M and about 145 BV and 8.1 L of 
eluent using NaOH 0.01 M. The maximum concentrations of arsenic 
eluted were 173.7 mg L− 1 at 0.1 h and 30.3 mg L− 1 at 0.5 h, for NaOH 
0.1 M and 0.01 M, respectively. The maximum concentrations increased 
after each desorption cycle in both scenarios, suggesting that the arsenic 
adsorbed on the regenerated ICG was not bound as strongly to the 
adsorbent. 

A different trend was reported in other studies where a decay in 
maximum concentrations of arsenic was observed after each desorption 
cycle [47,48]. Lee et al. (2022) reported a maximum concentration of 
approximately 40 mg L− 1 of arsenic in the eluted solution after 0.2 h, 
0.33 h and 0.5 h, respectively, after 1st, 2nd, and 3rd desorption cycle of 
saturated BCMDS, using NaOH 0.1 M. For iron-chitosan composites 
saturated with an inlet solution of 0.5 mg As L− 1 the maximum con-
centrations of arsenic in desorption ranged from approximately 3.2 to 
0.8 mg L− 1, using NaOH 0.1 M [48]. The highest leached arsenic con-
centration of roughly 25 mg L− 1 was also observed in the first minutes of 
desorption of Fe-impregnated biochar using NaHCO3 [49]. For sulfate- 
modified iron oxide-coated sand (SMIOCS), the maximum concentra-
tion of arsenic in the NaOH 0.2 M desorption solution was 5.7 mg L− 1 

after 1.5 h [50]. 
During regeneration cycles, the TOC and iron content in the samples 

were monitored. A colouration was observed in the samples after NaOH 
0.1 M treatment (Fig. S.5), similarly to batch desorption (Fig. S.1). 
Fig. S.6 presents the boxplot graph for the TOC of samples from 
desorption in continuous mode. The TOC measured in the samples from 
each desorption cycle was on average 10.1, 11.6, 11.1, and 11.4 mg L− 1 

for 1st, 2nd, 3rd, and 4th cycles, respectively, using NaOH 0.01 M. For 
1st, 2nd, and 3rd cycles of desorption using NaOH 0.1 M the average 
values were 109.2, 69.2, and 43.5 mg L− 1, respectively. The results 
showed a proportional increase in TOC values similar to the reported 
results in batch (Fig. S.2), of about 4–10 times higher concentration with 
NaOH 0.1 M than 0.01 M. The TOC values decayed through desorption 
cycles after treatment with NaOH 0.1 M, but the application of the 
weaker base kept TOC values almost constant through the desorption 
runs. 

TOC results confirm the higher degradation in the ICG after treat-
ment with NaOH 0.1 M, which justifies the limited application of the 
stronger basic solution for only 3 cycles in continuous mode and two 
cycles in batch mode (item 3.1.4). In regeneration studies conducted 
with iron-chitosan composites, TOC values ranging from 10.2 to 12.2 
mg L− 1 in the desorption effluent after two regeneration cycles with 0.1 
M NaOH have been reported and considered to be acceptable values 
[48]. 

The adsorbent degradation can also be expressed in terms of iron 
leached from ICG after desorption, as the iron layer in the adsorbent is 
essential to keep the arsenic removal capacity in the following regen-
eration cycles. Fig. S.7 shows the iron leached in each desorption cycle 
carried out with NaOH. The maximum concentration of iron was higher 

for NaOH 0.1 M than for NaOH 0.01 M treatment. 
The calculation of the iron leached in each assay was carried out by 

measuring the area below the curve of iron leaching versus time for each 
adsorption/desorption cycle. The results are presented in Table S.6. It 
was observed a higher iron leaching in adsorption than in desorption 
cycles. However, using NaOH 0.1 M, the rate of iron leaching in 
desorption was also high (Table S.6). This indicates that NaOH 0.1 M 
was more aggressive to the adsorbent than NaOH 0.01 M. 

The increase in iron leaching related to an increase in NaOH con-
centration was also reported [41] in regeneration studies of ferric 
hydroxide-based adsorbents. The authors attributed the iron leaching to 
the formation of Fe(OH)2

+ ions. The consequent decrease in the adsor-
bent active sites is tied to a decline in the regenerated adsorbent's 
performance. 

The iron content was quantified in the fresh adsorbent and after 3 
and 5 continuous cycles with desorption using NaOH 0.1 M and NaOH 
0.01 M, respectively, to assess the degradation of the active sites in the 
adsorbent. Two methods were used: calculation of area below curve 
using experimental adsorption/desorption data and results from acid 
digestion of a saturated sample of adsorbent followed by FAAS 
(Table S.7). By calculating the iron mass balance through experimental 
data of iron leaching, a reduction of 19 % and 25 % of iron content (mg 
Fe g− 1 ICG) was found after all adsorption-desorption cycles using NaOH 
0.1 M and NaOH 0.01 M, respectively, considering the remaining iron 
mass and the initial adsorbent mass of 6 g. A higher reduction in iron 
content was expected in the material treated with NaOH 0.01 M because 
it went through more adsorption/desorption cycles. By acid digestion, 
the reduction in iron loading on regenerated ICG was 4 % and 18 %, for 
NaOH 0.1 M and NaOH 0.01 M, respectively (Table S.7). The difference 
in the iron content reduction found by each determination method can 
be explained by the mass loss in the cork structure, which was previously 
verified by TOC measurements. A more substantial mass loss is 
confirmed using NaOH 0.1 M due to the higher difference in the iron 
content values found by each method (4 % to 19 %) compared to NaOH 
0.01 M (18 % to 25 %). 

Fig. 5 shows SEM micrographs of fresh ICG, and ICG treated with 
NaOH 0.01 M and 0.1 M, in continuous mode, after 5 and 3 cycles of 
operation, respectively. It is possible to note that regenerated ICG have 
cellular structural deformation compared to fresh ICG. The ICG treated 
with NaOH 0.01 M (Fig. 5.b) show thinning of the cell walls but main-
tain the layered structure of the cells present in fresh ICG. However, the 
ICG treated with NaOH 0.1 M (Fig. 5.c) show further degradation, with 
wrinkled cells and an unstructured cellular arrangement (Fig. 5.c). Even 
after alkaline treatment, iron is still present in both samples in its 
original heterogeneous distribution, though at lower concentrations. 
EDS analysis of the materials is presented in Fig. S.8. The elements Fe, C, 
O are the most abundant in all samples and As is present in the treated 
samples. 

Table 1 presents the effect of regeneration in different adsorbents. 
Generally, the adsorbent suffers a loss of adsorption capacity, which on 
regenerated ICG was lower than the loss suffered by iron oxide-coated 
biomass (IOCB) after one desorption cycle. However, other adsorbents 
such as commercial ArsenXnp, Lewatit FO36, and biosorbent rice polish 
could pass through desorption with a minor drop in adsorption capacity. 
The reduction in adsorption capacity can be related to the incomplete 
recovery of arsenic from the bed media or the modification in the ad-
sorbent's properties after treatment under high pH values [41]. 

3.2.2. Arsenic-contaminated groundwater 
Studies were conducted with natural groundwater contaminated 

with arsenic to evaluate the applicability of ICG in a real scenario. The 
groundwater characterization is shown in Table S.8. 

Adsorption-desorption cycles were carried out in continuous mode 
using real-spiked groundwater with 0.1 mg L− 1 of total As at the natural 
pH of the water of 7.09 ± 0.01. The desorption experiments were carried 
out with 0.1 M NaOH. The results are shown in Fig. 6, Fig. S.9 and 
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Table 2. 
The breakthrough time and the arsenic removal efficiency before 

breakthrough (yb) were 26 h and 99.2 %, respectively, using fresh ICG. 
The Yan model fitted best the breakthrough curve (r2 = 0.992) with a 
predicted adsorption capacity of 0.26 ± 0.01 mg g− 1. ICG adsorption 
capacities from fixed-bed column studies using synthetic solutions 
(similar operational conditions) were reported to be 1.5 ± 0.2 mg g− 1 

for As(V) and 0.8 ± 0.1 mg g− 1 for As(III) [25]. The reduction of arsenic 
adsorption capacity by ICG can be related to the presence of interferents, 
such as sulfates (concentration of 40.2 ± 0.2 mg L− 1). Sulfate was 
identified to reduce As(III) removal by zerovalent iron [55], zirconium- 
based material (ZrPACM-43) [56], and hydrous ferric oxide (HFO) [57], 
more specifically in the pH range from 4 to 7 [58]. The competitive 

effect of sulfate was also observed in As(V) adsorption by FHO [57,58], 
by activated modified biochar [59], and by Fe(III) modified kapok fiber 
[46]. The water applied in this study could either have As(V), As(III) or 
both species because As(III) could be already present in groundwater 
spiked with a general arsenic standard. 

It is found in the literature that several alternative adsorbents were 
investigated in the removal of arsenic from real groundwater (spiked or 
not), as the results are shown in Table 3. It is possible to note that the 
adsorbents showed very similar results, with no outlier in terms of 
adsorption of real groundwater performance. The comparison between 
various adsorbents' performance is difficult because each assay was 
carried out in different experimental conditions, such as EBCT and initial 
arsenic concentration. Nevertheless, slightly better results were found in 

a) b) c)

Fig. 5. SEM micrographs of: a) iron-coated cork granulates, 500× magnification, b) iron-coated cork granulates treated with NaOH 0.01 M, 500× magnification; c) 
iron-coated cork granulates treated with NaOH 0.1 M, 500× magnification. 

Table 1 
Comparison between new and regenerated adsorbents for As(V) removal in continuous mode.  

Adsorbent Cycle Initial As concentration (μg 
L− 1) 

Saturation 
capacity 
(mg g− 1) 

Breakthrough time 
(h) 

Estimated loss on adsorption capacity 
(%) 

Ref. 

Iron oxide-coated biomass 
(IOCB) 

1st  100  0.47 – 40.4 [51] 
2nd  100  0.28 – 

ArsenXnp 1st  200  ~6.2 – 11.3 [52] 
2nd  200  ~5.5 – 

Lewatit FO36 1st  500  3.229 – 12.48 [53] 
2nd  500  2.826 – 

Rice polish 1st  1000  0.079 18 16.5 [54] 
2nd  1000  0.066 17 

Iron-coated cork granulates 
(ICG) 

1st  1000  3.8 46 36.8 This 
study 2nd  1000  2.4 25  

Fig. 6. Adsorption-desorption cycles: a) Experimental (points) and predicted (lines) breakthrough curves for new (1st cycle) and regenerated (2nd and 3rd cycles) 
ICG using real-spiked groundwater (flow rate 5 mL min− 1 and 6 g of ICG), b) desorption profiles for three cycles using 0.1 M NaOH. 
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studies with iron-oxide-coated natural rock (IOCNR), iron-chitosan 
granules (ICB), and iron-coated cork granulates (ICG) in terms of BVs 
before the breakthrough. 

ICG saturated with arsenic were regenerated for further adsorption 
tests. The results show that the adsorbent loses 50 % of its arsenic uptake 
capacity after each regeneration cycle but can still remove arsenic under 
10 μg L− 1 during three adsorption-desorption cycles. The adsorption rate 
before the breakthrough, yb, was above 98 % in the three cycles. 
Nonetheless, the BVb reduced 60 % after one regeneration cycle, from 
140 to 58. This behavior was observed in other adsorbents such as iron- 
chitosan granules (ICB) and iron-chitosan flakes (ICF), in which 

regeneration by NaOH 0.1 M caused a reduction of approximately 60 % 
and 70 % in BVb, respectively, for the treatment of groundwater spiked 
with As(V) [48]. 

The desorption efficiency after 1st, 2nd and 3rd cycles was 100 %, 
72 % and 103.2 %, respectively. Lower desorption efficiencies were 
observed in commercial iron-based media such as granular ferric hy-
droxide (GFH) and ARM200 (LVS), treated with NaOH 1 M, of 26 % and 
39 %, respectively [39]. The presence of chemical interferents such as 
silica was suggested as the possible cause for low arsenic desorption. 

The desorption profile of each cycle (Fig. 6b) shows that maximum 
concentrations of arsenic eluted from the exhausted bed reduced 
through each cycle, from 25 to 3 mg L− 1. The desorption time was 
reduced from 6 to 3 h. In total, 2.9 L of desorption effluent was produced 
for the treatment of 12.8 L of groundwater under 10 μg L− 1. The total 
volume treated until the saturation point was 89.4 L. 

The iron concentration in the effluent from the adsorption and 
desorption cycles was inferior to the EU standard in drinking water of 
0.2 mg L− 1 [31] (Fig. S.10), indicating the non-leachability of iron from 
the adsorbent as earlier observed at neutral pH, which is according to 
previous adsorption studies in continuous mode at neutral pH with ICG 
[25]. 

The results suggest that the adsorbent can be recycled in a real 
application. Still, better results might be obtained by a weaker base, 
such as 0.01 mol L− 1 NaOH, which achieved the best regeneration 
performance with synthetic water in batch (item 3.1.4) and continuous 
mode (item 3.2.1). However, in continuous mode, the desorption using 
NaOH 0.01 M should take longer and produce a higher volume of waste 
when compared to NaOH 0.1 M. It is important to take those parameters 
(desorption capacity, desorption time, and volume of eluting solution) 
into consideration to decide which desorbing agent is more appropriate. 

4. Conclusions 

Desorption of arsenic from saturated iron-coated cork granulates and 
the performance of regenerated ICG to remove arsenic from water were 
investigated in this work. From batch tests it was concluded that basic 
solutions achieved higher desorption efficiency than salts and acid. The 
best desorption rate of 92 % was observed using NaOH 0.1 M. The in-
crease in the concentration of sodium hydroxide from 0.01 M to 0.5 M 
showed an increase in desorption of arsenic until 0.1 M, followed by a 
reduction. Even though the optimum desorption efficiency in batch 
mode was obtained using NaOH 0.1 M, the 0.01 M concentration was 
less aggressive to the adsorbent and permitted ICG to be regenerated for 
up to four cycles with a residual adsorption capacity above 1 mg g− 1 in 
both batch and continuous mode. 

Total organic carbon and iron leaching were 5–10 times higher in 
desorption with NaOH 0.1 M than NaOH 0.01 M. The stronger degra-
dation of ICG with NaOH 0.1 M was also confirmed by an observation of 
cell wall collapse in SEM micrographs. The low resistance of the struc-
ture resulted in limited performance of regenerated ICG treated with the 
stronger basic eluent. 

Table 2 
Experimental and predicted breakthrough parameters of arsenic adsorption 
from real groundwater onto fresh (first cycle) and regenerated (second and third 
cycle) ICG.   

Parameter First 
cycle 

Second 
cycle 

Third 
cycle 

Experimental Breakthrough at 
10 μg L− 1 

tb (h) 26 ± 2 10.7 ±
0.8 

4.3 ±
0.6 

qb (mg g− 1) 0.12 
± 0.01 

0.054 ±
0.004 

0.025 
±

0.004 
BVb 140 ±

13 
58 ± 6 29 ± 5 

Vb (L) 7.9 ±
0.5 

3.3 ±
0.3 

1.6 ±
0.3 

yb (%) 99.2 
± 0.6 

98.3 ±
0.2 

98.6 ±
0.3 

Breakthrough at 
50 μg L− 1 

tb (h) 64 ± 2 27.6 ±
0.8 

18.0 ±
0.8 

qb (mg g− 1) 0.23 
± 0.02 

0.12 ±
0.01 

0.09 ±
0.01 

BVb 341 ±
25 

132 ±
10 

120 ±
13 

Vb (L) 19 ±
0.8 

7.5 ±
0.3 

6.8 ±
0.6 

yb (%) 87 ± 1 83 ± 1 89 ± 2 
Saturation at C/ 
Co = ~0.90 

ts (h) 169 71 45 
qs (mg g− 1) 0.30 

± 0.05 
0.16 ±
0.01 

0.10 ±
0.09 

BVs 898 ±
58 

384 ±
25 

301 ±
30 

Vs (L) 50.7 
± 0.1 

21.7 ±
0.1 

17.0 ±
1.4 

ys (%) 39 ± 5 45 ± 4 39 ± 4 
MTZ (cm) 9.7 9.8 10.4 
MTZ/Bed 
height 

0.84 0.85 0.90 

Yan Model Qya (mg 
g− 1) 

0.26 
± 0.01 

0.14 ±
0.01 

0.08 ±
0.01 

aya 2.7 ±
0.1 

2.4 ±
0.1 

1.8 ±
0.1 

SE (mg 
g− 1) 

0.03 0.03 0.04 

R2 0.992 0.993 0.984 

(± standard error of mean) 

Table 3 
Performance of alternative adsorbents on the removal of arsenic from real (spiked) groundwater in a fixed-bed column.  

Adsorbent Bed height 
(cm) 

EBCT 
(min) 

Initial As 
concentration 
(μg L− 1) 

Bed volumes before the 
breakthrough 

Breakthrough time 
(h) 

Ref. 

Iron-oxide-coated natural rock 
(IOCNR)  

10  ~3.9  40  ~244  16 [60] 

Laterite soil  10  ~4.1  330  ~100  6.75 [61] 

Iron chitosan spacer granules (ICS)  
10  ~19  179  30  ~10 

[62]  20  ~38  179  45  ~29  
30  ~57  179  64  ~61 

XCF (xanthated chitosan flakes)  30  ~57  200  99  94 [63] 
Iron-chitosan granules (ICB)  30  ~53  500  147  130 [48] 

Iron-coated cork granulates (ICG)  12  11  100  140  26 
This 
study  
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As regards adsorption and desorption capacity, the best results were 
achieved in continuous mode in comparison to batch mode. Adsorption 
capacity reduced from 3.8 ± 0.3 to 1.8 ± 0.4 mg g− 1 from 1st to 5th 
adsorption cycle in continuous mode, in contrast to the reduction from 
5.7 ± 0.2 to 1.0 ± 0.1 mg g− 1 in batch mode, after NaOH 0.01 M 
treatment. 

Fixed-bed column tests conducted with arsenic-contaminated 
groundwater showed the feasibility of the application of ICG in real 
waters, which makes it an attractive green adsorbent for commercial 
purposes. 

This work provided good insights into arsenic desorption from ICG 
and the application of ICG for adsorption in real scenarios. For future 
work, it is important to investigate the effect of competitive elements on 
ICG adsorption in continuous mode, as these might be responsible for 
the difference in performance observed between the treatment of syn-
thetic and natural waters. 
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