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A two‑step biosorption methodology for efficient and rapid removal 
of Fe(II) following As(V) from aqueous solution using abundant 
biomaterials

K. Richards1 · A. Garçia1 · Y.‑ M. Legrand1 · C. Grison1

Abstract
An innovative methodology was implemented for removing arsenic from aqueous solution by developing successive biosorp-
tion experiments. Considering the high affinity of As oxyanions toward Fe(III) oxides, the biosorption of Fe(II) was first 
conducted using nine biomaterials—aquatic and terrestrial invasive species, biowastes, local plants. Pistia stratiotes, an 
invasive alien species presenting the highest concentration of adsorbed Fe(II), was selected for a detailed investigation 
of As(V) removal from wastewater. After oxidation of the biosorbent into Fe(III), it yielded to a 92% removal efficiency 
determined by GFAAS and an excellent maximum biosorption capacity of 5.1 mg.g−1. The biosorbent was characterized by 
MP-AES and HRTEM-EDX. The adsorption mechanisms for iron and arsenic have been studied via theoretical models and 
the Langmuir isotherms and pseudo-second-order kinetics models revealed excellent linearity and highlighted the robust-
ness of the method. These promising results were developed to build a pilot for As(V) removal from the Russec river (Orbiel 
Valley, France), polluted with arsenic.

Keywords Metallic elements · Adsorption · Biosorbents · Invasive alien species · Wastewater treatment

Introduction

Water, sometimes qualified as blue gold, is a vital resource 
and a precious common good, whose preservation must 
be a global top priority. Its access and security is suffering 
from a crisis as severe as the climate crisis (United Nations 
World Water Development Report: 2021 Valuing Water 
2021). Increasingly rare, water is also increasingly polluted 
and nowadays 80% of polluted waters are discharged in the 
environment without treatment. Many sources of pollution, 
organic and inorganic, affect water, and its contamination by 
heavy metals is one of the most important hazards to water 
resources.

Arsenic, which is the twentieth most abundant element on 
the earth’s crust, is a toxic metalloid considered as a major 

worldwide water contaminant (Williams 2001). Three hun-
dred million people residing in more than 100 countries have 
already been directly or indirectly affected by As toxicity. 
Arsenic exposure causes damage to the central nervous sys-
tem and is responsible for the development of liver, bladder, 
skin and kidney cancers and many other diseases (Monrad 
et al. 2017). Due to its very high toxicity, the World Health 
Organization declared a guideline threshold of 10 µg.L−1 
for arsenic in drinking water replacing the old standard of 
50 µg.L−1.

Arsenic decontamination is a hot topic and has been 
extensively studied. Over the years, various physicochemical 
and biological methods have been reported. These technolo-
gies include coagulation–flocculation, membrane filtration, 
ion exchange and electrochemical methods (Ghosh et al. 
2019). However, these methods involve high-energy input 
and complicated procedures, making them costly and less 
attractive to industrialize. Adsorption has recently emerged 
as an efficient technique for the removal of arsenic, as it 
is highly efficient, cost-effective, sludge-free and techno-
logically simple (Mohan and Pittman 2007) but remains 
very new and uncommonly applied in industry (Irshad 
et al. 2021). Different adsorbents have been intensively 
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investigated, and iron-enriched adsorbents are largely devel-
oped considering the strong natural affinity of iron oxides 
toward arsenic oxyanions, the environmental friendliness of 
iron and its abundance on earth (Carlson et al. 2002).

However, major drawbacks have arisen in terms of the 
cost and low-efficiency of the adsorbent used in common 
adsorption. In this regard, biosorption has gained popular-
ity due to its low cost, eco-friendliness and abundant avail-
ability of the biosorbents. Modified jute fibers (Hao et al. 
2015), wheat straw (Tian et al. 2011), oyster shell (Fan 
et al. 2015), sawdust (Setyono and Valiyaveettil 2014), 
cork granulates (Pintor et al. 2018), bagasse (Gupta et al. 
2015; Pehlivan et al. 2013), waste plant material (Arshad 
and Imran 2020) and rice bran (Hu et al. 2010) have been 
reported to enhance the capabilities of arsenic removal 
using an iron-enriched biomaterial.

In this article, a bio-inspired procedure for removing 
arsenic oxyanions  (AsxOy

m−) from effluents is presented. 
The methodology is based on a two-step biosorption—
the biosorption of arsenic using bio-wastes was firstly 
enriched with iron by a previous biosorption. The study 
was limited to As(V), which is the most abundant form of 
arsenic in water as As(III) is rapidly oxidized into As(V) 
and to the Fe(II) adsorptions, since Fe(II) is the most abun-
dant form of iron in water and Fe(III) is known to poorly 
adsorb (Sarkar and Paul 2016). We first investigated the 
biosorption capacity of nine biomaterials toward Fe(II). 
The most efficient iron biosorbent, Pistia stratiotes, was 
selected to then study the removal of As(V), as it showed 
the highest concentration of iron. The biosorbents were 
characterized by GF-AAS and HRTEM-EDX. The adsorp-
tion mechanisms for Fe(II) and As(V) were determined 
by studying their thermodynamics and kinetics, allowing 
a mathematical modeling. And finally, these studies car-
ried out at a laboratory scale lead to the development of a 
pilot-scale project for As(V) removal from wastewater in 
natura, in the Russec river (Orbiel Valley, France).

Materials and methods

All chemicals (iron sulfate  FeSO4•7H2O and sodium arse-
nate  Na2HAsO4•7H2O) were of analytical grade and were 
purchased from Sigma-Aldrich. The solutions were pre-
pared by dilution with deionized water at neutral pH to 
stay close to the pH mostly found in nature.

Biomaterials and their preparation

Nine different natural materials, Pistia stratiotes, Ludwigia 
peploides, Mentha aquatica, Eichhornia crassipes, Fallo-
pia japonica, wheat straw, pinecone, sawdust and coffee 
grounds, were considered in order to compare their perfor-
mances for iron and then arsenic removal from water. Their 
origin is given in more detail in Online Resource (paragraph 
1.1). They were either obtained from a specialized grower 
(Nymphaea Distribution, Le Cailar, France) or collected 
from various sites in the Occitanie region of France.

Biomaterial for iron biosorption

Pistia stratiotes, Ludwigia peploides, Mentha aquatica 
and Eichhornia crassipes, wheat straw, sawdust and pine-
cones were dried naturally after collection (sun and wind). 
They were ground with a cutting mill Fritsch pulverisette 
19 apparatus at 1 mm, sifted through a 0.5-mm sieves and 
washed with water (3 × 100 mL.g−1). They were then dried 
at 80 °C until stable weight (18 h) before they could be used 
for biosorption.

Coffee grounds were washed several times with hot water 
until the filtrate became colorless and then were dried 18 h 
at 80 °C before biosorption.

Biomaterial for arsenic biosorption

After the preparation of the biomaterial (“Biomaterial for 
iron biosorption”), an iron biosorption is performed. At the 
end of the biosorption, the biomaterial is filtered and dried 
at 80 °C overnight. Then, a thermal treatment is carried out 
before the biomaterial could be used for arsenic biosorp-
tion. From room temperature, the oven is reaching the aimed 
temperature at maximum rate (150 °C.h−1), then heating for 
4 h, natural decrease of temperature to room temperature. 
The different temperatures studied are 150 °C, 300 °C and 
550 °C.

Biosorption experiments

Ferrous manganese aqueous solutions were prepared using 
the adequate amount of  FeSO4•7H2O dissolved in deionized 
water to reach the desired concentration.



Arsenate aqueous solutions were prepared from dilution 
of a 1 g.L−1 stock solution made out of sodium arsenate 
 Na2HAsO4•7H2O in deionized water.

Each biosorption experiment was conducted in triplicate.

Batch mode

One gram of biomaterial was used per litter of aqueous solu-
tion at different initial concentrations, neutral pH and room 
temperature. The solution was vigorously stirred for 2 h; 
then, the biomaterials were filtered and dried in an oven at 
80 °C until constant weight.

Column mode

One hundred milligrams of biomaterial was loaded in the 
250 × 4 mm HPLC column. Then, 100 mL of a solution at 
different initial concentrations, neutral pH and room tem-
perature was passed through the column at a rate of 4 mL.
min−1. The solid was then removed from the column and 
dried at 80 °C until constant weight. The exact concentra-
tions of arsenic solutions before and after biosorption were 
determined with ICP-MS or FG-AAS analyses. The experi-
ments were performed three times, and the samples were 
injected in triplicates. RSD (relative standard deviation) is 
indicated.

Adsorption isotherm

The effects of concentration of Fe(II) or As(V) were ana-
lyzed and fitted to the Langmuir and Freundlich models; 
two common models are used to interpret the experimental 
result (Choudhary and Bhattacharyya 2020). The Lang-
muir model represents monolayer adsorption through 
homogeneous adsorption sites, whereas in terms of the 
Freundlich model, the adsorption sites are heterogeneous 
and the adsorption multilayered. More details concerning 
these two models, mathematical formulas, linearization 
and fitting with experimental data, are given in supple-
mentary information (SI 1.2.). Solutions of  FeSO4•7H2O 
(from 5 to 40 mg.L−1) and  Na2HAsO4•7H2O (from 0.05 
to 20 mg.L−1) were stirred for 2 h with 1 g.L−1 of P. stra-
tiotes at neutral pH and at 293 K.

Adsorption kinetics

To study the adsorption kinetics, biosorptions of Fe(II) 
and As(V) have been performed for different durations: 
from 2 min to 4 h, at different initial concentrations (8 
and 40 mg.L−1 of  FeSO4•7H2O and 0.05 and 0.5 mg.L−1 
of  Na2HAsO4•7H2O). Kinetics modeling allows the esti-
mation of sorption rates but also helps understanding the 
adsorption mechanisms. It is important to be able to pre-
dict the rate at which pollutant is removed from aqueous 
solutions in order to design optimal sorption treatment 
plants. The experimental data were analyzed according to 
the pseudo-first- and pseudo-second-order kinetics mod-
els, the most commonly used models (SI 1.3.) (Ho and 
McKay 1999).

Pilot study of biosorption on site

Decontamination of arsenic in natura in the Russec River 
(Domaine du Salitis, Vallée de l’Orbiel, Aude, France) 
has been investigated at a pilot scale. The mobile pilot 
was brought close to the Russec River, and the pump 
plunged into the water. One hundred grams of biosorb-
ent (equivalent to 1.11 g.L−1 of adsorbent) was loaded 
into one adsorption column. The column was then fixed 
onto the system, and the pump was turned on to fill the 
input tank. The water was passed through the column at 
30 L.h−1, and the experiment was performed during 3 h. 
Samples were collected every 10 min and analyzed by 
GF-AAS once returned to the laboratory.

Analytical methods

Mineral compositions of aqueous solution and biomate-
rials before and after biosorption were determined either 
by microwave plasma-atomic emission spectroscopy (MP-
AES), inductively coupled plasma-mass spectrometry (ICP-
MS) analyses or graphite furnace atomic absorption spec-
trometry (GF-AAS).

Digestions of the biomaterials were performed by 
microwave-assisted dissolution using a Multiwave GO 
microwave system (Anton Paar®). In this procedure, an 
exact mass (10 mg) was suspended into a Teflon reac-
tor with a mixture of aq. HCl 37% / aq.  HNO3 65% (2:4, 
v/v, 6 mL). The reactors were heated according to the fol-
lowing program: rise in temperature from 25 to 165 °C 



(20 min), followed by a stage at 165 °C (10 min). After 
cooling for 30 min, the digests were filtered and then 
diluted to 0.4 mg.L−1 in deionized water.

For the iron study, mineral compositions of aqueous 
solution and digested materials were determined using 
a MP-AES 4200 (Agilent Technologies) equipped with 
a concentric nebulizer and a double-pass cyclonic spray 
chamber. The arsenic concentrations were determined 
by ICP-MS performed on a Thermo scientific X Series 
II ICP-MS (AETE Platform-Hydrosciences, Montpellier-
France) or GF-AAS analyses using a Thermo Scientific™ 
iCE 3300 AAS GF. The analyses were repeated three 
times.

Iron and arsenic association has been proven by scan-
ning transmission electron microscopy and energy-dis-
persive X-ray spectroscopy analysis (HRTEM/EDX). The 
analyses were proceeded on a JEOL 2200 FS operated 
at 200 kV (MEA Platform—University of Montpellier—
France). The images were obtained on a CCD GATAN 
UltraScan 4092 × 4092 px2, and the chemical composition 
was assessed via STEM-EDX using a 100-mm2 window-
less Oxford Instruments Xmax TLE detector.

Transmission Mössbauer spectra were recorded by a con-
ventional Mössbauer spectrometer (Wissel) with a flowing 
gas (96% He, 4%  CH4) proportional counter (Rikon-5) at 
room temperature. The velocity scale was calibrated with a 
57CoRh source and a metallic iron foil.

IR spectra were recorded on a Perkin-Elmer Spectrum 
100 FTIR spectrometer in ATR (Attenuated Total Reflex-
ion) mode. The number of scans was 32; the resolution 
was 1 point.cm−1. The acquisition was done from 650 to 
4000  cm−1. The detector used was a DTGS (Deuterated-
TriGlycine Sulfate). The background was done in air.

Results and discussion

Biosorption of Fe(II)

The biosorption performances of nine biomaterials, with 
different chemical properties, were investigated for remov-
ing Fe(II) from aqueous solutions of iron sulfate. These 
different biomaterials were chosen since they derive from 
aquatic, semi-aquatic and terrestrial invasive alien species, 
bio-wastes and indigene plants, and are hence natural, abun-
dant and priceless.

They were previously characterized by FTIR (Stanovych 
et al. 2019), allowing their classification in three groups:
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– Group 1: carboxylate-rich material (Pistia stratiotes,
Ludwigia peploides, Mentha aquatica, Eichhornia cras-
sipes, Fallopia japonica). These natural materials cor-
respond to aquatic living plants.

– Group 2: lignin-rich material (wheat straw, pine cone,
sawdust, Fallopia japonica), corresponding to terrestrial
biomasses.

– Group 3: tannin-rich material (used coffee grounds).

Fallopia japonica can be classified in between groups 1
and 2, as it is a semi-aquatic plant also having an intermedi-
ate chemical composition.

Adsorption isotherms of Fe(II)

The adsorption isotherm experiments of Fe(II) were con-
ducted in batch mode by preparing solutions of iron sul-
fate with a concentration range of 5–40 mg.L−1 and using 
1 g of each biosorbent per liter of solution. Experimental 
equilibrium data were fitted to the Langmuir and Freun-
dlich adsorption isotherm models (Table 1, Online Resource 
Figs. 2–10).

According to the correlation coefficient (R2), the Freun-
dlich model fits for most of the biosorbents. The value of 
the reciprocal Freundlich intensity (1/n) is under 1, reflect-
ing a favorable adsorption onto the surface of the different 
materials. Yet, the Langmuir model had the best-fitting 

isotherm for every biosorbent, with very high correlation 
value (> 0.99 for 7 out of 9 biomaterials). Since following 
a Langmuir model, these biomaterials provided homoge-
neous adsorption sites for Fe(II) which adsorbed in a sin-
gle layer. The Langmuir separation factors  RL were found 
to be between 0 and 1, indicating that the uptake of Fe(II) 
is favorable for every material.

Theoretical maximum biosorption capacity  (qm, 
mg.g−1) was also calculated for each biomaterial, using 
the Langmuir model since it remarkably fitted with the 
experimental data. For the nine biomaterials, the maxi-
mum adsorption capacities were also confirmed experi-
mentally (Table 1). The best adsorption was accomplished 
with P. stratiotes, which gave a very high maximum 
biosorption capacity of 59.17 mg.g−1 theoretically and 
58.07 mg.g−1 experimentally using a high concentra-
tion of 1.2 g.L−1 of iron sulfate. Group 1 of biomateri-
als showed the best performances, with high maximum 
adsorption capacity (from 15.74 mg.g−1 to 58.07 mg.g−1), 
followed by the intermediate F. japonica (group 1–2) and 
coffee grounds (group 3).

Groups 1, 1–2 and 3 are good candidates for the removal 
of iron from wastewater. Finally, group 2 biomaterials have 
lower performances. It is interesting to note that carboxylate-
rich materials (group 1) (Stanovych et al. 2019) have the 
best performances, which is an important clue regarding the 
adsorption mechanism suggesting the adsorption of iron by 
carboxylate moieties.

(A) (B)

Kinetics Parameters Fe(II) 
(40 ppm)

Fe(II) 
(8 ppm)

Pseudo 
first order k1 (min-1) 0.055 0.155

R² 0.940 0.848
qe (exp) (mg.g-1) 22.3 4.9
qe (plot) (mg.g-1) 22.3 4.8

% deviation 0. 047 1.9

Pseudo 
second order

k2 (g.mg-1.min-
1) 0.005 0.064

R² 0.9995 0.9996
qe (exp) (mg.g-1) 22.3 4.9
qe (plot) (mg.g-1) 21.9 4.9

% deviation 1.61 0.16
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Fig. 1  A Kinetic experimental data and B parameters for biosorption of Fe(II) onto P. stratiotes for a pseudo-second-order fitting (initial concen-
trations: 8 and 40 mg.L.−1)



Adsorption kinetics of Fe(II) onto P. stratiotes

Since P. stratiotes showed the highest maximum adsorp-
tion capacity, this biomaterial was used for kinetics stud-
ies (Fig. 1). Two aqueous solutions of iron sulfate (8 and 
40 mg.L−1) using 1 g of P. stratiotes per liter of Fe(II) 
solution were used to determine the time required for a 
maximum adsorption. These initial concentrations were, 
respectively, chosen to reproduce a usual composition of 
a mining effluent and to reach a high biosorption capacity 
calculated by the Langmuir model. Experiments were con-
ducted in batch mode, in triplicate for different timings, 
from 2 to 240 min. In the case of the low iron concentra-
tion (8 mg.L−1), only 30 min are required to adsorb all the 
ferrous cations in solution and reach the equilibrium. With 
the highest concentration (40 mg.L−1), the equilibrium is 
reached later, but still rather quickly as after 60 min, 87% 
of the iron has been absorbed. The process seemed to be 
a one step process. A remarkably fast biosorption at the 
beginning corresponded to rapid filling of the adsorption 
sites on the surface, reaching the equilibrium where no 
more adsorption seems to appear from increasing contact 
time. This equilibrium probably represents a saturation of 
the adsorption sites. The potentials remaining unsaturated 
sites could no longer be approached due to repulsion of 
iron ions in the solid phase with each other and with those 
in the solution. It is important to point out that no desorp-
tion was observed in either case.

These results were analyzed according to the pseudo-
first-order and pseudo-second-order models to help eluci-
date the potential rate-limiting steps of biosorption. Their 
linearization and experimental fitting are shown in Online 
Resource Fig. 11, and the characteristic parameters and 
correlation coefficients are detailed in Fig. 1. The pseudo-
first-order kinetic plots of log(qe-qt) vs time showed a 
good linearity and a very low deviation between the calcu-
lated and the experimental qe but the pseudo-second-order 
model is highly linear and fit extremely well, with cor-
relation coefficients very close to 1 (0.9995 and 0.9996). 
It also showed very low deviation between the calculated 
and the experimental qe. According to the pseudo-second-
order model, the biosorption rate of Fe(II) is controlled by 
the adsorption on the internal surfaces of the pores of the 
plant powder. In this model, the rate-limiting step is the 
surface adsorption that involves chemisorption of Fe(II), 
in which removal is due to physicochemical interactions 
between the two phases (Robati 2013).

Biosorption studies of As(V)

Following the adsorption study of Fe(II) onto different 
biomaterials, the best candidate, P. stratiotes called Fe(II)-
Ps from now on, was selected for investigating the adsorp-
tion of As(V). The study has been performed using aque-
ous solution of disodium hydrogen arsenate heptahydrate 
 (Na2HAsO4•7H2O) at initial concentrations of 500 and 
50 µg.L−1, which have been found in contaminated areas 
(Salsignes, Aude, France) and corresponding to 50 and 5 
times the standard for drinking water.

Optimization of the biosorption conditions of As(V)

Transformation of Fe(II)‑Ps into Fe(III)‑Ps

It is well known that in nature, arsenic oxyanions have strong 
affinities for iron(III) oxides (Grafe et al. 2001; Roberts et al. 
2004). It would have been more convenient to directly load 
Fe(III) onto the biosorbent for the following biosorption of 
As(V). However, since Fe(III) does not well adsorb on bio-
materials, the transformation of Fe(II)-Ps into Fe(III)-Ps was 
required and a thermal treatment was considered to perform 
this oxidation.

The influence of the thermal treatment of Fe(II)-Ps 
on the adsorption of As(V) was studied using different 
sets of activation temperature: 80, 150, 300 and 550 °C 
(Online Resource Tables 12 and 13). The biosorption 
capacity was clearly improved by increasing the tempera-
ture until reaching 550 °C. The highest temperature of 
550 °C gave the best and remarkable biosorption capacity 
of 0.439 mg As(V) per gram biosorbent and 84% of As(V) 
was removed from the solution. This temperature was cho-
sen as the thermal treatment for the rest of the study.

Concentration of Fe in Fe(III)‑Ps

In order to provide the best biomaterial for arsenic removal, 
its concentration of Fe has been studied. Several biosorp-
tions of Fe(II) were performed onto P. stratiotes with dif-
ferent concentrations of iron sulfate of 0, 5, 8 and 40 mg.
L−1 and led to Fe(II)-Ps with iron content in weight % of 
0.96, 3.4, 5.6 and 11.7, respectively. After a thermal treat-
ment, the generated Fe(III)-Ps materials were compared for 
the biosorption of As(V) at 500 µg.L−1 (Online Resource 
Table 14).



As expected, the adsorption performances of As(V) 
increase with the concentration of Fe(III) in the biosorb-
ent. Fe(III)-Ps materials, enriched with at least 5 w% Fe, 
could lead to a final aqueous concentration of 84 µg.L−1 
As(V), representing a good abatement of 83%. Interest-
ingly, the concentration of Fe(II) in aqueous solution to 
realize such depollution of As(V) is relatively low and 
easy to find, as iron is abundant in the nature.

Comparative study between batch and fixed‑bed 
adsorption modes

A comparison was made between the mode of adsorption, 
batch or column, at different concentrations of As(V). In 
the batch experiment, all the biosorbent is exposed to all 
the As(V) in solution during the entire experiment. Con-
versely, in the column experiment, each  cm3 of solution 
is exposed to the biosorbent during a fairly short period 
of time but is forced to go through the full length of the 
column (Online Resource Table 15). Although the two 
modes are very different in principle, they gave the same 

performances, offering flexibility in the technology to 
set up. This is an important aspect as both modes can be 
attractive in terms of potential scale-up. Both set-ups gave 
an excellent maximum capacity of biosorption of 5.1 mg.
g−1 of As(V).

Adsorption isotherms of As(V)

The adsorption isotherm experiments of As(V) were 
conducted in batch mode by preparing solutions of 
 Na2HAsO4•7H2O with a concentration range of 0.5 to 
20 mg.L−1 and using 1 g of Fe(III)-Ps per liter of solution. 
Experimental equilibrium data were fitted to the Langmuir 
and Freundlich adsorption isotherm models (Fig. 2 & Online 
Resource Fig. 13).

For the adsorption of As(V), the linearization with 
the Freundlich isotherm was not acceptable with an R2 
of 0.875, but the fitting with the Langmuir model was 
extremely good, with an R2 of 0.998. The adsorption 
of As(V) onto Fe(III)-Ps appeared to be monolayered 
onto equal adsorption sites. The value of the Langmuir 

Fig. 2  Freundlich and Lang-
muir adsorption isotherms and 
parameters for arsenate biosorp-
tion using Fe(III)-Ps

Isotherm Parameters As(V) 

Freundlich R² 0.8759

Kf (mg.g-1) 1.87

n 2.12

Langmuir R² 0.9983

qm (mg.g-1) 6.11

KL (L.mg-1) 0.68

RL 0.04-0.23
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separation factors RL (0.35–0.81) also revealed a favorable 
adsorption. The Langmuir modeling allowed the calcu-
lation of a theoretical maximum biosorption capacity of 
6.14 mg.g−1, which was almost reached experimentally 
by increasing the concentration of As(V), as noticed pre-
viously in the comparison of batch and column mode 
(“Comparative study between batch and fixed-bed adsorp-
tion modes” pp 13), and gave an experimental maximum 

capacity of As(V) biosorption of 5.1 mg.g−1. This is a very 
good performance and competitive to what can be found in 
the literature, especially when comparing to other bioma-
terials. Indeed, other iron-enriched biosourced or natural 
materials, such as iron-coated sand (Kumar et al. 2008), 
iron-coated cellulose (Kumar et al. 2008), iron-coated 
cork granulate (Pintor et  al. 2018), iron-coated wheat 
straw (Tian et  al. 2011), iron-coated sawdust (Arshad 
and Imran 2020), iron-treated coconut shell (Emahi et al. 
2019) and iron chitosan granules (Gupta et al. 2009), have 
been tested for removal of As(V) and gave a range of qmax 
of 1.6–8.1 mg.g−1. Higher maximum biosorption capaci-
ties of As(V) were obtained with other materials, but the 
nature, abundance and mode of preparation of the materi-
als used in adsorption should be considered in addition to 
the biosorption performances.

Table 2  BET analyses of Fe(III)-Ps and As(V)-Fe(III)-Ps biosorbents

BET surface 
area  (m2/g)

Micropore vol-
ume  (cm3/g)

Micropore 
area  (m2/g)

Fe(III)-Ps 0.5762 0.003351 7.2444
As(V)-Fe(III)-Ps 18.5398 0.003517 6.6986

Fe

Fe/As

As

Fig. 4  Scanning transmission electron microscopy of As(V)-Fe(III)-Ps



Adsorption kinetics of As(V)

The adsorption behavior kinetics of As(V) was stud-
ied with concentrations of 50 and 500  µg.L−1 of 
 Na2HAsO4•7H2O using 0.5 and 1 g of Fe(III)-Ps. In each 
case, the biosorption of As(V) was very rapid and reached 
the equilibrium in only 30 min (Fig. 3). The profiles are 
very similar to the biosorption of Fe(II) discussed pre-
viously: a first step corresponding to rapid filling of the 
adsorption sites during the first 30 min, followed by a 
slower step with no significant increase in arsenate uptake.

It is interesting to notice that the equilibrium is reached 
at the same time using 0.5 or 1 g.L−1 of biosorbent, but 
with a different arsenic removal, 60% or 80%, respectively. 
This equilibrium is reached when no more adsorption sites 
are available either because they are occupied or because 
of repulsion forces avoiding their accessibility.

Additionally the kinetics is the same with 50 or 500 µg.
L−1 of As(V).

For each configuration studied, the adsorption of As(V) 
onto Fe(III)-Ps is best described by the pseudo-second-
order kinetic model as illustrated by the linearization and 
the correlation coefficients (Online Resource Fig. 14 and 
Table S18, R2 > 0.99). According to the pseudo-second-
order model, the biosorption is based on the sorption 

capacity of the solid phase and controlled by chemosorp-
tion (Ho and McKay 1998).

Characterization of biosorbents

BET analyses of  Fe(III)‑Ps and  As(V)‑Fe(III)‑Ps The mor-
phologies of Fe(III)-Ps and As(V)-Fe(III)-Ps have been 
determined by BET analyses (Table 2). The biomaterial of 
Fe(III)-Ps shows a low BET surface area and a low poros-
ity. The morphology of the Fe(III)-Ps biomaterial cannot 
explain the efficiency of As(V) biosorption, suggesting that 
Fe(III) sorbs As(V).

XRPD analyses of Fe(III)‑Ps and As(V)‑Fe(III)‑Ps XRPD anal-
yses were performed on Fe(III)-Ps and on As(V)-Fe(III)-Ps 
(Online Resource Fig. 18). However, XRPD analyses only 
showed calcium carbonate crystals, as ferrous complexes 
rarely give crystals.

HRTEM/EDX and  Mössbauer analyses of  As(V)‑Fe(III)‑ 
Ps HRTEM coupled with EDX analyses have been per-
formed on the Fe(III)-Ps biomaterial after biosorption of 
As(V). The TEM images and EDX spectra clearly show 
that the dispersion of these two elements is linked to each 
other (Fig. 4 and Online Resource Fig. 15). Indeed, As is co-
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localized with Fe but Fe is not systematically present where 
As is. In other words, As is not present if Fe is absent. This 
observation suggests that Fe cations interact with As oxy-
anions forming mixed As/Fe complexes.

Mössbauer spectroscopy was performed to characterize 
the interaction between Fe(III) and As(V) (Online Resource 
Fig. 17). Mössbauer spectrum of the Fe(III)-Ps biomaterial 
suggests the unique presence of Fe(O)OH species, as IS and 
EQ values similar to the iron(III) oxide-hydroxide mineral, 
called akaganeite (Online Resource Table 21). Mössbauer 
spectrum of As(V)-Fe(III)-Ps only shows a decrease in 
intensity of the quadrupole splitting, but no other signal. It 
suggests an interaction between Fe(III) and As(V) in which 
Fe becomes another species but in too small quantities to 
be detected.

FTIR analyses of  root powder of  Pistia stratiotes, Fe(II)‑Ps, 
Fe(III)‑Ps and  As(V)‑Fe(III)‑Ps Infrared analyses were per-
formed to deepen the mechanism of adsorption of Fe(II) 
and As(V) onto the biosorbents. FTIR analyses of the root 
powder of P. stratiotes and Fe(II)-Ps, post-adsorption of 
Fe(II), were first compared. Deconvoluted FTIR spectrum 
of P. stratiotes shows a band at 1640   cm−1 correspond-
ing to the stretching vibration of free carboxylate moieties 
(Online Resource Fig.  19A). After adsorption of Fe(II), 
deconvoluted FTIR spectrum of Fe(II)-Ps shows a blue shift 
of carboxylate band at 1625   cm−1, suggesting the interac-
tion between the carboxylate moieties and Fe(II) (Online 
Resource Fig. 19B).

FTIR analyses of Fe(III)-Ps and As(V)-Fe(III)-Ps, post-
adsorption of As(V), were then compared to explore the 
adsorption mechanism of As(V) (Online Resource Fig. 20). 
Both spectra remain similar, with a large band at 1400  cm−1 
corresponding to calcium carbonate, but a band at 1150  cm−1 
clearly disappeared on As(V)-Fe(III)-Ps. This observation 
shows that the presence of As(V) modifies sites of Fe(O)OH 
on the biomaterial via an interaction, but the nature of the 
interaction remains difficult to define.

As(V) removal from the polluted Russec river (Orbiel valley, 
Occitanie, France)

Our two-step methodology has been tested to remove As(V) 
from wastewater that was collected in Aude region of France 
in the Russec river, which is polluted by arsenic. Prior to 
biosorption, a speciation analysis of the water from Russec 
river has been carried out by separation onto anionic col-
umn (PRP-X100) and quantification by ICP-MS and could 
show that, as expected from a surface water, 96.9% of the 

arsenic is under its oxidized form As(V) (Online Resource 
Table 19).

A pilot decontamination apparatus has been engineered 
for this study (Fig. 5 and Online Resource paragraph 1.4). 
It is a mobile unit, whose characteristics have been chosen 
to make it usable in different specific cases. This filtration 
device is constituted of two adsorption columns (1 L), usable 
in series or in parallel, allowing the removal of different 
metallic pollutants according to the filtrating media charged 
inside. A pump allows the circulation of the polluted efflu-
ent, up to 200 L.h−1 and 10 bar, through the columns (inlet 
and outlet retention tank of 50 L). Sensors measure pressure 
and flow rate, and a control box allows the regulation of 
the pump, flowrate and pressure with real-time display, and 
collect the data.

This pilot has been tested on site using 100 g of the 
Fe(III)-Ps biosorbent and pumping water from Russec river 
at 30 L.h−1 for 3 h. Samples were collected every 10 min and 
analyzed by GF-AAS (Fig. 5 and Online Resource Table 20). 
The results are very encouraging as the pilot could remove 
67% of As(V) from the wastewater and reached below the 
European standard for industrial effluents of 25 µg.L−1 
(NOR: ATEP9870017A 2020) (NOR: ATEP9870017A—
consolidated on the 31 December 2020 https:// www. legif 
rance. gouv. fr/ loda/ id/ LEGIT EXT00 00056 25281/ s. d.). In 
this experiment, 90 L of wastewater has been decontami-
nated and the biosorbent was not saturated after 3 h and 
could be used longer.

Conclusion

A two-step biosorption methodology was developed for 
removing arsenic from aqueous synthetic solutions and 
mining effluents, using bio-wastes firstly enriched with 
iron by a prior biosorption. This innovative technique 
allowed several environmental services as a double, rapid 
and efficient decontamination of As and Fe based on sim-
ple operations using low-cost invasive alien species as 
biosorbents and that follows mathematical models remark-
ably well, with a good repeatability. The robustness of this 
methodology could be adapted for the development of a 
pilot plan, which was tested and validated in natura.

This result reveals that these natural and low-cost mate-
rials can follow mathematical models remarkably well, 
with good repeatability, and proves the robustness of the 
method.

https://www.legifrance.gouv.fr/loda/id/LEGITEXT000005625281/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000005625281/
https://doi.org/10.1007/s13762-022-04584-z
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