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• As(V) sorption on algal/PEI beads is
strongly improved by bead
quaternization.

• At pH close to 7, sorption capacity
reaches up to 1.34 mmol As g−1

(100 mg As g−1).
• Fast uptake kinetics is fitted by the
pseudo-first order rate equation.
• As(V) is desorbed with acidic CaCl2 so-

lutions (with good sorbent recycling).
• The sorbent is highly efficient as a
ntrolled
polishing treatment for acid mine
drainage.
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1. Introduction
Arsenic is an acute and serious threat in many countries because of
anthropogenic contamination (associated with mining exploitation)
but also of naturogenic sources (natural drainage of soil and ores with
high As content) (Drahota et al., 2012; Ng et al., 2003). In such places,
the exposure of population to contaminated water (drinking water) or
food (plant irrigation, fishing and farming) may cause drastic health
problems associated with As accumulation in the organisms (Halder
et al., 2014; Miller et al., 2004): skin lesion, bladder, kidney and lung
cancers but also diseases such as diabetes, blood pressure and reproduc-
tive disorders (Phan et al., 2010). Regulations on the level of arsenic in
drinking water, irrigation water or animal farming are thus becoming
very strict. For example, US EPA is recommending levels lower than
10 μg L−1 for drinkingwater (USEPA, 2012), while FAO requests arsenic
being lower than 100 μg L−1 inwater for irrigation purpose (Jeong et al.,
2016). The toxicity of arsenic depends on its speciation in water and
food.

The removal of arsenic is thus a critical topic in many countries that
can explain the numerous research projects for designing new treat-
ment processes. Coagulation/flocculation, eventually coupled with
membrane processes, has been investigated (Kumar and Quaff, 2019;
Oehmen et al., 2011), precipitation was also used for removing arsenic
from leaching liquors (Li et al., 2019); these processes can be mediated
by biological activity (Farasin et al., 2015; Zacarias-Estrada et al., 2019).
However, the processes the most frequently reported are associated
with sorption on a wide variety of supports (Asere et al., 2019). Acti-
vated carbon is a sorbent widely investigated for water decontamina-
tion, including for the recovery of arsenic, such as Japanese oak wood-
based biochar (Niazi et al., 2018), especially after impregnation with
metal ions and iron (Agrawal et al., 2016; Deliyanni et al., 2015; Sigrist
et al., 2011; Thi Hanh et al., 2019). Natural and functionalized clays
have retained attention for the last decade (Barakan and Aghazadeh,
2019; Foroutan et al., 2019; Tiwari and Lee, 2012; Tuchowska et al.,
2019). Iron oxide or hydroxide and other metal oxides were also used
for developing simple or sophisticated sorbents consisting of their im-
mobilization in porous organic and inorganic matrices (Chaudhry
et al., 2017; Dong et al., 2019; Elwakeel and Guibal, 2015; Haron et al.,
1999; Padungthon et al., 2015; Wei et al., 2019b; Yin et al., 2019;
Yousif et al., 2016). The affinity of arsenic formolybdatewas used for re-
covering the metalloid on molybdate-impregnated chitosan beads
(Dambies et al., 2002). Ion-exchange resins (Jose Alguacil and
Escudero, 2018) and impregnated resins (Ciopec et al., 2014) have
also been carried out for the treatment of As-containing solutions.
Biosorbents opened also promising perspectives for As(III) and As
(V) sorption; agriculture wastes can be used as produced or chemically
modified (Shakoor et al., 2018). Biopolymers such as alginate or starch
have also retained attention for stabilizing or encapsulating metal
oxide (He et al., 2020; Yan et al., 2019).

Recently, a new generation of composite materials (APEI*) based on
the interaction of algal biomass and polyethyleneimine (PEI) has been
designed (Wang et al., 2019). The process is based on the one-pot partial
extraction of alginate from brown-algae and the interaction of extracted
alginate with amine groups from PEI, followed by the simultaneous glu-
taraldehyde crosslinking of amine groups of PEI and ionotropic gelation
of carboxylate groups with CaCl2. This composite sorbent bears multi-
functional groups (amine and carboxylic groups). In order to enhance
sorption properties, the sorbent can be functionalized by grafting spe-
cific reactive groups such as amidoxime (Wei et al., 2019a).

The quaternization of APEI* (to synthesize Q-APEI*) can be per-
formed by reaction of glycidyltrimethylammonium chloride with the
amine groups hold on APEI*. This quaternization is expected to increase
the density of protonated amine groups on a larger range of pH. This
functionalization is supposed to enhance the ability of the sorbent for
binding anions. This is especially interesting for the sorption of As
(V) anions, which are predominant in solution at pH higher than
2.5–3. The functionalized sorbent is characterized physically and chem-
ically using a wide range of analytical tools (detailed discussion
appearing in the additional material section, AMS), before investigating
As(V) sorption properties through the study of pH effect, uptake kinet-
ics and sorption isotherms. The desorption of arsenic and the recycling
of the sorbent are investigated through five successive cycles. In the
last part of the work the sorbent is tested for the treatment of acid
mine drainage.

2. Materials and methods

2.1. Materials

Laminaria digitata, brown algae, was supplied by Setalg (Pleubian,
France). Branched PEI (50%, w/w in water) and glutaraldehyde were
purchased from Sigma-Aldrich (Taufkirchen, Germany). Sodium car-
bonate and calcium chloride were supplied by Chem-Lab NV
(Zedelgem, Belgium). Sodium arsenate (used as the source of arsenic
for synthetic solutions) was purchased from Johnson Fine Chemicals
(Bangalore, India). Glycidyltrimethylammonium chloride (≥95%) and
ethylene glycol diglycidyl ether as crosslinking agent were supplied by
Shanghai Makclin Biochemical Co., Ltd. (Shanghai, China). All other re-
agents are Prolabo products and used as received.

As(V) solution was collected from the tailing dam of an abandoned
polymetallic mine at Carnoulès (Gard, France).

2.2. Synthesis of sorbent

2.2.1. APEI* beads
Twenty g of L. digitataweremixedwith 600mL of 1% Na2CO3 (w/w)

andmaintained at 50 °C for 24 h. This step induces the partial extraction
of alginate contained in the wall of algal biomass (Wang et al., 2018).
Thereafter, 5 mL of PEI solution (50%, w/w) were added to the mixture
and the suspensionwas dropped into 1 L of CaCl2/GA solution (1% CaCl2,
w/w; 5 mL GA, 50% w/w) for manufacturing APEI* beads. Calcium chlo-
ride contributes to the ionotropic gelation of alginate (carboxylate
groups) while glutaraldehyde crosslinks PEI (amine groups). The
beads (APEI*) are washed thoroughly and freeze-dried (−52 °C,
0.1 mbar) for two days.

2.2.2. Quaternization procedure – Q-APEI* beads (Scheme 1)
Three g (dry weight) of poly(ethyleneglycol) diglycidyl ether (used

for improving the crosslinking of the beads; enhanced stability of the
beads for successive contacts with acid and base solutions) was dis-
solved into 100 mL DMF:H2O (1:1 v/v) solution. Five g (dry weight) of
beads were dropped into the solution in the presence of 10 g of
glycidyltrimethyl ammonium chloride (quaternizing agent). The mix-
ture was refluxed at 90 °C under gentle agitation (95 rpm) for 24 h. Fi-
nally, the quaternized beads (Q-APEI*) were filtered off, rinsedwith hot
water for removing unreactedmaterials and thenwithmethanol before
being dried under vacuum for 10 h at 50 °C.

2.3. Characterization of materials

Chemical composition of the beads before and after modification
were analyzed using FT-IR spectrometry (Shimadzu, Tokyo, Japan),
and XPS analysis (Thermo Fischer Scientific, Inc., Waltham, MA, USA).
The surface characteristics were investigated using scanning electron
microscopy SEM (Thermo Fisher Scientific, Eindhoven, The
Netherlands) while the chemical composition of the surface was ana-
lyzed using EDX analysis (integrated to Phenom ProX SEM). The surface
area and the porosity of the sorbents (raw material and modified QA)
were performed using Micromeritics TriStar II analyzer (Norcross, GA,
USA). Elemental analysis was carried out on a Vario EL Cube (Elementar
Analysensysteme GmbH, Langenselbold, Germany). Thermal decompo-
sition of the beads was carried out using TG-DTA (Netzsch STA 449 F3



Scheme 1. Reaction pathway for the functionalization of APEI* → Q-APEI*.

Table 1
Elemental analysis of sorbents.

Sorbent N
[%]

N
[mmol g−1]

C
[%]

H
[%]

O
[%]

S
[%]

Cl
[%]

APEI* 6.89 4.92 54.97 6.93 23.99 0.22 0.78
Q-APEI* 11.21 8.00 55.05 7.05 24.68 0.05 1.56
Jupiter, NETZSCH-Gerätebau GmbH, Selb, Germany). The pHPZC was ob-
tained by the pH drift method. Experimental procedures weremore de-
tailed in previous work (Lu et al., 2019). More details may be also found
in the Additional Material Section (AMS).

2.4. Sorption studies

Arsenic sorption properties of APEI* and Q-APEI* were compared
using batch processing. A fixed volume of solution (V, L), containing a
known concentration of arsenic (C0, mmol As L−1) at fixed initial pH
(pH0) wasmixedwith a fixed amount of sorbent (m, g; giving a sorbent
dosage, SD: m/V, g L−1), at room temperature (i.e., T: 22 (±2) °C). The
suspension was maintained under agitation (v: 165 (±5) rpm) for
fixed contact time. The final pH (pHeq) was measured and the residual
concentration (Ceq, mmol As L−1) was determined after filtration
(1.2 μm pore size filter membrane) by ICP-AES (ICPS-7510 Shimadzu,
Japan); the detection limit is close to 0.005 mg As L−1. The sorption ca-
pacity (qeq, mmol As g−1) was determined by the mass balance equa-
tion: qeq = (C0-Ceq) × V/m.

As-loaded sorbent was desorbed using 0.5 M CaCl2/0.5 M HCl solu-
tion in the batch mode. The efficiency of desorption was calculated by
the mass balance between the amount of As sorbed and the amount of
As released in the eluate. After the desorption step, collected beads
were abundantly rinsed with demineralized water for re-use.

The modeling of sorption performances was performed using con-
ventional equations (uptake kinetics, sorption isotherms and desorp-
tion kinetics), which are summarized in Tables AM 1–3. The models
were fitted using non-linear regression analysis (Mathematica® facili-
ties) and fitted valueswere comparedwith experimental data for calcu-
lating determination coefficients.

The experimental conditions are systematically reported in the cap-
tion of the figures. The reproducibility of sorption performance is con-
firmed by repeated experiments (1st Series and 2nd Series), appearing
on Figures.

2.5. Application on real effluent

Application of Q-APEI* for the treatment of real effluents (acid mine
drainage, AMD) was investigated using samples collected at the outlet
of the tailing dam of a polymetallic abandoned mine located at
Carnoulès (France). The exposure of sulfur-rich residues to air and
rain causes important release of contaminated acid effluents containing
concentrations as high as 200 mg As L−1 (i.e., 2.67 mmol As L−1) and
iron (higher than 1.3 g Fe L−1; 23.3 mmol Fe L−1) in addition to many
other inorganic contaminants (Farasin et al., 2015). The effect of pH
on the sorption of As, Fe and Zn (sorption capacity and removal effi-
ciency) was investigated at different values; the precipitation of se-
lected metals at fixed pH values was analyzed. After adjusting the pH
to target value, the solution was filtrated and the residual concentra-
tions of As(V) and other co-existing elements were analyzed. The sorp-
tion tests were performed on filtrated solutions to isolate sorption from
precipitation effect. The effect of sorbent dosage (from 0.33 to 3 g L−1)
was finally tested on AMD at pH0 5 (pHeq: 6.3–5.9).

3. Results and discussion

3.1. Characterization of sorbent

3.1.1. Physical characterization
The size of APEI* is measured by scaled optical photograph

(Figure AM1, see Additional Material Section): with average diameter
close to 2.19 ± 0.2 mm; this size is not significantly affected by the
functionalization of raw beads. The textural characteristics of Q-APEI*
(determined using BET analysis, Figure AM2) show that the sorbent is
porous: specific surface is close to 28.6 m2 g−1; while mesoporous vol-
ume is around0.035 cm3 g−1, with diameter below20nm,while the av-
erage pore size is close to 2 nm.

3.1.2. Chemical characterization

3.1.2.1. Elemental analysis. The elemental analysis is summarized in
Table 1. The quaternization of APEI* increases the fraction of N element
in the sorbent: molar content increases from 4.92 mmol N g−1 to
8.00 mmol N g−1. It is difficult to evaluate the yield of substitution
since PEI bears different types of amine groups: primary/secondary/ter-
tiary amines are distributed according the proportions 1:2:1 in
branched PEI. Their interactions with carboxylate groups (direct ionic
binding) and with glutaraldehyde (crosslinking) affect the availability
of amine groups for functionalization. However, nitrogen content in-
creases by 62%: the quaternization of amine groups is highly efficient.

3.1.2.2. FTIR spectroscopy. FTIR analysis confirms the chemical modifica-
tion of APEI* beads (Figure AM3 for 1800–400 cm−1 wavenumber
range, and Table AM4, detailed assignment of peaks). The
quaternization of raw beads is characterized by:

(a) appearance of a peak around 1480 cm−1, assigned to quaternary
ammonium,



(b) widening of the band at 1613 cm−1 (N\\H bending and carbox-
ylic acid salt), attributed to the overlapping of a signal represen-
tative of imino group (in open chain) and to carboxylate groups,

(c) appearance of peaks in the range 1030–1060 cm−1, associated
with C\\N and C\\O stretching vibrations.

(d) appearance of a peak at 963 cm−1, attributed to C\\N stretching
vibration.

After As(V) sorption the FTIR spectrum is characterized by the ap-
pearance of a peak at 1740 cm−1; this is usually assigned to C_O
from carboxylic groups. However, in the present case, this probably
means that the electronic environment of amine groups (usually
found at 1620–1650 cm−1) is affected by As(V) binding. In addition,
the intensity of the peak at 1410 cm−1 strongly decreases; this peak is
usually assigned to carboxylic acid salt. The peak at 613 cm−1 is shifted
to 619 cm−1 with a significant increase of the intensity after As(V) up-
take. It is noteworthy that these peaks almost disappear after arsenic
desorption: the FTIR spectrum is very close to that of Q-APEI* beads be-
fore sorption. The sorbent is efficiently regenerated. After five cycles of
sorption and desorption, the FTIR spectrum is also very close to the
spectrum of the original functionalized beads. The most significant dif-
ference appears with the peak at 1734 cm−1, which only appeared for
As(V)-loaded Q-APEI*.

3.1.2.3. XPS spectroscopy. Fig. 1 shows the survey XPS spectra of APEI*, Q-
APEI* (before and after As(V) sorption). The quaternization is mainly
characterized by the appearance of the Cl 2p signal, which corresponds
to the counter-anion of quaternary ammonium group on the sorbent.
The presence of S element is associated to the presence of fucoidan in
the wall of brown algae. On the survey curve, the functionalization
only changes the relative fraction of the elements. The binding of As
(V) is ascertained by the appearance of the signals for As 3d and As 3p.
The high-resolution spectra of selected bands (and their deconvolution)
are shown in Figure AM4; the binding energies (BEs) and the atomic
fraction of the different compounds are reported in Table AM5. The
functionalization of APEI* is demonstrated by the strong variations ob-
served in the environment of N signals. The deconvolution of N 1 s signal
shows that the quaternization drastically increases, as expected, the in-
tensity of the signal associated with tertiary amine group. In addition,
the asymmetry of the C 1 s signal changes with the evolution of thema-
terial: actually after As(V) sorption the material approaches the profile
of APEI* spectrum contrary to Q-APEI*. The relative contribution of C-
Fig. 1. XPS characterization of APEI*, Q-APEI* (befo
(O, =N) decreases with functionalization but is restored with As
(V) sorption: this confirms that the sorption of As(V) affects the envi-
ronment of C_N groups. The As 3d3/2 band does not show
deconvolution peaks: this means that As is only bound through a single
and specific bonding, probable binding of anionic As(V) species to pro-
tonated amine groups (quaternary ammonium) (see below expected
binding mechanism). Indeed, FTIR and XPS analyses showed that the
environment of N groups is affected by metalloid binding. The analysis
of deconvoluted peaks for Cl 2p signal indicates the coexistence of dif-
ferent Cl groups (depending on the type of N groups; i.e., primary/sec-
ondary and quaternary ammonium groups) on Q-APEI*, while after As
(V) sorption a part of these chloride anions is exchanged with anionic
As(V) species.

3.1.2.4. TGA analysis. The thermal degradation of APEI* and Q-APEI* ma-
terials are reported in Figure AM5. The two materials are characterized
by different profiles. Both show a relatively similar weight loss
(14–17%) associated with release of water bound at the surface or in
the porous network, at low temperature (below 200 °C) (Dos Santos
Araujo et al., 2019). When the temperature increases, the differences
are more marked. APEI* shows a progressive weight loss between 200
and 700 °C; at 700 °C, the sorbent is completely degraded. This degrada-
tion takes place in two steps with the maximum degradation rates in
dTGA detected at 245.3 °C and 615.4 °C, respectively. The first part is as-
sociatedwith the depolymerization of the polymers (carbohydrates and
PEI), the second step being assigned to the degradation of monomers
(amine groups, etc.) and the decomposition of the char under air atmo-
sphere. In the case of the thermochemical characterization of Laminaria
digitata, two steps corresponding to the devolatilization (around
245 °C) and the char formation (around 545 °C) were identified
(Membere and Sails, 2018). Above, 600 °C, the char progressively
decomposed. With the incorporation of PEI, the first critical tempera-
ture is not influenced by the quaternization, while for the second step,
the limit temperature is increased from 545 °C to 615 °C. In the case of
the thermal degradation of functionalized PEI microgels, the onset deg-
radation of PEI was observed at 180 °C and increased with chemical
modification (up to 249 °C, depending on the substituent) and contin-
ued up to 416 °C for PEI microgels (up to 383–408 °C for chemically
modified gels). Some substituents increased the thermal stability of
PEI microgels (for example, butyronitrile, ethylamine ethanol) while
other (such as glycidol) tends to decrease the stability of the gel
(Sahiner et al., 2015).

For Q-APEI*, two steps are also identified:
re and after As(V) sorption) – Survey spectra.



(a) between 200 and 350 °C (additional weight loss:≈ 50%), associ-
ated with depolymerization and degradation of some reactive
groups (probably grafted quaternary ammonium salts, (Xiao
et al., 2018)); the maximum degradation rate is observed at
263.5 °C, and.

(b) above 350 °C and up to 800 °C (additional weight loss: ≈ 20%),
attributed to decomposition of additional reactive groups and
degradation of polymer char (Liu et al., 2016). Several waves of
lower intensity (in the dTGA spectrum) are identified.

In the case of PVA/PEI membranes, the thermal stability of themem-
brane was increased by the GA crosslinking and the increasing fraction
of PEI in the composite (Xiao et al., 2018). This was explained by the for-
mation of both H-bonds and supplementary chemical bonds.

Intermediary degradation is stronger for Q-APEI*, while a higher
temperature is necessary for achieving its complete degradation (com-
pared with APEI*).

3.1.2.5. pHPZC. Hamza et al. (2020) reported the quaternization of an-
other type of beads prepared by a procedure similar to the current pro-
cess, except that alginate was added to the formulation. The pHPZC of
APEI* prepared with additional incorporation of alginate was reported
close to 4.9 and increased to 6.7 after quaternization. Here, without ad-
dition of alginate, the pHPZC values for APEI* andQ-APEI* are found close
to 4.41 and 5.71, respectively (Figure AM6). Alginate (from algal bio-
mass) is constituted of mannuronic acid (pKa of carboxylic groups:
3.38) and guluronic acid (pKa of carboxylic groups: 3.65), while PEI
bears primary, secondary and tertiary amine groups (pKa: 4.5, 6.7 and
11.6, respectively) (Hamza et al., 2020). These different reactive groups
contribute to set the acid-base properties and surface charge of APEI*;
the grafting of quaternary ammonium salt shifts the charge balance to
higher pH valuesmaking the sorbent protonated undermild acidic con-
ditions with possibility to attract anionic species, including As
(V) anions.

3.2. Sorption properties

3.2.1. pH effect
Fig. 2a compares the effect of pH on the sorption of As(V) for APEI*

and Q-APEI*. APEI* sorbent shows negligible sorption of As
(V) (b0.021mmol As g−1; i.e., 1.6 mg As g−1), regardless of the equilib-
rium pH (in the range 2–9). Figure AM7a shows the speciation diagram
of As(V) under the experimental conditions selected for the study of pH
effect. Below pH2.5, H3AsO4 is the predominant As(V) species. Between
pH 2.5 and 7, anionic H2AsO4

− species predominates while above pH 7
di-anionic HAsO4

2− is the main As(V) species (at least below pH 10).
The pHPZC of APEI* being close to 4.41, As(V) should be adsorbed prefer-
entially in the pH range 2.5–4.5 through binding of anionic species on
protonated amine groups. However, the negligible sorption capacity
tends to demonstrate that the protonated amine groups are not avail-
able for binding As(V) anions; probably because they are engaged in
crosslinking with glutaraldehyde or interactions with carboxylate
groups of alginate extracted from L. digitata. On the opposite hand, Q-
APEI* remains protonated on a wider pH range (pHPZC: 5.71); in addi-
tion, the grafting of quaternary ammonium salt brings strong reactive
groups for the binding of anionic compounds such as H2AsO4

−. Fig. 2
shows that As(V) sorption is negligible up to pH 3.5 and strongly in-
creases till reaching6.8 (qeq: 0.66mmol As g−1). Above pH6.8, the sorp-
tion capacity progressively decreases due to the progressive
deprotonation of reactive groups and the predominance of HAsO4

2−,
which would require two quaternary ammonium groups for binding
(see below expected binding scheme). It is noteworthy that even at
pH 8.8 the sorption capacity remains relatively high (i.e., 0.25 mmol
As g−1). This residual sorption affinity appears difficult to explain
while considering both the As(V) speciation and the overall surface
charge. In strongly alkaline solutions, the charge shielding effect of
Na+ ions on negatively charged nitrogen and oxygen (on hydroxyl
and carboxylate groups) may contribute to As(V) binding (see below
expected interaction scheme).

Figure AM8 shows the pH variation during As(V) sorption: the pH
change does not exceed one pH unit. Below pHPZC the equilibrium pH
tends to increase; a reciprocal trend is observed above the pHPZC; at
least for Q-APEI*. Indeed, for APEI* the pH variation is negligible in the
second section of the curve. These pH variations are less marked than
the pH changes observed during the determination of pHPZC values by
the pH-drift method.

Figure AM9 shows the ln10 plot of the distribution ratio (D, qeq/Ceq, L
g−1) vs. pHeq. The slope of the curve is correlated to the ion-exchange
stoichiometry between quaternary ammonium groups and As
(V) anions. The slope is close to 1.19; this confirms that most of As
(V) sorption occurs by binding one mono-anionic H2AsO4

− onto one
quaternary ammonium group.

3.2.2. Uptake kinetics
Under selected experimental conditions (i.e., C0:≈ 0.7mmol As L−1;

pH0: 7; SD: 1 g L−1), As(V) sorption on Q-APEI* is a fast phenomenon:
the equilibrium is reached within 45 min. Sorption may be controlled
by differentmechanisms includingmass-transfer steps (including resis-
tance to bulk, film and/or intraparticle diffusion) and proper reaction
rates (Tien, 1994). Sufficient agitation avoids the resistance to bulk dif-
fusion andminimizes the effect of resistance tofilmdiffusion. In order to
evaluate the relative contributions of these different mechanisms, the
kinetic profiles are fitted with the pseudo-first order rate equation
(PFORE, Fig. 2b), the pseudo-second order rate equation (PSORE,
Figure AM10) (Ho andMcKay, 1999) and the resistance to intraparticle
diffusion (RIDE, Crank equation, Figure AM11) (Crank, 1975). Table 2
reports the parameters of the models (including the determination co-
efficients of relevant fits). The PFORE fits much better experimental
data than the two other models: the calculated values for qeq are closer
to experimental values than with the PSORE: the fitted PSORE curves
tend to overestimate the equilibrium concentration of As(V) in the solu-
tion. The RIDE gives R2 values comparable with those of PSORE. The
PFORE model is usually associated with physical-type interactions;
this is consistent with the ion-exchange mechanism. The calculated
value of the effective diffusivity in the sorbent is varying between
2.72 × 10−8 m2 min−1 and 4.50 × 10−8 m2 min−1 for the two series;
this shows a certain variability in the kinetic profiles probably associ-
ated to differences in the porosity of the beads. It is noteworthy that
the self-diffusivity of As(V) in water is close to 5.43 × 10−8 m2 min−1

(Marcus, 1997); this means that the porosity of the beads is sufficient
to minimize the resistance to intraparticle diffusion. Tanaka et al.
(2013) reported different values for As(V) self-diffusivity in water;
they proposed different values for self-diffusivity in function of As
(V) speciation (Table AM6).

The variability in the two kinetic series is also demonstrated by the
comparison of the equilibrium sorption capacities (qeq,1) and apparent
rate coefficients (i.e., k1) for PFORE (and also PSORE). The apparent
PFORE coefficient varies between 0.55 and 0.106 min−1.

3.2.3. Sorption isotherms
The distribution of As(V) between solid and liquid phases at ini-

tial pH 7.1 (equilibrium pH ranging between 6.2 and 6.85) is repre-
sented by sorption isotherm (Fig. 2c). The model fits are calculated
by combining the results of the two series. The lines show the fits
of experimental profile with the three models (Langmuir, Sips
and Freundlich) using the parameters reported in Table 3. The iso-
therm shows a progressive increase of the sorption capacity up to
reaching a saturation plateau for an equilibrium concentration
close to 5 mmol As g−1. This asymptotic trend is not compatible
with the power-type Freundlich equation. The Langmuir and the



Fig. 2. a. pHeffect onAs(V) sorption using APEI* andQ-APEI* (C0: 0.645mmolAs L−1 forAPEI* andQ-APEI*– 1st Series, C0: 0.714mmolAs L−1 forQ-APEI* – 2nd Series; sorbent dosage, SD:
1 g L−1; time: 48 h; temperature, T: 22 (±2) °C; agitation speed: 165 (±5) rpm). b. As(V) uptake kinetics using APEI* andQ-APEI* –Modelingwith the PFORE (C0: 0.65mmol As L−1 for Q-
APEI* – 1st Series, C0: 0.71 mmol As L−1 for Q-APEI* – 2nd Series; pH0: 7.02–7.04; pHeq: 6.75–6.79; SD: 0.25 g L−1; temperature, T: 22 (±2) °C; agitation speed: 165 (±5) rpm). c. As
(V) sorption isotherm using Q-APEI* sorbent at pH 7.1 (C0: 0.07–5.85 mmol As L−1; time: 48 h; SD: 0525 g L−1; T: 22 (±2) °C; agitation speed: 165 (±5) rpm; pHeq: 6.81–6.21). d.
Desorption kinetics for As(V) loaded on Q-APEI* sorbent (sorbents collected from uptake kinetics (@ Fig. 3) (Eluent: 0.5 M CaCl2/0.2 M HCl solution; SD: 1.25 g L−1; T: 22 (±2) °C;
agitation speed: 165 (±5) rpm).
Sips fits are overlapped; this is confirmed by the value of the
equivalent-Freundlich coefficient in the equation (i.e., nS), which
is closed to 1. The maximum sorption capacity at saturation of
the monolayer (i.e., qm,L) tends to 1.43 mmol As g−1, a little higher
than the maximum experimental sorption capacity (i.e., 1.34 mmol
As g−1). This maximum sorption capacity can be compared with
the nitrogen content of the Q-APEI* sorbent: 8 mmol N g−1 (com-
pared with 4.92 mmol N g−1 for APEI*). The study of pH effect sug-
gested a 1:1 stoichiometric exchange for the binding of H2AsO4

− on
Q-APEI*. This means that all the amine groups are not available or
accessible, including the proper quaternary ammonium groups
(i.e., 3 mmol –N+). Hindrance effects, and/or the engagement of
some reactive groups in secondary linkages may explain the
Table 2
Parameters of models for As(V) uptake kinetics.

Model Parameter Fitted value – 1st
Series

Fitted value – 2nd
Series

Experimental qeq (mmol As g−1) 0.63 0.70

PFORE
qeq,1 (mmol As g−1) 0.63 0.74
k1 (min−1) 0.11 0.055
R2 0.984 0.990

PSORE
qeq,2 (mmol As g−1) 0.73 0.94
k2 (min−1) 0.17 0.058
R2 0.972 0.976

RIDE
De × 108 (m2 min−1) 4.5 2.7
R2 0.949 0.971

D0 (As(V)): 5.43 × 10−8 m2 min−1.
difference between theoretical stoichiometry and on the other
side the effective relationship between the maximum sorption ca-
pacity and the number of reactive groups. The initial slope of the
isotherm correlates to the affinity of the sorbent. Actually, Q-
APEI* has a weak affinity for As(V): the 1 mmol As g−1 sorption ca-
pacity requires a residual As(V) concentration in the solution
around 1.1 mmol L−1.

Table 4 compares the global sorption properties of different sorbents
for As(V) (i.e., optimumpH, equilibrium time, and the Langmuir param-
eters for sorption isotherms). Some sorbents, such as functionalized
resins (Chen et al., 2018; Lee et al., 2017; Zhang et al., 2018) or nano-
structuredmaterials (Azzam et al., 2017; Hokkanen et al., 2015) exhibit
remarkable sorption properties (qm,L: 2.46–5.75 mmol As g−1).
Table 3
Parameters of models for As(V) sorption isotherms.

Model Parameter Fitted value

Experimental qm (mmol As g−1) 1.34
Langmuir qm,L (mmol As g−1) 1.43

bL (L mmol−1) 2.15
R2 0.994

Freundlich kF 0.83
nF 3.21
R2 0.927

Sips qm,S (mmol As g−1) 1.44
bS (L mmol−1) 2.05
nS 1.03
R2 0.994



However, Q-APEI* shows a good compromise in terms of kinetics and
saturation capacities, which are better than most of the alternative sor-
bents reported in recent literature.

Scheme2 reports the differentmechanisms that could be involved in
As(V) sorption on the reactive groups present at the surface of Q-APEI*
sorbent. Semi-quantitative EDX analysis, FTIR and XPS analyses, com-
bined with the effect of pH (vs. pHPZC) suggest that different mecha-
nisms may take place in function of pH. The most probable
mechanism consists of the anion-exchange of chloride ions with
H2AsO4

− in acidic conditions. This is consistent with the log plot of the
distribution ratio vs. pH. XPS analysis confirms that a single As signal
can be identified: a single type of interaction is involved inmetalloid se-
questration. When the pH increases (moderate alkaline solution) car-
boxylate groups of algal biomass and hydroxyl groups may interact
with Na+ and quaternary ammoniumgroups; this limits the availability
and accessibility of reactive groups (quaternary ammonium). At higher
pH (alkaline solution), the charge shielding with sodium cation (bound
on negatively-charged carboxylate and hydroxyl groups) contributes to
residual binding of another As(V) species, HAsO4

2−.

3.2.4. Arsenic desorption and sorbent recycling
One of the most important challenge in the design of sorption pro-

cess consists of the desorption of bound solute and the regeneration/
recycling of the sorbent. The sensitivity of the sorbent to acid conditions
(negligible sorption of As(V) in pH below 2) suggests using acidic solu-
tions for releasing As(V) from loaded sorbent. The composition of the
sorbent, made of alginate from algal biomass as the structuring support
(in addition to functionalized PEI), may induce a certain sensitivity to
the alternation of neutral and acidic conditions, in terms of sorbent sta-
bility. For this reason, in order to reinforce this stability, the acidic phase
is completed with CaCl2; which will contribute to the improvement of
ionotropic gelation of carboxylic groups. Fig. 2d shows the desorption
kinetics of As(V) using 0.5 M HCl/0.5 M CaCl2 solution. The kinetic pro-
files for desorption were fitted with the equations reported in
Table AM3; Table 5 summarizes the fitting parameters for the PFORE
and PSORE for the desorption kinetics. Consistently with the uptake ki-
netics, the desorption kinetics profiles follow the PFORE model (super-
imposition of fitted curve and determination coefficient). It is
noteworthy that the complete desorption of As(V) is obtained within
20min. Thismeans that desorption is faster than uptake, under selected
experimental conditions. Table 6 compares the sorption and desorption
Table 4
Comparison of As(V) sorption on different sorbents.

Sorbent pH teq

Fe(III)-loaded resin 3.5 240
Cu(OH)2/Chitosan 4 1000
CuO/Chitosan 4 1000
Magnetic iron NPs/Cellulose 2 300
Carbon foam 4.5 360
Fe-loaded corn protein 6 960
Fe3O4/bone char naocomposite 7 180
Functionalized nanostructured composite 7 15
Amine-doped acrylic fiber 3 30
Lewatit MP64 7.5 60
Quaternized polyphenylene sulfide resin 8–9 720
Diethylenetriamine functionalized resin 4 120
Polyamine chelating hyperbranched resin 4 360
S-doped Fe3O4 NPs 6 240
MOF (Zr- UiO-66) 2 30
Functionalized MOF 7 180
Crown ether/Fe/Amberlite XAD7 7–8 300
Fe-Mn/Clay 4 60
Al-impregnated biochar 7.6 300
Fe(NO3)3/Graphene 7 60
ZrO/SiO2 6.5 2880
Algal-based biochar 4 30
Q-APEI* 7 45

teq (equilibrium time, min), qm,L (mmol As g−1); bL (L mmol−1).
performances for five successive cycles. The sorption efficiency progres-
sively decreases; however, even at the fifth cycle the sorption yield
reaches 71% (compared with 81% at the first cycle). Under chosen con-
ditions, the sorption capacity decreases from 0.681 mmol As g−1 to
0.601 mmol As g−1. The desorption efficiency is even more stable: the
decrease does not exceed 1.2% (from 99.7% to 98.5%) at the fifth cycle.
This is consistent with the relative stability of the sorbent reported
above in terms of surface characterization (FTIR). (See Table AM4.)

The combined sequence sorption/desorption allows concentrating
metal ions (and As(V)). Arsenic can then be recovered by precipitation
and more precisely co-precipitation with iron(III). At elevated concen-
trations of iron(III), adjustment of the pH causes metal precipitation,
which is accompanied by the co-precipitation of other metal ions and
compounds such as As(V) oxoanions (Cadena and Kirk, 1995; Robins
et al., 2001; Senn et al., 2018). After solid/liquid (filtration, eventually
assisted by coagulation/flocculation) the concentrated hazardous solid
should be safely stored (Doerfelt et al., 2016), caring the storage condi-
tions to prevent arsenic remobilization.

3.2.5. Treatment of acid mine drainage
In order to evaluate the selectivity of the sorbent for As(V) but also to

measure the potential of this material for practical application, Q-APEI*
was also tested for the treatment of acid mine drainage (AMD, collected
from an abandonedmining site located in Carnoulès, France). The study
was focused on the impact of pH on the sorption of iron (predominant
metal), zinc (tracer of heavymetals present in the local ore) and arsenic.
The optimum pH for As(V) sorption on Q-APEI* being close to 7, the pH
of acidic solutions was progressively increased. The pH increase causes
the precipitation of some metals due to their high concentration in the
water sample (especially iron). The precipitation of iron(III) hydroxide
leads to the co-precipitation of As(V) and other metal ions. Therefore,
the study examines first, the effect of pH control on the residual concen-
trations of As(V) and main metal ions in the filtrates, before studying
more specifically the sorption of As(V) and metal ions from filtrated
solutions.

3.2.5.1. Effect of pH control of metal and As(V) precipitation. The precipita-
tion of iron and co-precipitation of other co-existing ions is reported in
Figure AM12. The residual concentration of iron in the solution drasti-
cally decreases with rising the pH (from 23.3 mmol Fe L−1 down to
1.432 mmol Fe L−1) at pH higher than 6 (abatement higher than 93%).
qm,L bL Reference

0.74 72 (Matsunaga et al., 1996)
0.52 1.95 (Elwakeel and Guibal, 2015)
0.38 2.70 (Elwakeel and Guibal, 2015)
2.46 0.167 (Hokkanen et al., 2015)

0.51 × 10−3 2.88 × 106 (Agrawal et al., 2016)
0.026 3.75 (Thanawatpoontawee et al., 2016)

1.50 × 10−3 2697 (Soltani et al., 2017)
4.09 65.9 (Azzam et al., 2017)
2.67 95.9 (Lee et al., 2017)
0.107 210 (Jose Alguacil and Escudero, 2018)
1.18 – (Shao et al., 2017)
5.25 73.45 (Zhang et al., 2018)
5.75 5819 (Chen et al., 2018)
0.78 72.7 (Liu et al., 2018)
1.15 24.8 (Shahat et al., 2018)
1.90 106 (Awual et al., 2019)
0.391 1349 (Ciopec et al., 2019)
1.61 3.22 (Foroutan et al., 2019)
0.035 608 (Liu et al., 2019)
1.50 107 (Qu et al., 2019)
1.2 – (Hocaoglu et al., 2019)

0.102 170 (Senthilkumar et al., 2020)
1.43 2.15 This study



Scheme 2. Tentative mechanisms for As(V) sorption on specific reactive groups held on Q-APEI*.
Arsenic concentration progressively decreases from 2.669 mmol As L−1

to 1.295mmol L−1 at pH 6.3: while increasing the pH above 6.3 the con-
centration of As(V) stabilizes to 1.094 mmol As L−1. The initial concen-
tration of Zn is close to 0.306 mmol Zn L−1; a slight decrease (b15%) is
observed up to pH 6.3. Above pH 6.3, concentration decreased by the ef-
fect of dilution during pH adjustment (up to 40%) but stabilizes at pH 7:
residual concentration stabilizes around 0.176mmol Zn L−1. This is con-
firmed by the EDX analysis of the precipitate cakes (Figure AM13): co-
precipitation concerns Al, Si, S, Ca, Fe (50–79% of weight percentage),
and As elements.

3.2.5.2. Effect of pH onmetal and As(V) removal. Fig. 3 shows the increase
of the sorption capacities for As(V), Zn(II) and Fewith pH (including the
cumulative sorption capacity) for a contact time of 20 h. Other contact
times are reported in Figure AM14: a significant increase is observed
by increasing the contact time from 8 h to 20 h; for longer contact
times, the enhancement of sorption capacities is minimized. The maxi-
mum sorption capacities are reached at pH 7.23 for Zn(II)
(i.e., 0.52 mmol Zn g−1), and As(V) (i.e., 0.73 mmol As g−1), and
pH 7.83 for Fe (i.e., 0.94mmol Fe g−1). The cumulative sorption capacity
reaches 2.12 mmol metal g−1 at pH 7.83.

For the AMD controlled at pH 6.33 (which corresponds to approxi-
mately the pH reached in the sorption isotherm), the residual concen-
tration reaches 1.07 mmol As g−1 and the sorption capacity is close to
0.67 mmol As g−1. For this residual concentration, the sorption capacity
reaches about 1 mmol As g−1 in the synthetic pure solutions (Fig. 3).
This means that the presence of co-existing ions reduces by one third
Table 5
Modeling of kinetic profiles for As(V) desorption from loaded Q-APEI* sorbent – PFORE
and PSORE model (Lazaridis et al., 2004).

Sorbent Model PFORE PSORE

Parameter kd1 (min−1) R2 β2 kd2 (min−1) R2

Q-APEI* 1st 0.26 0.998 0.98 0.51 0.974
Q-APEI* 2nd 0.24 0.999 0.98 0.47 0.972
the sorption capacity of Q-APEI* for As(V).The cumulative sorption ca-
pacity tends to 1.52 mmol metal g−1. This means that the other metals
may compete for the same reactive groups but also some other reactive
groups may be involved in the binding of competitor ions; for example
on hydroxyls and carboxylate groups,whichhave high affinity for heavy
metals. Figure AM15 compares the EDX analyses of the surface of Q-
APEI* after being equilibrated with pH-controlled AMD samples. The
surface porous structure does not appear to be changed by the pH and
by the binding of the different elements.

Figure AM16 compares the effect of pH, at different contact times, on
the selectivity coefficient (SC, dimensionless) of As against Zn and Fe;

Selectivity coefficient SC ¼ DAs

Dmetal

¼ qeq Asð Þ � Ceq metalð Þ
Ceq

Asð Þ � qeq metalð Þ ð1Þ

The selectivity for As(V) strongly depends on the pH and the metal.
The selectivity coefficient of Q-APEI* for As/Fe drastically decreases
(from 22 to 1.4) with increasing the pH (in the range 1.54–4.94);
above pH 6.33, the SC stabilizes around 0.7. A reciprocal trend is ob-
tained for the system As/Zn; indeed, the sorbent is selective for Zn
over As, especially above pH 6.33 (SC varies between 58 and 123). The
sorbent cannot be considered selective for As(V) and the experimental
conditions should take into account the sorption capacities rather than
the eventual selectivity.

3.2.5.3. Effect of sorbent dosage on metal and As(V) removal. Fig. 4 shows
the effect of sorbent dosage on the sorption capacity and sorption effi-
ciency for the different selected contaminants. As expected, increasing
sorbent dosage enhances the removal efficiency: total recovery of zinc
is observed at a sorbent dosage of 1 g L−1 (lower initial concentration
of Zn). Sorbent dosage must be increased to 2 g L−1 for achieving the
complete uptake of As(V) while total extraction of Fe requires a higher
dosage (close to 3 g L−1).



Table 6
As(V) desorption and sorbent recycling.

Cycle # Sorption efficiency (%) Desorption efficiency (%)

Average S.D. Average S.D.

1
81.7 0.8 99.7 0.5

2
80.2 1.0 99.1 0.6

3
77.5 1.5 98.3 1.7

4
74.6 1.4 98.8 0.7

5
71.6 1.6 98.5 0.5

(Experimental conditions – Sorption: C0: 54 mg As L−1 = 0.72 mmol As L−1; pH: 7.0; SD: 0.89 g L−1; time: 24 h; T: 22(±2); agitation speed: 165 (±5) rpm/Desorption: eluent: 0.5 M
CaCl2/0.2 M HCl; SD: 3.3 g L−1; time: 2 h; T: 22(±2) °C; agitation speed: 165 (±5) rpm).
Logically, the sorption capacity decreaseswith sorbent dosage for Zn
(II); the variations are less marked for As(V) and Fe (cumulative sorp-
tion capacity decreases from 1.69 to 0.99 mmol metal g−1). A sorbent
dosage of 3 g L−1 is sufficient for achieving the decontamination of the
AMD at pH 7, with sorption capacities close to 0.43 mmol As g−1,
0.48 mmol Fe g−1 and 0.086 mmol Zn g−1.

Q-APEI* can be considered a promising polishing treatment after pH
control to 7, providing a sorbent dosage close to 3 g L−1.

4. Conclusion

The composite material based on the interaction of Laminaria
digitata biomass with PEI (under controlled conditions of pH, pre-
extraction of alginate and crosslinking with glutaraldehyde) is success-
fully quaternized (synthesis of Q-APEI*). This chemical modification
strongly increases the sorption properties of the composite material
for As(V). Under the most favorable conditions (i.e., at pH close to
6.5–7), the sorption of As(V) proceeds through ion-exchange mecha-
nism between H2AsO4

− and chloride anions on quaternary ammonium
salt. The porous beads allow relatively fast kinetics: under selected ex-
perimental conditions, equilibrium is achievedwithin 40min. The sorp-
tion isotherm is fitted by the Langmuir equation: maximum sorption
capacity reaches 1.34mmol As g−1, though the affinity coefficient is rel-
atively weak (i.e., 2.15mmol L−1). Arsenic can be readily desorbed from
loaded sorbent using an acidic calcium chloride solution: desorption ki-
netics is even faster thanuptake kinetics and the sorbent can be recycled
for 5 cycles with a limited decrease in sorption efficiency and good sta-
bility in terms of desorption efficiency (higher than 98%). The sorbent
reveals highly efficient for As(V) sorption from complex acid mine
Fig. 3. Effect of pH on the recovery of As, Fe and Zn (and cumulative sorption capacity)
using Q-APEI* (contact time: 20 h; SD: 0.33 g L−1; T: 22 (±2) °C; agitation speed: 165
(±5) rpm).
drainage solutions (after pH control). After this precipitation pre-
treatment, Q-APEI* can be used as a polishing step for removing As
(V) and other residual metal ions. In this complex effluent, the sorption
capacity reaches up to 0.76 mmol As g−1, despite the presence of high
concentrations of co-existing ions. This new sorbent reveals very prom-
ising as a polishing treatment or for the primary treatment of As
(V) effluents (at mild concentrations, lower than 100 mg As L−1, con-
taining mild concentrations of co-ions).
Fig. 4. Effect of sorbent dosage on (a) the sorption capacity and (b) the removal efficiency
of As, Fe and Zn (and cumulative sorption capacity using Q-APEI* (SD: 0.33–3 g L−1;
contact time: 20 h; pH 0: 5; pHeq: 6.3–5.9; T: 22 (±2) °C; agitation speed: 165 (±5) rpm).
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