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ate–polycation capsules of
different composition: characterization and their
adsorption for [As(III)] and [As(V)] from aqueous
solutions

Cristopeer Thomas-Busani,a José Andrei Sarabia-Sainz, b Jaqueline Garćıa-
Hernández,c Tomás J. Madera-Santana,d Luz Vázquez-Morenoa and Gabriela Ramos-
Clamont Montfort *a

The uptake of arsenite [As(III)] and arsenate [As(V)] by functionalized calcium alginate (Ca-Alg) beads from

aqueous solutions was investigated. Ca-Alg beads were protonated with poly-L-lysine (PLL) or

polyethyleneimine (PEI) using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide

(EDC/NHS) or glutaraldehyde (GA) as crosslinking agents. Four types of protonated beads were prepared:

Ca-Alg-EDC/NHS (PLL or PEI) and Ca-Alg-GA (PLL or PEI). Fourier transform infrared spectroscopy in

total attenuated reflection mode (FTIR-ATR), analysis showed presence and increased intensity of bands

corresponding to OH, NH, CH2 and CH3 groups in modifications with both polycations. In addition,

thermogravimetric analysis and atomic force microscopy of all modified capsules showed an increase in

thermal stability and uniformity of the capsules, respectively. Ca-Alg-EDC/NHS-PLL beads had the

maximum adsorption capacity of [As(V)] (312.9 � 4.7 mg g�1 of the alginate) at pH 7.0 and 15 minute

exposure, while Ca-Alg-EDC/NHS-PEI beads had the maximum adsorption capacity of [As(III)] (1052.1 �
4.6 mg g�1 of alginate). However, all these EDC containing beads were degraded in the presence of

citrate. Ca-Alg-GA-PEI beads removed 252.8 � 9.7 mg of [As(V)] mg g�1 of alginate and 524.7 � 5.3 de

[As(III)] mg g�1 of alginate, resulting the most stable capsules and suitable for As removal.
1. Introduction

Arsenic (As) is recognized as a cancer promoter and inducer of
a wide range of cancer-independent health risks.1 Prolonged
(chronic) exposure to low concentrations of As can cause skin
and nervous system changes, cardiovascular complications,
diabetes, as well as cancer of skin, lung, liver, kidney and
bladder.2 One of the main paths for human arsenic exposure is
contaminated drinking water, even at low concentrations of As.
Actually, the World Health Organization (WHO) estimates that
more than 200 million people around the world drink water
with As concentration exceeding 10 mg L�1 which is the
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f Chemistry 2020
maximum allowed limit.3 This problem is seen as one of the
main limitations to safe water supply in the near future.3,4

Arsenic leaches into water bodies from natural deposits or
waste generated by anthropogenic activities. The last include
mining and metallurgy, industries producing paint and wood
preservatives, and the application of persistent arsenic fertil-
izers (currently prohibited).4 The most common As chemical
forms in water are arsenate [As(V)] and arsenite [As(III)]. The
latter is more toxic, water-soluble, abundant, and difficult to
remove.2 Biosorption using alginate represents an alternative to
removing low concentrations of As (10–100 mg L�1) from
drinking water.5

Alginate has been shown to be a good adsorbent of heavy
metals. This anionic polymer, typically extracted from brown
seaweed, is cheap to produce and generally recognized as safe
(GRAS).6 The crosslinking of alginate with divalent ions such as
Ca2+ allows the formation of hydrogels with a structure called
egg-box. The hydrogel can be synthesized in the form of
capsules using the extrusion dripping method.7 Nussinovitch
and Dagan (ref. 8) used alginate–gellan capsules to remove
several heavy ions from solutions and showed high adsorption
efficiencies to Pb2+, Cu2+, Cd2+, and Ni2+. (316, 219, 197, and
65 mg g�1 of dry alginate, respectively). Calcium alginate beads
RSC Adv., 2020, 10, 28755–28765 | 28755
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Fig. 1 Model of crosslinking reaction for modification of calcium
alginate beads with poly-L-lysine (PLL) or polyethyleneimine (PEI). (A)
Crosslinking reaction with 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide/N-hydroxysuccinimide (EDC/NHS). (B) Crosslinking with
glutaraldehyde (GA).
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have also been successfully used to remove Ag2+, Au2+, Cd2+, and
Cu2+ ions.9 In these studies, the biosorption mechanism is
based on conventional charge interactions, that is the cation's
affinity to negative charged alginate.9 This mechanism could
not be used for biosorption of [As(III)] and [As(V)] because these
ions carry total negative charges. However, an additional
advantage of alginate is that the surface of its capsules can be
functionalized to acquire new properties and allow new inter-
actions to be established.10

The protonation of alginate with polycations is possible due
to the stability of alginate negative charge over a wide pH
range.5 This feature allows the formation of complexes with
strongly positively charged moiety like ions present in poly-L-
lysine (PLL), poly-L-ornithine (PLO), poly-methylene-co-guani-
dine (PMCG), polyethyleneimine (PEI) and chitosan.11 Forma-
tion of positively charged alginate beads comes from
electrostatic interactions established between positive poly-
cation groups and alginate carboxyl groups on the outer layer of
alginate capsules. These positive particles are more stable, less
porous and more biocompatible with the human organism.
Thus, they are studied in biomedical applications such as
controlled drug release, organ transplantation and tissue engi-
neering.12,13 The downfall of these positively charged beads is
that they can be destabilized by changes in pH or ionic
strength.11

One way to form more stable alginate protonated beads is by
the conjugation of polycations with alginate using a crosslinker,
for example, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) or glutaraldehyde (GA). These interconnecting agents
have been tested in tissue engineering by crisscrossing them
with collagen.9 Poly-L-lysine (PLL) and polyethyleneimine (PEI)
are good candidates for the formation of alginate–polyanion
gels due to their low cost and high availability.14 Alginate–
polyethylene network formed using GA as a crosslinker
increased the stability of alginate capsules loaded with different
microorganisms.11 EDC supported crosslinked alginate with
different molecules has been investigated as copper ion removal
network, controlled drug release capsules, and tissue engi-
neering scaffolds.15,16 The common strategy to synthesize algi-
nate protonated gels is to prepare suspensions of alginate, mix
them with the polyanion to start crosslinking reaction and
nally add the crosslinking.11,15,16

To properly design alginate–polyanion gel beads for [As(V)]
and [As(III)] adsorption, the amino groups of PLL and PEI need
to be exposed on the surface of the capsules. The crosslinker
EDC reacts with the carboxyl groups of the alginate forming an
unstable intermediate. The addition of N-hydroxysuccinimide
(NHS) stabilizes the system by forming an ester. When the
polycations are added to alginate beads, a nucleophilic substi-
tution of type SN2 is carried out, where the ester is replaced by
the amino groups present in the polycations, allowing the
formation of a covalent amide-type bond, between the amino
groups of polycations and carboxyl groups (mannuronic acid
blocks that do not intervene in calcium gelling) of alginate.9

Fig. 1A represents a model of this reaction when using PLL or
PEI.
28756 | RSC Adv., 2020, 10, 28755–28765
Fig. 1B shows a model of crosslinking reaction using
glutaraldehyde (GA). By submerging alginate capsules into
polycation solutions, there are electrostatic interactions with
the alginate carboxyl groups, which are unstable. The role of GA
is to stabilize such interactions as it can react with both the
amino groups of polycations and with the hydroxyl groups of
the alginate.17 This crosslinking prevents polycations from
dissociating due to changes in pH or ion strength, by forming
covalent bonds of acetal type with hydroxyl and imine bond
with amines.11

Therefore, we propose to obtain rst the capsules of calcium
crosslinked alginate and then treat them with the polycations in
the presence of the crosslinkers. Aer characterization, they
were used as bio-sorbent matrices for [As(III)] and [As(V)] in
aqueous solution.
2. Materials and methods
2.1 Materials

The food-grade alginate was obtained from Ingredient Solutions
Inc. (Waldo, ME, USA). Polyethyleneimine (PEI) (Mw-25 000) and
poly-L-lysine (PLL), as well as the rest of the reagents, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All
reagents were analytical grade and used as received.
This journal is © The Royal Society of Chemistry 2020
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2.2 Synthesis of alginate capsules

The alginate capsules (Ca-Alg) were synthesized by the extrusion
method using a B-395 Pro Encapsulator (Buchi Labortechnik
AG, Flawil, CHE) and a 750 mm nozzle. An alginate suspension
(1% w/v) was pumped through the encapsulator into a hard-
ening solution containing CaCl2 (0.4 M). The vibration
frequency was 350 Hz, the electrode voltage was 1500 V, the
pressure of 600–800 mbar. The alginate capsules were le in the
hardening solution for 30 min with constant stirring of
150 rpm. Subsequently, the Ca-Alg capsules were washed three
times with deionized water to remove calcium that did not react
and were kept at 4 �C until used.
2.3 Protonation of the alginate capsules

Ca-Alg capsules were protonated with PLL or PEI using EDC/
NSH or GA as crosslinking agents. For a typical synthesis of
Ca-Alg-EDC/NHS capsules (PLL or PEI) 35 mg of EDC was added
to every 100 mL of gelled alginate solution (35 g of Ca-Alg
capsules) and le to stir at �75 rpm for 1 h at 25 �C. Subse-
quently, 15 mg of NHS was added and the mixture was le
stirring another 1 h. Aer that time, the capsules were collected
and submerged, separately, in 200 mL of PEI solution at 1.5%
(w/v) or PLL at 1.5% (v/v), le in agitation for 24 h at 25 �C. The
nal capsules were collected, washed three times with deion-
ized water to remove PEI or PLL that did not react, and were
labelled Ca-Alg-EDC/NHS-PEI and Ca-Alg-EDC/NHS-PLL,
respectively. Five batches of each bead type were prepared for
the study.

When GA was used as crosslinker, the Ca-Alg beads were rst
immersed, separately, in 200 mL of PEI solution at 1.5% (w/v) or
PLL at 1.5% (v/v) for 24 h at 25 �C. Then, they were collected and
immersed in 100 mL of 2% (v/v) GA solution for 1 h. The
modied beads were collected, washed three times with
deionized water to remove unreacted PEI, PLL, and GA. These
samples were labelled as Ca-Alg-GA-PLL and Ca-Alg-GA-PEI.
2.4 Morphology, size and charge

The morphology of the different alginate beads was determined
using a Stereomicroscope (Stemi DV4, Carl Zeiss, Gottingen,
Germany). Beads were placed on a black background for
contrast, and the photographs were recorded at 10� magni-
cation. The diameter of the beads was measured using a digital
caliper model 62379-531 (Traceable, Friendswood, TX, USA).
120 capsules of each treatment were measured by sampling 60
capsules at random for each replica. The moisture content was
determined in triplicate, using the AOAC standard method #
927.05.18

Beads surface charge was determined at 25 �C by measuring
their zeta potential (z), in a Zetasizer Nano-ZS90 (Malvern
Instrument Ltd. Worcestershire, UK). Beads were suspended in
deionized water. To assay the effect of the pH of normal
drinking water over protonated alginate, z of the capsules was
determined in a range of 6.0 to 7.5. Measurements were made in
triplicate, with 100 runs per replicate. The pH was adjusted with
1 M NaOH and 1 M HCl solutions.
This journal is © The Royal Society of Chemistry 2020
2.5 Infrared spectroscopy with Fourier transform in total
attenuated reection mode (FTIR-ATR)

The spectra of Infrared spectroscopy with Fourier transform in
total attenuated reection mode (FTIR-ATR) were acquired
using a Cary 630 Spectrometer (Agilent, Santa Clara, CA, USA).
The spectral range analyzed was 4000 to 500 cm�1 with 4 cm�1

resolution. Sixty four scans were averaged for each spectrum.
Analysis of each sample was duplicated.

2.6 Thermogravimetric/derivative thermogravimetry (TGA/
DTG) analysis

The thermal stability of the alginate–polyanion capsules was
analyzed using a Discovery thermobalance (TA Instrument, New
Castle, DE), in a range of 25 �C to 600 �C with a heating rate of
10 �C min�1 under nitrogen ow. The initial and nal degra-
dation temperatures of the polymer were determined from TGA
and DTG curves. The analysis was done in duplicate.

2.7 Atomic force microscopy (AFM)

The topography of the capsules was studied using an XE-Bio
Atomic Force Microscope (PARK System, CA) in non-contact
mode, with a PPP-NCHR tip and 20 � 20 mm 3D images were
built in XEI-AFM (Park System, CA) soware. The samples were
placed on a slide and allowed to dry for 30 min at room
temperature. The analysis was done in duplicate.

2.8 Degradation stability

To determine the stability of degradation, 12 g of capsules of
each type were placed in 80 mM solution of sodium citrate for
72 h. Every 6 hours a stereomicroscope observation was made to
determine whether the capsules were degraded or if there were
changes in the diameter. The experiment was done in duplicate.

2.9 Biosorption tests of arsenate and arsenite in column

The biosorption tests for [As(V)] and [As(III)] were carried out in
a xed column. Capsules (12 g of control or modied) were
individually packed into a 12.2 cm � 2.8 cm glass column,
Sigma Aldrich (St. Louis, MO, USA) attached to a Bio-Rad peri-
staltic pump (Hercules, CA, USA). The adsorption capacity of the
alginate–polycation beads was determined by individually
passing 15mL of [As(V)] or [As(III)] with a concentration of 100 mg
L�1 at a pH of 7.0 � 0.1 with a ow rate of 1.5 mL min�1,
establishing a residence time of 15 min. The experiments were
done in triplicate. Quantication of unadsorbed arsenic was
carried out by anodic stripping voltammetry supported by
a Metrohm 797 VA computer (Herisau, Switzerland).

The removal efficiency was calculated using the following
equation:

ER ¼ (Ci � Cf)100/Ci

where ER is the removal efficiency (%), Ci and Cf are the initial
and nal As concentrations, respectively (mg L�1).

The maximum adsorption capacity was calculated using the
following equation:
RSC Adv., 2020, 10, 28755–28765 | 28757
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Fig. 2 Morphology of calcium alginate beads (Ca-Alg) protonated
with poly-L-lysine (PLL) or polyethyleneimine (PEI). (A) Ca-Alg beads;
(B) Ca-Alg-EDC/NHS-PLL; (C) Ca-Alg-EDC/NHS-PEI; (D) Ca-Alg-GA-
PLL and (E) Ca-Alg-GA-PEI.
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Qe ¼ (C0 � Ce)V/m

where Qe is the maximum adsorption (mg g�1), C0 and Ce are
initial and at the equilibrium concentrations of arsenic,
respectively (mg L�1), V is the volume of the solution used (mL),
and m is the mass (g) of the adsorbent used. The recommen-
dations established for waste management were followed.

2.10 Scanning electron microscope (SEM) and energy
dispersive X-ray analysis

Surface morphology and elemental analysis of the Ca-Alg-GA-
PEI beads was studied through scanning electron microscope
(JEOL (JSM-7600F, Tokyo, Japan) equipped with an EDX
detector Oxford INCA energy 200 (Oxford Instruments Analyt-
ical, Wycombe, UK), operating at 15 kV for 80 s. Fully dried
samples were mounted, and sputter coated with 5 nm of
palladium-gold.

2.11 Desorption and reutilization

Desorption analysis were conducted using the same condition
for biosorption test in column (Section 2.9). Aer NaOH
(1 mol L�1) was applied to desorb [As(III)] or [As(V)] adsorption
from Ca-Alg-GA-PEI. Beads were subsequently washed with
deionized water until reaching a neutral pH. Then biosorption
tests were repeated for a total of ve adsorption/desorption
cycles. The obtained results were expressed as biosorption
capacity. Experiments were conducted in triplicate.

2.12 Statistical analysis

All numerical data were analyzed by NCSS 2007 statistical so-
ware (Statistical Analysis and Graphics, Kaysville, UT, USA).
Means � standard error were calculated for each set of results.
For data analysis, a one-way analysis of variance (ANOVA) was
performed (p < 0.05) and means compared using the Tukey–
Kramer test. Graphs were constructed in SigmaPlot soware
11.0 (Systat Soware Inc, San José, CA, USA).

3. Results and discussion
3.1 Morphology, size, and charge of alginate–polycation
capsules

Crosslinking with EDC/NHS did not affect the quasi-spherical
shape of alginate beads (Fig. 2A–C). Beads crosslinked with
PLL and PEI, using EDC/NHS (Ca-Alg-EDC/NHS-PLL and Ca-Alg-
EDC/NHS-PEI), were transparent and with similar sizes to
original Ca-Alg capsules. However, the moisture content
decreased (p < 0.05), possibly due to the increase in solids
content (Table 1). As expected, an important modication
occurred in the surface charge, which changed from negative
(��27 mV) in Ca-Alg beads to positive (�+23 mV) in beads
hardened with PLL or PEI. This charge shi proves the incor-
poration of polycations to the particle surface.

The GA crosslinked beads (Ca-Alg-GA-PLL and Ca-Alg-GA-
PEI) were oval shape (Fig. 2D and E). Also, smaller in size and
moisture content (p < 0.05) than Ca-Alg capsules (Table 1).
When reacting with GA, alginate loses OH groups that can
28758 | RSC Adv., 2020, 10, 28755–28765
otherwise be available to capture water through the formation
of hydrogen bonds.9 In addition, during the reaction of the
amine from polycation (nucleophilic) with the carbonyl (elec-
trophile) of the GA, a hemiaminal intermediary (NH-CR2-OH) is
formed, followed by the loss of water during the formation of
the imine bond (C]N). These processes produce slight dehy-
dration of the capsules.19,20 The surface charge of the Ca-Alg-
PLL-GA and Ca-Alg-PEI-GA beads had positive values (+0.6273
� 0.12 mV and +10.29 � 0.16, respectively). Furthermore, the
positive surface charge was greater (P < 0.05) when using EDC/
NHS than GA as a crosslinker (Table 1). This may be due to the
type of cross-connection formed, as carbodiimide increases
amines exposure to the polycation.

In contrast to EDC/NHS formed capsules, both types of GA
hardened capsules were opaque. In addition, Ca-Alg-GA-PEI
capsules gained a red color (Fig. 2E). The red color is an indi-
cation of the formation of unsaturated alternating imine-type
bonds resulting from the reaction between GA and PEI.21 The
lack of red color in Ca-Alg-GA-PLL capsules is possibly due to
a lower degree of crosslinking between PLL and GA than
between PEI and GA since PLL molecule has fewer amino
groups than PEI molecule.9

The pH changes, within the studied range (6.0–7.5), had no
effect (p > 0.05) on the surface charge of any of the modied
capsules, PEI nor PLL (data not shown). This stability conrms
that both the PEI amino groups, as well as those of PLL,
This journal is © The Royal Society of Chemistry 2020
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Table 1 Characterization of calcium alginate beads before and after protonation with poly-L-lysine (PLL) or polyethyleneimine (PEI)a

Treatment Size (mm) Moisture content (%) Z potential (mV)

Ca-Alg (control) 1.27 � 0.09a 96.14 � 0.4a �27.5 � 1.46a

Ca-Alg-EDC/NHS-PLL 1.27 � 0.13a 92.92 � 0.13b +23.6 � 0.15c

Ca-Alg-EDC/NHS-PEI 1.26 � 0.19a 93.32 � 0.05b +23.3 � 0.27c

Ca-Alg-GA-PLL 1.23 � 0.11b 90.26 � 0.63c +0.64 � 0.12d

Ca-Alg-GA-PEI 1.20 � 0.11c 82.14 � 1.04d +10.3 � 0.16e

a Ca-Alg: calcium alginate beads. Crosslinking agents EDC/NHS: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide; GA:
glutaraldehyde. Values are expressed as means � standard error. Different letters in the same column denote a statistical difference (p < 0.05).
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remained protonated at the pH commonly found in drinking
water.22
3.2 FTIR-ATR analysis

FTIR-ATR was used to recognize interactions between the algi-
nate matrix and polycations. All spectrum were normalized with
the band situated at 1415 cm�1. Fig. 3A compares the FTIR-ATR
absorbance spectra of Ca-Alg beads and those modied with
PLL. Ca-Alg capsules presented the characteristic spectrum of
alginate with a wide peak centred at approximately 3300 cm�1

indicating the stretching vibrations of OH groups. Also, low-
intensity bands located approximately at 2933 cm�1, which
Fig. 3 Attenuated total reflectance Fourier transform infrared spec-
troscopy for calcium alginate beads functionalized with (A) poly-L-
lysine and (B) polyethylenimine.

This journal is © The Royal Society of Chemistry 2020
are attributed to C–H stretching vibration, two peaks about
1593 cm�1 and 1415 cm�1 due to the asymmetrical and
symmetrical signals of the COO-groups, respectively. The peaks
observed in the region between 950 and 1200 cm�1 correspond
to various vibrations in the carbohydrate rings. Specically, the
peak at 1029 cm�1 is assigned to the glycosidic (C–O–C) bonds
of the polymer.14

The crosslinking of the alginate with PLL using EDC/NHS
modied the bands corresponding to the stretching of the OH
groups of the alginate at 3334 cm�1 (Fig. 3A). An increase in
peak intensity and the appearance of two small, new bands at
3348 cm�1 and 3237 cm�1 coincide with amide A region thus
indicating the formation of amide-type covalent bonds between
the amino groups of the PLL and the carboxyl groups of algi-
nate.9 The signal corresponding to the COO-asymmetrical
groups in the Ca-Alg capsules (1593 cm�1) appeared as
a higher intensity band in the Alg-EDC/NHS-PLL capsules. In
addition, there was a slight displacement to 1608 cm�1 possibly
due to the interactions between the carbonyl of alginate and the
amine of PLL. These changes are indications of the interaction
of the COO-groups of the alginate with the NH2 groups of the
PLL.14

The crosslinking with PLL using GA showed as an increase in
the intensities of the bands corresponding to the methylene
groups, attributed to the presence of these groups in the lateral
chains of the PLL incorporated on the surface of the alginate
beads. In addition, the appearance of a small band at 1697 cm�1

was observed that can be attributed to the bending of the amino
groups present in the PLL attached to the alginate matrix. The
band at 822 cm�1 shied to 805 cm�1 which is an indication of
the incorporation of the PLL to the alginate.23

The crosslinking of alginate with PEI using EDC/NHS was
characterized by a broad band at 3148 cm�1, attributed to the
OH groups of alginate and NH of PEI (Fig. 3B). Besides, two
small bands appeared at 3341 and 3267 cm�1, assigned to the
PEI amino groups attached to the alginate matrix. The peaks at
2911 and 2807 cm�1 corresponding to C–H stretch of CH2 and
CH3 groups signicantly increased their intensity due to the
incorporation of PEI methylene groups at the surface of alginate
capsules.24 The signal corresponding to the COO-asymmetrical
bend in the Ca-Alg capsules (1593 cm�1) shied to 1585 cm�1,
due to interactions with the amino groups of the PEI. The band
at 1029 cm�1, (C–O–C and/or C–N), also showed a slight
displacement (1022 cm�1). The band at 881 cm�1 which
RSC Adv., 2020, 10, 28755–28765 | 28759
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corresponds to the signal of the primary amines, proves the
amine group presence into the alginate capsules.23

In the spectra of Ca-Alg-PEI capsules crosslinked with GA, an
increase in the intensity of the OH group band (3274 cm�1) is
well visible due to the presence of NH groups from PEI. Unlike
in crosslinking with EDC/NHS, bands in 3341 and 3267 cm�1

did not appear, because covalent links between alginate and PEI
are not formed in the same manner. However, the intensity of
the peak at 2933 cm�1 increased and a band at 2837 cm�1

appeared due to additional CH2 and CH3 groups from the PEI
polymer. The peak at 1593 cm�1 shied to 1585 cm�1 attributed
to the formation of imine bonds between GA aldehyde and PEI
amine group, conrming covalent bonding of the polycation
coating to the alginate matrix.24 The measured wavenumbers of
the bands before and aer the modication are summarized in
Table 2.
Fig. 4 Thermogravimetric/derivative thermogravimetry analysis for
calcium alginate beads functionalized with poly-L-lysine (PLL).
Crosslinking agents EDC/NHS: 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide; GA: glutaraldehyde.
3.3 Thermogravimetric/derivative thermogravimetry (TGA/
DTG) analysis

Fig. 4 shows the thermograph curves of the modied alginate
capsules with PLL (A) and their derivatives (B). The thermo-
grams of neat Ca-Alg, had a single-stage decomposition which
occurs between 33 �C and 130 �C, with a maximum of degra-
dation at 111 �C. The slow drop of the mass loss is attributed to
the loss of moisture and the degradation of the alginate chains
caused by heating.25

The thermogram of the Ca-Alg-EDC/NHS-PLL capsules
showed a degradation process in two stages. The rst stage
began at 33 �C and ended at 107 �C, with a maximum degra-
dation occurring at 84 �C. This step represents moisture loss
and degradation of alginate. The second degradation occurred
between 199 �C and 496 �C, with a maximum degradation at
201 �C. This degradation can be attributed to the decomposi-
tion of the polyamine acid. Similar patterns of lysine and argi-
nine decomposition was reported by Zhang et al.22 Ca-Alg-PEI
capsules crosslinked with GA showed a one-step degradation
starting at 49 �C and ending at 182 �C, with a maximum
Table 2 Attenuated total reflectance Fourier transform infrared
spectroscopy frequency assignments for protonated calcium alginates
beads with poly-L-lysine (PLL) or polyethyleneimine (PEI)a

Ca-Alg

Ca-Alg-EDC/NHS Ca-Alg-GA

AssignmentPLL PEI PLL PEI

3300 3334 3148 3274 3274 n(OH)
— 3348; 3237 3341; 3267 3274 3274 n(N–H)
2933 2933 2911; 2807 2949 2933; 2837 n(C–H)
— 1697 n(N–H)
1593 1618 1585 1585 na(COO

�)
1415 1415 1415 1415 1415 ns(COO

�)
1029 1029 1022 1029 1022 n(C–O–C)
— 822 881 805 881 n(N–H)

a Ca-Alg: calcium alginate beads. Crosslinking agents EDC/NHS: 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide; GA:
glutaraldehyde. n: stretching; a: asymmetric; s: symmetric.

28760 | RSC Adv., 2020, 10, 28755–28765
degradation at 168 �C. This increase in the thermal stability of
alginate beads is due to the matrix and polycation interactions
forming a harder network. Similar behaviour was reported by
Poon et al.20 in chitosan copolymers.

Fig. 5 shows the thermograph curves of PEI-modied algi-
nate capsules (A) and their derivatives (B). The thermograph of
Ca-Alg-EDC/NHS-PEI capsules had a one-stage decomposition,
similar to Ca-Alg capsules. However, the initial degradation and
maximum degradation temperatures increased from 33 �C to
46 �C and from 111 �C to 153 �C, respectively. These thermal
shis indicate greater thermal stability of the capsules due to
Fig. 5 Thermogravimetric/derivative thermogravimetry analysis for
calcium alginate beads functionalized with polyethyleneimine (PEI).
Crosslinking agents EDC/NHS: 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide; GA: glutaraldehyde.

This journal is © The Royal Society of Chemistry 2020
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formations of a stable crosslinked network between the alginate
matrix and the PEI groups.26

Crosslinking PEI using GA presented changes in its decom-
position pattern again showing thermal degradation in several
stages. The rst, between 43 �C and 195 �C, with a maximum
degradation at 128 �C can be attributed to the loss of moisture
and thermal degradation of alginate.

The second degradation occurred between 198 �C and
368 �C, with a maximum decomposition at 205 �C can be
assigned to the breakdown of glutaraldehyde, which occurs very
quickly.27 The nal stage occurs between 361 �C and 496 �C and
can be recognized as the degradation of PEI, with a maximum
degradation at 377 �C.17 Overall, the thermographs of the
modied alginate capsules with PLL or PEI, using EDC/NHS or
GA as crosslinkers showed an improvement in thermal stability,
compared to uncross linked Ca-Alg capsules. This improvement
in thermal stability can be explained by the decrease in the
mobility of the alginate molecules due to their connection to
polycation PLL or PEI. Also, the presence of polycations protects
the surface of the capsules exposed to heat and decreases mass
loss during thermal decomposition of the sample.26
3.4 Atomic force microscopy (AFM)

The topography of the alginate capsules before and aer
modication with the polycations was analyzed using atomic
force microscopy. The root mean square roughness (Rq) was
measured for 20 by 20 mm areas for all samples. Ca-Alg capsules
(Fig. 6A) had a roughness of 313.736 nm with a maximum
height of 974.02 nm, an average height of 65.49 nm and
aminimum height of 843.04 nm. Capsules crosslinked with PLL
(Fig. 6B and C) and PEI (Fig. 6E and F) were more homogeneous
and had less rough surfaces. The Rq of all these capsules was
Fig. 6 Atomic force microscopy images topography of calcium algi-
nate beads before (A and D) and after modification with poly-L-lysine:
(B) Ca-Alg-EDC/NHS-PLL and (C) Ca-Alg-GA-PLL B or poly-
ethyleneimine (E) Ca-Alg-EDC/NHS-PEI and (F) Ca-Alg-GA-PEI.

This journal is © The Royal Society of Chemistry 2020
lower than that of Ca-Alg capsules. Xu et al.28 coated poly-
acrylonitrile particles with branched and high molecular weight
polycations, and observed a lower surface roughness by
increasing the molecular weight of polycations. In short, the
results of AFM analysis are further evidence of polycations
coating of Ca-Alg capsules.

3.5 Degradation stability

To determine the stability to degradation, the capsules were
exposed to sodium citrate solution for 72 h. Ca-Alg capsules
degraded during the rst 2 hours of sodium citrate exposure
while Ca-Alg-EDC/NHS capsules (PLL or PEI) degraded aer
24 h, indicating that initial calcium crosslinking is important
but not sufficient for the stability. Ca-Alg-GA capsules (PLL or
PEI) retained their diameter for the 72 h of treatment. This may
be due to the core-like arrangement produced by the GA. No
degradation was observed in Ca-Alg-GA-PEI aer 120 days of
treatment.

3.6 Biosorption of [As(V)] and [As(III)] with protonated
alginate capsules

The removal efficiency and themaximum adsorption capacity of
the alginate–polyanion beads were determined using aqueous
solutions of [As(V)] and [As(III)] at 100 mg L�1 and pH 7.0 � 0.1.
Ca-Alg-GA-PEI capsules had the highest efficiency (37.9 � 1.0%)
to adsorb arsenate (Table 3). The highest maximum adsorption
capacity per gram of dry alginate was recorded for Ca-Alg-EDC/
NHS-PLL capsules (312.9 � 4.7 mg g�1 of alginate). At pH equal
7.0, the predominant species with pentavalent arsenic, [As(V)], is
H2AsO4

2�. It is believed that the uptake of [As(V)] ions occurs
through electrostatic interactions between the negative arsenate
and the protonated amino groups of the polycation. This
process requires two binding sites in the adsorbent. Greater
removal of [As(V)] can be achieved at acid pH conditions, where
the amino groups have the highest concentration of positive
charges.29 However, decreasing the pH of drinking water is not
an effective method. Several authors have studied the removal
of [As(V)] at near-neutral pH. Sigdel et al.30 used iron-
impregnated alginate capsules and managed to remove 30%
of the [As(V)] in aqueous solution at pH 6.0. Li et al.31 achieved
sorption of 55% of [As(V)] at pH 7.0, using cerium oxide nano-
particles. Raj et al.32 used industrial corn waste to remove [As(V)]
from aqueous solutions at pH 7.5. The authors found that by
crosslinking Zea mays cob powder with PEI the adsorption
efficiency increased by 12%.

Ca-Alg-GA-PEI beads were also most efficient (69.9 � 0.7%)
in arsenite adsorption (Table 3), while Ca-Alg-EDC/NHS-PEI
capsules showed the maximum adsorption per g capacity of
dry alginate (1052.1 � 4.6 mg g�1 of dry alginate). At pH 7.0 the
predominant species of [As(III)] is arsenous acid (H3AsO3),
which is neutral in a wide range of pH (from 2 to 9.2).31 It has
been suggested that the main adsorption mechanism for this
form of arsenic species is chelation of [As(III)] ions by the
functional groups of the adsorbent. The [As(III)] behaves like
a Lewis acid with an incomplete octet and is able to capture free
electrons. On the other hand, the amino groups present of the
RSC Adv., 2020, 10, 28755–28765 | 28761
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Table 3 Arsenate As(V) and arsenite As(III) removal efficiencies and biosorption capacities of protonated calcium alginate (Ca-Alg) beads with
poly-L-lysine (PLL) or polyethyleneimine (PEI)a

Formulation

As(V) As(III)

Removal efficiency (%)
Biosorption capacity
(mg g�1) Removal efficiency (%)

Biosorption capacity
(mg g�1)

Ca-Alg (control) 0.38 � 0.0d 11.7 � 1.1d 0.8 � 0.1e 21.3 � 1.7d

Ca-Alg-EDC/NHS-PLL 17.3 � 0.1b 312.9 � 4.7a 25.2 � 0.4d 448.5 � 5.6c

Ca-Alg-EDC/NHS-PEI 14.0 � 0.6c 249.6 � 12.2b 58.9 � 0.4b 1052.1 � 4.6a

Ca-Alg-GA-PLL 12.2 � 0.4c 152.6 � 0.6c 36.7 � 0.3c 458.4 � 4.3c

Ca-Alg-GA-PEI 37.9 � 1.0a 252.8 � 9.7b 69.9 � 0.7a 524.7 � 5.3b

a Ca-Alg: calcium alginate beads. Crosslinking agents EDC/NHS: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide; GA:
glutaraldehyde. Values are expressed as means � standard error. Different letters in the same column denote a statistical difference (p < 0.05).
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alginate–polycation capsules, behave like Lewis bases, donating
free electrons, forming the chelate complexes via one of the two-
bonded ligands.33

Most treatments designed to remove As from water focus on
the removal of [As(V)] but fail or ignore to eliminate [As(III)]. One
of the strategies for the elimination of [As(III)] is to oxidize it to
[As(V)] using pre-treatment with chlorine or permanganate.
During As adsorption, a non-redox-sensitive sorbent such as
MnO2 can also be used to transform [As(III)] into [As(V)] without
requiring pretreatment.34 However, some substances present in
water may interfere with this oxidation.5 Shakoor et al.35 studied
several biosensors for the removal of [As(III)] and [As(V)] at pH of
7.0. They found that eggshells and plum pits were able to
remove 85% and 67% of the [As(III)] respectively aer 2 hours of
contact. However, the pH had to be reduced to 4.5 in order to
adsorb [As(V)]. CuO-functionalized graphene/carbon NTs (CuO-
CNTs) were able to remove 2.3 mg g�1 of [As(III)] and 2.4 mg g�1

of [As(V)] at pH of 7 and 5, respectively (contact times of 60 min
and 40 min, respectively).36 Although the alginate–polyanion
capsules synthesized in this study showed lower adsorption
capabilities (Table 3), have the advantage of removing an
acceptable amount of [As(III)] and [As(V)] in short contact times
and without pH modication.
3.7 SEM-EDX analysis

Ca-Alg-GA-PEI beads were chosen to continue the study due to
their high stability. Fig. 7 presents the SEM-EDX analysis for Ca-
Alg and Ca-Alg-GA-PEI. EDX assay conrmed the incorporation
of nitrogen aer the crosslinking of PEI with GA (Fig. 7B) and
the incorporation of arsenic in Ca-Alg-GA-PEI beads aer
adsorption of arsenite (Fig. 7C) or arsenate (Fig. 7D). SEM
micrographs showed more cracked surfaces aer contact of Ca-
Alg-GA-PEI beads with arsenic (Fig. 7C and D). This effect has
been attributed to the capture of heavy metals on the sorbent's
surface.
Fig. 7 EDX in SEM images of (A) calcium alginate beads; (B) Ca-Alg-
GA-PEI beads; (C) Ca-Alg-GA-PEI beads after biosorption of [As(III)];
(D) Ca-Alg-GA-PEI beads after biosorption of [As(V)].
3.8 Biosorption mechanism

Ca-Alg-GA-PEI beads were formed via PEI graing onto Ca-Alg
beads which creates a considerable number of binding sites
(e.g. NH3+ and NH2 groups). Fig. 8 compares the FTIR-ATR
28762 | RSC Adv., 2020, 10, 28755–28765
absorbance spectra of Ca-Alg-GA-PEI beads before and aer
[As(III)] and [As(V)] adsorption. Major differences were found in
the regions 3700 to 2837 cm�1 and 1720–880 cm�1 indicating
[As(III)] or [As(V)] binding to the Ca-Alg-GA-PEI beads. An
increase in the peak at 3274 cm�1 aer [As(III)] or [As(V)] column
application suggests the interaction of both As species with N–H
amino groups from PEI. The peak originally at 1585 cm�1 was
increased and shied to 1608 cm�1 suggesting interactions with
PEI amino groups coupled with GA–alginate matrix.

In groundwater inorganic oxyanions such as trivalent arse-
nite [As(III)] and pentavalent arsenate [As(V)] are the predomi-
nant As species.5 In this aqueous environment the adsorption of
[As(III)] and [As(V)] is mainly governed by the pH because it
regulates the ionic characteristics of both species as wells as the
surface properties of the sorption matrix. At pH 7 [As(III)] is
mostly in its neutral form (H3AsO3 ¼ H2AsO3

� + H+, pKa1 ¼ 9.2)
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Attenuated total reflectance Fourier transform infrared spec-
troscopy for Ca-Alg-GA-PEI beads before and after [As(III)] or [As(V)]
adsorption.

Fig. 9 Schematic representation of the complex interactions of [As(III)]
and electrostatic interaction of [As(V)] with Ca-Alg-GA-PEI amine

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 4

:4
9:

25
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and approximately 50% of amino groups remain unproto-
nated.5,37–39 In this context [As(III)] uptake by Ca-Alg-GA-PEI
beads is determined by surface complexation of H3AsO3 with
NH2 groups.37 This is in agreement with the observations of
Daikopoulos et al.39 who synthetized amine-rich graphitic
carbon nitride for arsenite remediation.

Arsenite biosorption capacity of Ca-Alg-EDC/NHS-PEI beads
was higher (1052.1� 4.6 mg g�1) than that of Ca-Alg-GA-PEI ones
(524.7 � 5.3 mg g�1) (Table 3). The crosslinker EDC reacts with
the carboxyl groups of the alginate forming an unstable inter-
mediate (Fig. 1). The addition of N-hydroxysuccinimide (NHS)
stabilizes the system by forming an ester, then the ester is
replaced by the amino groups present PEI, allowing the
formation of a covalent amide-type bond, between the amino
groups of polycations and carboxyl groups (mannuronic acid
blocks that do not intervene in calcium gelling) of alginate.9 On
the contrary GA reacts with the amino groups of PEI and the
hydroxyl groups of the alginate.17

This type of reaction allows a greater crosslinking between
the alginate and PEI both on the bead surface and within the
supporting alginate matrix forming a 3D network that increase
the bead stability but also the [As(III)] binding sites with the free
amino groups that did not react with GA.40 Then excessive
crosslinking can adversely affect the binding capacity of the
matrix as it seems to have happened with Ca-Alg-GA-PEI.
Subsequent experiments should be conducted testing
different concentrations of GA in order to nd a more adequate
balance between crosslinking and available binding sites.

Ca-Alg-EDC/NHS-PLL and Ca-Alg-GA-PLL presented lower
biosorption capacities for [As(III)] (p < 0.05) than the matrices
cross-linked with PEI. This may be because PLL has fewer
amino groups than PEI and therefore fewer junction points for
arsenite. The biosorption capacities of both (Ca-Alg-EDC/NHS-
PLL and Ca-Alg-GA-PLL) were similar to each other (448.5 �
5.6 mg g�1 and 458.4 � 4.3 mg g�1, respectively), which is an
indication of a lower crosslinking of PLL with GA. This can be
seen with the naked eye by comparing the colors of Ca-Alg-GA-
This journal is © The Royal Society of Chemistry 2020
PLL (opaque white) and Ca-Alg-GA-PEI (reddish orange) (Fig. 2).
The reaction between GA and amines produces compounds
with yellow to orange colorations.21 Both Ca-Alg-EDC/NHS-PLL
and Ca-Alg-GA-PLL showed low stability, so more research
should be done on how to improve them.

At pH 7.0 about half of the surface amino groups are
protonated and H2AsO4

� and HAsO4
2� are predicted to

appear.5,38 Under such a condition, [As(V)] is readily retained by
the Ca-Alg-GA-PEI beads via electrostatic interaction. Fig. 9
presents the interactions of oxyanions of [As(III)] and [As(V)] with
PEI amine groups.

Ca-Alg-EDC/NHS-PLL showed higher [As(V)] adsorption
capacity compared to the other matrices (Table 3), this corre-
lates with its net surface charge of +23.6� 0.15mV (Table 1). Ca-
Alg-EDC/NHS-PEI showed similar values of net surface charge
but lower biosorption capacity than Ca-Alg-EDC/NHS-PLL. This
results may be due to the cross-linking of the amino groups with
GA. Ca-Alg-GA-PEI showed an [As(V)] uptake similar to Ca-Alg-
EDC/NHS-PEI (252.8 � 9.7 mg g�1 and 249.6 � 12.2 mg g�1,
respectively), despite the fact that Ca-Alg-GA-PEI showed
a surface charge of +10.3� 0.16 mV (Table 1). This may indicate
that [As(V)] was retained not only in the surface but also within
the supporting bead matrix. This is possible due to the ability of
GA to react with the OH groups of the alginate and the amino
groups of PEI or PLL and also explains why the Ca-Alg-GA-PLL
beds were able to capture [As(V)] even though they showed
a surface charge of +0.64 � 0.12 mV (Table 3).

A very nominal decrease in [As(III)] and [As(V)] removal
capacity in ve consecutive cycles of sorption/adsorption
demonstrates the reusability of Ca-Alg-GA-PEI (Fig. 10). A 9%
of arsenate decrease was observed until the h sorption/
adsorption cycle.

Arsenic adsorption strongly depends of water pH. The range
of effective adsorption of both [As(III)] (H2AsO3) and [As(V)]
(H2AsO4

� and HAsO4
2�) occurs between a water pH of 6.0 to 7.5.

More acidic conditions will increase the adsorption of [As(V)]
while more alkaline conditions will increase the adsorption of
[As(III)].5 At pH of 7.0, Ca-Alg-GA-PEI beads adsorbed both
[As(III)] and [As(V)]. This could represent an advantage for water
treatment. However, subsequent isotherms, kinetics and ther-
modynamic studies must be conducted in order to establish the
matrix behavior at different pH, redox potential and different
sorbent, sorbate and arsenic oxyanions concentrations. Such
groups.

RSC Adv., 2020, 10, 28755–28765 | 28763
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Fig. 10 Removal efficiency of Ca-Alg-GA-PEI after five desorption/
adsorption cycles. Asterisk denotes significant difference (p < 0.05)
between the cycles of the same oxyanion.
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studies will provide more accurate information aimed at
improving the optimal conditions of use for Ca-Alg-GA-PEI for
As removal at specic conditions.
4. Conclusions

The crosslinking agents EDC/NHS and GA were effective in
modifying Ca-Alg functionalizing them with PLL or PEI. This
modication of the surface capsules allowed the removal of
both [As(V)] and [As(III)] oxyanions from neutral water and short
contact times of 15 min. At pH 7.0 the proposed adsorption
mechanism involves establishing complexes between arsenate
and NH2 and establishing electrostatic interactions between
arsenate and NH3+ groups. Crosslinking with EDC/NHS had
greater removal capacity of [As(III)] and [As(V)] than when GA was
used. However, they degraded in the presence of calcium
citrate, while capsules modied using GA-PEI modication
remained stable. The results in the [As(III)] removal (found in its
uncharged form at natural water pH) without pre-treatment or
pH change has a potential for further applications and advan-
tage over oxidative treatment and conventional techniques of
the arsenic removal. However, subsequent isotherms, kinetics
and thermodynamic studies must be conducted aimed at opti-
mizing the use of the functionalized matrix in water specic
environmental conditions.
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