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A B S T R A C T

Beads of alginate montmorillonite have been used for the first time as sorbent of the cationic pesticide paraquat
(PQ). They are a green material because they are formed by a biopolymer and a clay mineral, and because they
allow using an energy efficient process to separate the beads after PQ adsorption. The general characterization of
the beads, with montmorillonite contents ranging from 0% to 70%, has been carried out by elemental compo-
sition, FTIR and thermal analysis. The shape, external morphology and internal structure of the beads were
examined by SEM. Wet beads were also observed with a digital camera. PQ adsorption was studied with ad-
sorption isotherms from aqueous solutions, and maximum adsorption capacities (Qmax) were 0.093, 0.146, 0.187
and 0.278 mmol g−1 for montmorillonite contents of 0, 5, 30 and 70%, respectively. Qmax varied linearly with
the clay content. The results show that montmorillonite is practically the only PQ sorbent, with alginate acting
mainly as support of the clay particles, but playing a very important role allowing an effortless handling of the
material and the adsorbed pollutant.

1. Introduction

Herbicides are continuously used to minimize the loss of crop pro-
ductivity, but more than 99.9% of the applied pesticides move into the
environment where they can adversely affect beneficial biota and
contaminate soil, water, and the atmosphere [1]. Paraquat dichloride
(PQ; 1,1-dimethyl-4,4-bipyridium dichloride) is a toxic quaternary
ammonium herbicide and is widely used in agriculture as a non-selec-
tive agent for controlling broadleaf [2]. Introduced in the 1960s, PQ has
now been banned in some countries because of its toxicity [3,4].
However, it is used in USA and several countries of South America,
Australia, Asia, etc., which still permit that this agent to be used for
example in chemical desiccation [5], controlling weeds in broad-acre
cropping[6,7], rice field crops [8], etc.

The LD50 of PQ in humans is approximately 3–5 mg/kg, which
translates into as little as 10–15 mL of a 20% solution. If PQ has been
ingested in any amount it is necessary immediately administer an ad-
sorbent. A clay suspension as Bentonite (7.5%) is highly effective [9].

Various techniques are being used to remove pollutants from aqu-
eous waste [10,11], with sorption being one of the most promising
technologies for water purification. The most widely used adsorbents in
this concern include clay minerals [12], activated carbon [13] and

polymers [14,15]. Thus, there is a growing interest in the use of bio-
based materials such as polymers obtained from natural resources due
to their environmentally friendly properties and renewable abundance
[16–18].

The adsorption studies of PQ on materials easy to handle and
nontoxic are important for cleaning water and as a therapeutic measure
in case of intoxication. Alginate beads are a well-known support ma-
terial in bioscience application [19] for immobilization of enzymes [20]
and living cells [21]. Over the past few years they are being used in the
environmental field for the removal of some heavy metal ions and or-
ganic pollutants [22–25]. The capacity of alginate to form gel in the
presence of multivalent cations (ionotropic gelation technique) has
been exploited to prepare multiparticulate systems, incorporating nu-
merous drugs, proteins, cells or enzymes. Alginates are polysaccharides
derived mainly from brown seaweed. Sodium alginate is the water so-
luble form, that upon quenching with Ca2+ crosslinks to the water in-
soluble form of calcium alginate. The divalent cation bridges the gap
between two polymer chains, in turn stabilizing the network. This
material, calcium alginate, is biocompatible, biodegradable, im-
munogenic, non-toxic, economical and can be easily prepared [26].
Alginate beads face problems such as distorted shapes, uneven sizes,
poor mechanical strength and high porosity [27]. To improve the

https://doi.org/10.1016/j.jece.2017.11.018
Received 27 May 2017; Received in revised form 13 October 2017; Accepted 4 November 2017

⁎ Corresponding author.
E-mail address: gzanini@uns.edu.ar (G. Zanini).

Journal of Environmental Chemical Engineering 5 (2017) 5868–5875

Available online 08 November 2017
2213-3437/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2017.11.018
https://doi.org/10.1016/j.jece.2017.11.018
mailto:gzanini@uns.edu.ar
http://dx.doi.org/10.1016/j.jece.2017.11.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2017.11.018&domain=pdf


properties of the beads, alginate can be loaded with montmorillonite
clay [28]. Montmorillonite is a layered structure consisting of a sand-
wich of one octahedral alumina sheet between two tetrahedral silica
sheets [29]. Fortunately, this clay not only improves the mechanical
properties of the beads, but also the adsorptive properties. The mon-
tmorillonite (natural or modified) has been used for more than 40 years
for the removal of toxic metals or organic pollutants [30–33] from
aqueous solutions. This inorganic solid has favourable surface proper-
ties, availability, environmental and economic considerations. The
specific properties of montmorillonite are its high cation exchange ca-
pacity, adsorption, high surface area and swelling behaviour [34].

In recent years, clays supported on calcium alginate beads have
been reported to improve the mechanical and thermal stabilities of the
beads and also to simplify the separation procedures compared to the
use of natural clays [35]. The most interest in studies for the use of
alginate-clays beads as adsorbents has been for the removal of dyes
from aqueous solutions [36–38] or for controlled release of difference
substances [39,40]. However, there are insufficient studies for the use
of these kinds of materials to adsorb pesticides for cleaning or decon-
tamination. In the particular case of PQ, montmorillonite has been used
in several reports as the adsorbent [41,42], but there is not information
regarding alginate-montmorillonite beads as adsorbent of PQ. Besides,
it is unknown if the montmorillonite forming the bead adsorbs PQ in
the same way that the montmorillonite in powder does. The possibility
to use these beads instead of the powdered clay to remove pesticides
would really be a significant improvement of remediation technologies
using adsorption process. The use of these materials would help during
the separation process because it is not necessary to wait a long time for
sedimentation after adsorption, as it occurs with clays [43]. Cen-
trifugation will not be necessary either because after shaking and due to
gravity, the alginate-montmorillonite beads are deposited at the bottom
of the reactor.

In this report we present the synthesis and characterization of al-
ginate beads with different contents of montmorillonite. The aim is to
study the adsorption of PQ onto these alginate-montmorillonite beads
from aqueous solutions and to assess how the clay content affects the
adsorption. The role played by alginate and montmorillonite in the
beads is investigated and highlighted.

2. Experimental

2.1. Materials and reagents

Sodium alginate was obtained from Fluka (Switzerland, N° 71238),
Mw = 231,500 g/mol) Na-Montmorillonite (99.4% purity) was ob-
tained from Lago Pellegrini (Rio Negro, Argentina). Paraquat (99%)
was supplied by Supelco (molecular structure shown in Scheme 1) and
calcium chloride (CaCl2) was supplied by Sigma-Aldrich Company.

2.2. Synthesis and characterization of alginate-montmorillonite beads

A 1% (w/v) Na-alginate solution was prepared by solving 1 g of
sodium alginate into 100 mL distilled water at room temperature. Then,
different amounts of montmorillonite (MMT) were added to the gel
with continuous stirring (0.1; 1.0 and 4.0 g) obtaining suspensions of

0.1; 1 and 4% (w/v) of MMT. Once the mixture was homogeneous it
was forced through a micropipette tip by a peristaltic pump. The re-
sulting gel droplets were collected in a stirred reservoir containing
0.1 M CaCl2 solution. The beads were allowed to harden in this solution
for few minutes. Afterwards hard spherical beads containing the MMT
were obtained. The beads were filtered and rinsed several times with
distilled water to remove calcium chloride from its surface. They were
then stored in NaCl 0.1 M until use. When calcium alginate beads were
used as a blank, the same procedure as before was followed, but in this
case there was no addition of MMT.

The beads will be named as A-MMT0; A-MMT5; A-MMT30 and A-
MMT70 as is shown in Table 1.

2.3. Characterization

Exeter Analytical, INC, model CE440 Elemental Analysis instrument
was employed in the performance of the elemental analysis of the al-
ginate and alginate-montmorillonite beads. The wet beads were ob-
served with a D5100 Nikon Digital camera. The shape, external mor-
phology and internal structure of the beads were examined by scanning
electron microscopy (SEM). Images (at different magnifications) of dry
whole beads and their cross sections were captured on an LEO micro-
scope model EVO 40. The samples were exposed to an accelerated
voltage beam strength of 10.0 KV.

The thermogravimetric analysis (TGA) was performed with the STD
Q600 of TA Instruments operated in air. The 25 μg powder samples in a
ceramic crucible were heated in air from 20 °C to 1000 °C at the rate
10 °C/min. The maximum variability between two replicates was 0.2%
on a mass basis. The maximum degradation temperature was de-
termined with a precision of ± 3 °C.

The crystallinity and structure of the dried materials were examined
by XRD on a Rigaku D-Max III – C equipped with a Cu Kα1
(λ = 1.54059 Å) radiation and graphite monochromator operated at
35 kV and 15 mA over the 2θ range of 3–80° and 25 °C at a scan rate of
0.02° s−1. The XRD patterns are presented in the Supplementary ma-
terial.

The FTIR spectra of the samples were recorded using KBr pellets on
a Nicolet Nexus 470 FTIR spectrometer equipped with a DTGS detector
over a range of 4000–400 cm‐1.

The N2 adsorption-desorption isotherms at 77 K (BET) were per-
formed with a Micromeritics – ASAP 2000 instrument. Prior to the
measurements, the dried samples were outgassed for at least 12 h at
333 K.

Electrophoretic mobilities of sodium alginate, MMT, A-MMT0, A-
MMT70 and A‐MMT70 with PQ adsorbed (PQads A-MMT70) at different
pH and in 0.01 M NaCl were determined with a Malvern Nano ZS90
equipment. The experiments were carried out at 25.0 °C. Zeta potential
(ζ) data were automatically calculated with the Smoluchowski equation
by the equipment. It was necessary to dry the beads, grain them and
prepare the suspensions in 0.01 M NaCl. Although this preparation
changed the appearance of the beads, the information obtained was
useful. The concentration of the solid was 0.1 g L−1 for MMT, A-MMT0,
A-MMT70 and PQads A-MMT70 and 1 g L−1 for sodium alginate.Scheme 1. Describes in a general way the adsorption reaction of PQ onto A-MMT beads.

Table 1
Sample description.

Alginate suspension
(%)

MMT suspension
(%)

MMT content per
gram of bead (%)a

Denomination

1 0 0 A-MMT0
1 0.1 5 A-MMT5
1 1 30 A-MMT30
1 4 70 A-MMT70

a The MMT content per gram of bead was estimated from elemental analysis shown in
Section 3.1.
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2.4. Adsorption experiments

Adsorption isotherms were obtained by performing batch adsorp-
tion experiments. Four alginate-clay beads were placed in 15 mL
polycarbonate centrifuge tubes. After that proper volumes of 0.01 M
NaCl and appropriate aliquots of stock solution of paraquat were added
to cover concentration ranges from 5.0 × 10−5 to 3.0 × 10−3 M. The
final volume in each tube was 10 mL. The pH was 5.5 ± 0.2 in all
experiments. The tubes were shaken end-to-end for 6 h. Kinetic ex-
periments showed that 6 h of equilibration time was enough to obtain
an equilibrium condition between adsorbent and adsorbate. The ki-
netics data are shown in the Supplementary material. All experiments
were carried out at room temperature (25 ± 1 °C) and 0.01 M NaCl
ionic strength. Adsorption studies were also carried out using alginate
beads without MMT and with a suspension of MMT without alginate.
After shaking, all the beads settled in the bottom of the tube and they
were easily separated leaving a clear supernatant (Supplementary ma-
terial). In all PQ adsorption experiments, the pH was checked before
and after adsorption, and no changes were detected (only a random
variation of 0.1 pH unit).

PQ concentrations remaining in the supernatants were spectro-
photometrically measured by recording the UV/vis spectra in the
200–800 wavelength range and the absorbance was controlled at
257 nm. Spectrophotometric quantifications were done with an Agilent
8453 diode-array UV/vis spectrometer using a 1 cm quartz cell.

The adsorbed amount of PQ (Qads, in mmol g−1) was calculated
according to the following equation:

= −Q C C V W( ) /ads eq0 (1)

where C0 and Ceq (mM) are the initial and equilibrium concentration of
PQ respectively; V is the volume of the solution in L; and W is the
weight of the dry beads in g.

3. Results and discussion

3.1. Characterization of beads

3.1.1. Elemental analysis of alginate and alginate-montmorillonite beads
The results obtained from the elemental analysis are collected in

Table 2. The carbon content (%C) comes from alginate. Then from %C
the clay content was estimated (%MMT). It is clear by comparing Tables
1 and 2 that increasing MMT content results in a decrease in alginate
content.

3.1.2. Digital photography and SEM
Fig. 1 shows the digital photograph. As can be seen they are sphe-

rical in shape and the size is not significantly influenced by the clay
content, while the transparency is reduced upon the addition of the clay
mineral amount. The introduction of MMT into alginate beads was
accompanied by a significant change in colour, from uncoloured to
white, and easily detectable by the naked eye. The diameter average of
the wet beads was 3.0 ± 0.10 mm. The formation of alginate beads
with clays, such as reported in literature, could be driven by polar in-
teractions between the uncharged siloxane moieties of the clay and the
hydroxyl groups of the alginate biopolymer [35].

Fig. 2 shows the SEM micrographs of dried beads and MMT. The

dried beads resulted to be spherical with an average diameter of
1000 μm (Fig. 2a) with the surface different for each condition. The
surface morphology of dry powder of montmorillonite in Fig. 2b, shows
a typical expanded, flared, “cornflake” texture of the clay [44]. It is
clear from Fig. 2b that the surface of MMT has an aggregated and fo-
liated appearance due to the presence of the layered structure [45].
Looking at the SEM micrograph, the presence of clay could easily be
detected within the beads. Figs. 3 and 4 show the morphology surface
and interphase beads, respectively. The surface morphology shows that
the surface of most of them is similar to the surface of alginate beads
without clay, but as the amount of clay increases the surface loses
uniformity. The morphology interphase shows that as the amount of
montmorillonite increase the clay folds can be seen more clearly in-
dicating the presence of the MMT inside the beads.

3.1.3. XRD diffraction and BET specific surface area
The XRD patterns of the MMT and A-MMT70 beads are presented in

Supplementary material. Montmorillonite revealed its characteristic
peak at 2θ = 7.16°, which corresponds to a d-spacing of 1.23 nm [46].
The presence of alginate practically did not affect the basal spacing of
the clay, indicating that alginate was unable to intercalate between the
silicate layers.

The specific surface areas are for A-MMT0; A-MMT70 and MMT
were 1; 33 and 46 m2 g−1, respectively. For montmorillonite, N2 can
cover the outer primary surface area, but not the interlayer space, as
indicated by small surface areas measured by this method. It is im-
portant to note that the informed areas of A-MMT0; A-MMT70 corre-
spond to the dried beads.

3.1.4. Infrared spectroscopy
Fig. 5 shows the FT-IR spectra of calcium alginate beads (Fig. 5a),

MMT (Fig. 5b) and alginate-montmorillonite beads (A-MMT70)
(Fig. 5c).

Alginate characteristics bands have been widely described in the
literature [47–49]. At 3410 cm−1 a broad band corresponding to
stretch vibration of hydroxyl groups (νOeH) is observed. The vibration
of Csp3eH bond appears at 2920 cm−1. Two strong peaks at 1610 and
1420 cm−1 are attributed to the asymmetric and symmetric stretching
of carboxyl groups (νasCOO−; νsCOO−), respectively. The signals observed
in the range of ∼ 1170–1030 cm−1 correspond to symmetric and
asymmetric vibration bands of CeOeC bonds (νsCeOeC; νasCeOeC) ty-
pical of polysaccharide rings [50].

Fig. 5b shows the characteristic peaks for MMT, at 3630 cm−1

corresponding to the hydroxyl stretching of SieOH. A broad band
centred at 3440 cm−1 due to –OH symmetric stretching for interlayer
adsorbed water [51,52] and the hydroxyl bending of water at
1640 cm−1 [53]. An intense band was observed at 1040 cm−1 assigned
to the asymmetric stretching vibrations of SieOeSi [53,54]. Another
band at 918 cm−1 corresponds to the hydroxyl bending vibrations that
suggests that the Al3+ ions occupy octahedral sites [55,56]. Finally the
bending vibrations of SieOeAl at 523 cm−1 and SieOeSi at 465 cm−1

corresponded [53,54,57] (Fig. 5b).
Fig. 5c shows the A-MMT70 spectrum. This sample contains 70% of

MMT and 30% of alginate and it is easy to observe that the spectrum is
a mix of alginate and montmorillonite spectrum.

3.1.5. Thermal analyses (TGA)
TGA was used to determine the thermal stability of the beads.
In general, the thermal decomposition of polysaccharides follows

three stages. Stage one includes the desorption of physically absorbed
water and removal of structural water at temperature range between 40
and 160 °C [58]. Stage two with temperatures around 250–350 °C in-
cludes the depolymerisation (accompanied by the rupture of CeO and
CeC bonds in the ring units resulting in the formation CO, CO2 and
H2O). Finally at around 550 °C a third stage involves the decomposition
of carbonized products [59–61]. Soares et al. [62], presented at TGA

Table 2
Elemental analysis of the beads.

Sample %C %H %N

A-MMT0 16.505 3.381 0.077
A-MMT5 15.760 3.137 0.010
A-MMT30 11.160 2.605 0.046
A-MMT70 4.407 2.100 0.010
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study for the sodium alginate salt. Besides of water loss around
25–150 °C, the authors observed that the salt decomposed by de-
gradation from 200 to 600 °C to sodium carbonate and a carbonized
material that decomposes slowly from 600 to 750 °C in N2. They found
similar results under air. They also evidenced with DSC an endothermic
peak close to 100 °C attributed to the water release and the decom-
position of the carbonaceous material represented for exothermic peaks
above 300 °C.

The thermal behaviour of MMT shows two distinct steps: the first
one, around 100 °C, is due to the loss of free water, and the second,
around 650 °C, is due to the loss of structural OH [63]. It is known that
both observed processes are endothermic [64].

The characteristic weight losses of alginate and montmorillonite
appear in the studied alginate-montmorillonite beads, as shown in
Fig. 6. All beads present an initial weight loss up to 150 °C, corre-
sponding to dehydration. Regarding the other processes, DTG curves
show that the thermal behaviour of the beads progressively changes
from the behaviour of pure alginate (sample A-MMT0) to the behaviour
of MMT as the clay content increases. The DSC curves (Supplementary
material) show the characteristic endothermic peaks due to loss of free
water in all samples. MMT presents its endothermic peak around
650 °C, and all beads present exothermic peaks due to decomposition of
alginate.

The residues of the samples A-MMT0; A-MMT5; A-MMT30; and A-
MMT70 and MMT after heating at 1000 °C were 19.66; 35.79; 50.19;
67.97 and 84.15% of the initial mass, respectively. These residues show
that A-MMT beads in all conditions present an improvement of thermal
stability compared with alginate beads A-MMT0.

3.2. Adsorption isotherms

Adsorption isotherm is important in describing the relationship
between the adsorbate and adsorption. The study of adsorption iso-
therms requires that the system reaches equilibrium, for that it is im-
portant to make a prior kinetic study. The figure of this study is shown
in the Supplementary material.

Fig. 7a shows the adsorption isotherm of PQ onto the beads at pH
5.5 (A-MMT0; A-MMT5; A-MMT30 and A-MMT70) and the MMT sus-
pension. Isotherms data were fitted with the Langmuir model and the
PQ adsorption isotherm parameters on the beads are presented in
Table 3. This model can be described by the following equation:

= +Q Q K C K C(1 )ads L eq L eqmax (2)

where Qads is the amount of solute adsorbed (mmol g−1), Ceq is the
equilibrium concentration of adsorbate (mM); Qmax (mmol g−1) and KL

(L mmol−1) are the Langmuir parameters that represent respectively
the maximum amount of PQ adsorbed and the Langmuir constant,
which is related to the affinity of PQ for the beads.

Fig. 7 shows that as the amount of clay in the beads is increased, the
PQ adsorption isotherms start taking the shape of the isotherm of PQ
adsorbed on montmorillonite. Table 3 shows the Langmuir fit para-
meters. The values of KL and Qmax increase by increasing the amount of
MMT indicating that the PQ affinity for bead and the maximum amount
of pesticide adsorbed on the bead is greater as the amount of clay in-
creases. It can be said that the pesticide is adsorbed onto the beads with
0% and 5% MMT with less affinity than beads containing 30% and 70%
of MMT. These results can be explained because it is known that PQ can
be adsorbed to the montmorillonite with high affinity through a cation
exchange mechanism and Qmax reaches the clay CEC values [33,41].

Fig. 1. Optical images for beads at variable montmorillonite content:
a) A-MMT0; b) A-MMT5; c) A-MMT30 and d) A-MMT70. The scale is
in cm.

Fig. 2. SEM micrographs of a) dried beads at 100×; scale: 200 μm2 and b) MMT at 13400×; scale: 2 μm2.
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Fig. 3. SEM micrographs of surface morphology beads at 5000×; scale: 10 μm2 a) A-MMT0; b) A-MMT5; c) A-MMT30 and d) A-MMT70.

Fig. 4. SEM micrographs of interphase beads at 13000×; scale: 2 μm2 a) A-MMT0; b) A-MMT5; c) A-MMT30 and d) A-MMT70.
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Fig. 7 shows that a small amount of PQ is adsorbed on the alginate
beads without clay (A-MMT0). The polymer also has negative charges
that could interact with the pesticide, but many of these negatively
charged sites would be compromised by the presence of calcium in-
volved in the bead synthesis.

In order to check if pH produced changes in PQ adsorption, addi-
tional isotherms were performed onto A-MMT70 at pH 4 and 11
(Supplementary material). No changes were observed. PQ is a qua-
ternary ammonium cation and, as most of this kind of molecules, has
permanent positive charge independently of the pH of its solution. In
addition, montmorillonite keeps its negative charge in this pH range
(see below). These properties explain why pH does not affect PQ ad-
sorption.

The zeta potential experiments showed that sodium alginate, mon-
tmorillonite, A-MMT0 and A-MMT70 beads maintain their negative
charge in a wide pH range from 4 to 9 (Supplementary material). These
experiments showed that A-MMT0 beads have a lower negative charge
than pure sodium alginate at all pH measured. This decrease may be
due to the presence of calcium ions in the bead. The negative charge at
constant pH is also maintained for the beads after PQ adsorption. These
results agree with data showed by de Keizer [65] for PQ adsorbed onto
pure montmorillonite. The facts that pH did not change with adsorp-
tion, that adsorption did not change with pH, and that zeta potential did
not change either are in agreement with an ion exchange mechanism as
reported by other authors [65,66].

It is important to know to what extent each of the beads components
is responsible for the PQ adsorption. Therefore, the following equations
are proposed where it is assumed that both the alginate and the MMT
adsorb the pesticide in an independent way without being affected by
each other's presence. If this is the case the following equation holds:

Fig. 5. FT-IR spectra of: a) calcium alginate beads; b) montmorillonite; and b) alginate-
montmorillonite beads.

Fig. 6. TGA (black lines) y DTG (blue lines) curves of A-MMT beads and MMT heated at
10 °C/min up to 1000 °C. MMT; b) A-MMT0 c) A-MMT5; d) A-MMT30 and e) A-MMT70.
The identification of endothermic and exothermic peaks is given in DSC curves in
Supplementary material. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

Fig. 7. Adsorption isotherm of PQ onto the beads (A-MMT0; A-MMT5; A-MMT30 and A-
MMT-70) and the MMT suspension.

Table 3
Langmuir isotherm parameters (KL and Qmax) of PQ adsorption onto the beads.

Sample Qmax (mmol g−1)
Calculateda

Qmax

(mmol g−1)
KL (L mmol−1) R2

A-MMT0 0.102 0.093 7.58 0.766
A-MMT5 0.121 0.146 16.68 0.859
A-MMT30 0.196 0.187 301.29 0.871
A-MMT70 0.321 0.278 979.25 0.987
MMT 0.415 0.442 1399 0.520

a Values calculated with Eq. (7): straight line with y-axis intercept 0.1021 mmol g−1

and slope 0.313 mmol g−1.
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= +Q Q F Q FALG ALG MMT MMTmax max ( ) max ( ) (3)

where Qmax(ALG) (mmol g−1) is the maximum amount of PQ adsorbed
on a pure alginate bead and Qmax(MMT) (mmol g−1) is the maximum
amount of PQ adsorbed on pure MMT. In addition FALG and FMMT are
given by:

=F m mALG ALG bead (4)

=F m mMMT MMT bead (5)

+ =F F 1ALG MMT (6)

where mALG and mMMT are the mass in grams of alginate and MMT
respectively in the beads.

Combining Eqs. (3) and (6) the following equation is obtained:

= + −Q Q Q Q F( )ALG MMT ALG MMTmax max( ) max( ) max( ) (7)

Eq. (7) shows that a plot Qmax vs. FMMT should result in a straight
line, with an expected y-axis intercept equal to
Qmax(ALG) = 0.093 mmol g−1 and an expected slope equal to
(Qmax(MMT) − Qmax(ALG)) = 0.349 mmol g−1. Fig. 8 depicts such a plot,
and the y‐axis intercept and slope obtained from least square fitting
were respectively (0.1021 ± 0.016) mmol g−1 and a slope
(0.313 ± 0.033), showing a good agreement with the expected para-
meters and indicating that alginate and montmorillonite adsorb PQ in
an independent way in the beads. In addition, a comparison of Qmax and
KL values for pure alginate (sample A-MMT0) with the corresponding
values for pure MMT (see Table 3) shows that alginate is a much poorer
and weaker PQ adsorbent. Therefore, the main role of MMT in the
beads is to act as the PQ adsorbent, whereas the polymer plays a very
important role as support of the clay particles allowing for an effortless
handling of the particles with the adsorbed pollutant.

There is no information in the literature about PQ adsorption on this
kind of materials to make a comparison of the results obtained. Rytwo
et al. [67] present an adsorption study of different organocations with
delocalized charge, such as paraquat, diquat, methyl blue and metyl
green onto sepiolite. The adsorption was similar at low concentrations.
For that, one might think that other positively charged organic mole-
cules such as methylene blue (MB) and crystal violet (CV) may have
similar behaviour when adsorbing on alginate-clay beads, but the lit-
erature shows that this comparison is not so straightforward. Indeed,
there are articles in which the alginate-clay beads are better adsorbents
of the dye than pure clay [37], and others where alginate beads without
clay are shown to be good adsorbents, but there was not comparing
with the behaviour on clays [36]. Cavallaro et al. [35], working with
CV on alginate-halloysite beads, showed that the adsorption of the dye
increased with increasing halloysite content, in agreement with what
we found here with PQ, although they did not find a linear relationship.

This indicates that it is necessary to further explore the adsorption of
cationic herbicides on clay-alginate materials.

4. Conclusions

In the present work alginate-montmorillonite beads were prepared
with different. They were characterized and evaluated by their capacity
to remove the herbicide PQ from aqueous solutions. The adsorbed
amount of PQ was linearly dependent on the montmorillonite content.
MMT is the main adsorbent of PQ in the beads. Although alginate is a
much poorer adsorbent than MMT, it plays a very important role as
support of the clay particles. The prepared materials are easier to
handle and can be easily separated from the reaction media. The ex-
perimental data obtained from this work shows that alginate-mon-
tmorillonite beads are efficient materials to adsorb cationic pesticides
as PQ from aqueous solutions. These beads have a high potential to be
used for water purification.
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