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ABSTRACT

Innovative magnetic alginate beads are used to remove organic pollutants from aqueous solution under
different experimental conditions. These alginate beads (EpiMAB) are prepared by an extrusion technique
and crosslinked with epichlorohydrin. They contain both magnetic nanoparticles and activated carbon
(AC). With the addition of magnetic properties, the beads can be easily recovered or manipulated with
an external magnetic field. Their capacity to adsorb pollutants is linked to encapsulated AC and to active
sites coming from both magnetic nanoparticles and alginate. The efficiency of the beads as biosorbent for
the removal of dyes is assessed using methyl orange (MO) and methylene blue (MB) as model molecules.
The dye uptake is found to vary with the initial concentration and the charge of the adsorbed molecule.
The Langmuir equation fits well the adsorption data with maximum adsorption capacities of 0.02 mmol/g
for MO and 0.7 mmol/g for MB. Kinetics experiments are performed to evaluate the equilibrium time; the
pseudo-second-order kinetic model adequately describes the experimental data. The influence of the pH
of the solution on adsorption is also investigated and a comparison with alginate beads crosslinked by
calcium ions is made.

Methyl orange

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Various techniques are being used to remove pollutants from
aqueous waste, with sorption being one of the most promising
technologies for water purification. The most used adsorbents are
clay minerals [1,2], activated carbon [3] and polymers [4,5]; there
is also a growing interest in the use of biomaterials such as poly-
mers obtained from renewable resources due to their availability
and ease of employment [6-8]. Activated carbon (AC) is a widely
used sorbent in water purification processes, owing to its high
adsorption capacity coming from its large surface area and porous
structure. However, AC is mostly used as a fine powder: the diffi-
culty of separating it from the effluent may result in the loss of the
sorbent.

The encapsulation of AC into alginate beads is an elegant solu-
tion to overcome this problem. Alginate is a natural polysaccharide
extracted from brown seaweed. It has many advantages such as
availability, low cost, non-toxicity, biocompatibility and biodegrad-
ability, and is also an efficient biosorbent due to the presence of
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carboxylate functions along its chains. Recently, composite sor-
bents like AC-encapsulating alginate beads have attracted some
attention because they combine the properties and advantages of
each of their components.

Magnetic nanoparticles are also encapsulated alongside AC
within the alginate beads to produce a magnetic sorbents easily
recovered using a magnet. Such magnetic sorbents are being inves-
tigated by researchers more and more [9-12].

The adsorption properties of the alginate beads containing mag-
netic nanoparticles and AC presented in this study are assessed by
using two organic dyes as models of pollutants: positively charged
methylene blue and negatively charged methyl orange. Such dyes
are also pollutants themselves: used in a lot of industries (tex-
tile, paper, food, etc.), their presence in the effluents reduces light
penetration and photosynthesis, while some dyes prove toxic or
carcinogenic: this makes their removal an important challenge
[10-12].

In our previous work, magnetic alginate beads containing AC
powder were prepared with a simple process: the materials to be
encapsulated (magnetic nanoparticles and AC) were mixed with
a sodium alginate solution and dropped into a calcium solution
resulting in an instantaneous formation of Ca-reticulated alginate
beads. These beads are used immediately without drying: the
water still present within them precludes any long-term storage.
Although effective in their adsorption role, the beads have long
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equilibration time: around 3 h. This point is to be improved to let
them be used in an industrial water treatment process. In this work,
we propose a new way to synthesize alginate magnetic beads to
solve these problems: starting from Ca-alginate beads, we crosslink
alginate with epichlorohydrin. Through this way, we obtain beads
with larger pores even after drying, with faster adsorption kinet-
ics and an overall decrease of the time to reach the adsorption
equilibrium.

2. Experimental
2.1. Materials

Alginate is a linear polymer composed of (3-D-mannuronate
(M) and a-L-guluronate (G) units linked by 3-1,4 and a-1,4 gly-
cosidic bonds. M and G units are organized in MM, GG and MG
blocks, the proportion of these blocks varying with the source
of the polymer. Sodium alginate powder was purchased from
Fluka. The weight average molar weight (M,y ), the number average
molar weight (M, ) and the ratio M/G are equal to 1.73 x 10° g/mo],
9.65 x 10* g/mol and 0.90, respectively, average molar weights
were determined by gel permeation chromatography. The sodium
content of alginate directly related to the number of its carboxylate
functions was obtained by atomic absorption spectrophotometry
([Na]jg =4.44+0.23 mmol/g).

Activated carbon was purchased from Sigma-Aldrich. The sur-
face area and the total pore volume are equal to 1400+ 20 m?/g
and 0.64 mL/g, respectively (data supplied by Sigma-Aldrich). The
particles are smaller than 149 wm (100 mesh).

The magnetic material used was a ferrofluid composed of
roughly spherical maghemite (y-Fe,03) nanoparticles coated by
citrate ions and dispersed in an aqueous solution. Particles were
synthesized according to Massart’s method described in previous
papers [13,14]. The typical mean diameter of the particles and
standard deviation are respectively equal to 7.5 nm and 0.36. The
amount of sodium counterions of the adsorbed citrate ([Na]mnp),
obtained by atomic absorption spectrophotometry, is equal to
0.45 mmol/g of maghemite. The maximum surface charge den-
sity can be estimated from this characterization and is equal to
29 u.C/cm?2.

Epichlorohydrin (3-chloro-1,2-epoxypropane) with a purity of
99% was purchased from Fluka.

The two dyes, purchased from Sigma-Aldrich, are methy-
lene blue (CigH1gN3S*Cl~, noted MB) and methyl orange
(C14H14N305S~Na*, noted MO).

2.2. Synthesis of magnetic alginate beads

Epichlorohydrin-reticulated magnetic alginate beads (EpiMAB)
were prepared starting from magnetic Ca-alginate beads (CaMAB).
CaMAB were obtained according to the method described in our
previous work [15]. 3.0g of sodium alginate were dissolved in
300 mL of a diluted ferrofluid suspension ([Fe]=0.333 mol/L), 0.3 g
of AC powder was then added to the mixture. After 90 min of
mechanical stirring, the suspension was added dropwise into a
CaCl; solution (400 mL, 0.5 mol/L). Beads were left 12h in the Ca
bath before being washed with distilled water 3 times. They were
then kept in water or dried at 70°C in an oven.

Chemically crosslinked alginate beads were obtained following
a procedure adapted from Fundueanu et al. [16] and Delval et al.
[8]. First, 186 4 g CaMAB were immersed into three consecutive
ethanol/water baths (60% v/v in ethanol, 400 mL each) during 2 h
each to exchange the water contained in the beads with ethanol.
The beads were then put into 400 mL of an ethanol/water solu-
tion (60% v/v of ethanol) containing epichlorohydrin (6.109 g). A

NaOH solution (1 mol/L) was then slowly added to reach pH~ 13.
The crosslinking reaction was allowed to proceed for 4h. The
beads were then washed in three consecutive distilled water baths
(600 mL each for 2 h). Concentrated HNOs solution (53.7% w/w) was
added to the last bath to neutralize the mixture (pH = 7). The beads
were collected afterwards, weighted and dried for 2 days in an oven
at 70°C.

To perform the kinetics and adsorption experiments, several
syntheses of beads were realized. For the syntheses corresponding
to samples called EpiMAB-1, EpiMAB-2 and EpiMAB-4, quantities of
precursor materials used are close. The alginate, AC and maghemite
amounts are equal to (in mg/g of dried beads) 265+ 19; 27 +1
and 709 + 62, respectively. On the other hand the sample called
EpiMAB-3 contains 10 times more AC than the others samples.

2.3. Bead characterization

The quantity of element M in the beads (M=Fe, Na or Ca)
was determined by atomic absorption spectrophotometry using a
Perkin ElImer AAnalyst 100.

The mean diameter and the size distribution of the beads were
obtained from digitized photographs of the beads in combination
with image analysis software (ImageJ).

2.4. Adsorption experiments

Batch adsorption equilibrium experiments were performed to
study the adsorption process. A known weight of dried beads
(0.37 +£0.05 g) was added into 20 mL of a dye solution at a known
initial concentrations (Cy). After shaking the samples for 48 h with
an orbital shaker, the beads were magnetically removed from the
solution. The equilibrium concentration of dye remaining in the
solution (Ceq) was determined by UV-vis spectrophotometry using
a Varian Cary 50 at 680, 660 and 640 nm for MB and 500, 460
and 420 nm for MO; the corresponding extinction coefficients (&)
were determined with solutions of known concentration before-
hand. The amount of adsorbed dye Qeq (in mmol per gram of dried
beads) was obtained using the equation:

_ Co— Ceq
T oom

Qeq xV (])

where V (in L) represents the volume of the solution and m (in g)
the mass of dry beads; Cp and Ceq are expressed in mmol/L. The
Fe, Na and Ca concentrations in the solution ([M]s) were measured
by atomic absorption spectrophotometry. The amount of cations
remaining into the beads ([M]},) after dye adsorption was calculated
from the difference between [M]s and the initial concentration
within the beads ([M];).

For kinetic experiments, the samples were prepared by adding a
known weight of beads (0.36 + 0.1 g for dried beads and 6.5+0.5g
for wet beads) into a 20 mL solution of dye with the initial con-
centration Cp=1mmol/L. Zero time was taken when adding the
adsorbent to the solution. The samples were shaken with an orbital
shaker and taken at appropriate time intervals.

3. Results and discussion
3.1. Bead characterization

The beads are dark due to the ferrofluid and AC encapsulation
and roughly spherical. The mean diameter and standard deviation
of dry EpiMAB-1 obtained from size histograms fitted with a Gaus-
sian distribution are equal to 1.3 mm and 0.16, respectively.

The element M (M = Fe, Ca or Na) content of the beads is reported
in Table 1 for the different bead syntheses. [M]; and [M]; represent
the concentrations of the cations into the beads after synthesis and
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Table 1
Cations present in the beads for different beads preparations (in mmol/g).
Reference CaMB?  EpiMB-1  EpiMB-2  EpiMB-3"  EpiMB-4
[Ca?*]; 116 094 0.73 0.71 0.77
[Ca%*]e 1.01 0.93 0.71 0.69 0.69
[Na*]; 0 0.34 0.63 0.69 0.11
[Na*]¢ 0 0.12 0.12 0.19 0.07
[Feli = [Fel¢ 10.0 8.7 9.2 8.0 8.8
[Fela 10.4 9.2 8.7 7.6 8.9
2[Ca®]¢+[Na*]¢ 2.0 2.0 1.6 1.6 1.6
[Na*Jaig + [Na* Jmnp 1.9 1.5 1.5 13 1.6
@ The values reported were obtained in a previous work [15].
b In this synthesis, 10 times more AC were introduced in the beads.
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Fig. 1. Adsorption kinetics of MB (Co =1 mmol/L) onto: (a) dry CaMB, () wet CaMB
and (4) dry EpiMB-1. The solid lines represent the fit with a pseudo-second-order
equation.

remaining into the beads left for 48 hin distilled water, respectively.
The following remarks can be made from the values reported in
Table 1: (1) [Fe]; ~[Fe]s: no magnetic nanoparticles release occurs
when beads are left 48 h in distilled water. Also, [Fe]; is close to the
amount of encapsulated ferrofluid in alginate beads (designated as
|Fe]a in Table 1): no magnetic nanoparticles release occurs during
beads preparation. Furthermore, (2) for CaMAB, all the sodium ions
are exchanged by calcium ions during the reticulation process; (3)
for EpiMAB, due to the use of sodium hydroxide during the reticu-
lation step, Na* ions are present in a non-negligible fraction after
bead synthesis, but most of them are released in the solution when
beads are left 48 h into water. On the other hand, few Ca2* ions are
released in solution for the EpiMAB, contrary to CaMAB; (4) the sum
(2[CaZ*]s+ [Na*]p) is close to the amount of negative charges present
in the beads roughly estimated from sodium content of both algi-
nate and magnetic nanoparticles ([Na*]yg+[Na*]mnp). This sum
represents an estimate amount of potential exchangeable cations
for adsorption of the dyes.

3.2. Kinetic studies

Fig. 1 shows the results of experiments of methylene blue (MB)
adsorption (Cy =1 mmol/L) onto wet CaMAB, dry CaMAB and dry
EpiMAB-1. By increasing the contact time, the amount of adsorbed

MB (Q:) rapidly increases. Characteristic times corresponding to
50% (tso) and 95% (tgs) of the maximum adsorption and amounts
of MB adsorbed at equilibrium (Qeq) are reported in Table 2. The
experimental values of Qeq, close to 0.05 mmol/g, are quite similar
for the three sorbents. On the other hand, the contact time to reach
95% adsorption was shorter for dry EpiMAB-1 and wet CaMAB (30
and 60 min, respectively) than for dry CaMAB (20 h). Two opposite
phenomena could explain this result: (1) the drying of the beads
decreases their porosity; the structural barrier thus created lim-
its the diffusion of pollutants to the binding sites for adsorption;
(2) the crosslinking of alginate with epichlorohydrin, increases the
distance between the alginate chains, resulting in a faster adsorp-
tion of the pollutants even in the dry state. Dry EpiMAB-1 presents
similar properties than wet CaMAB. The characteristics of the both
beads are in agreement with comparable studies on adsorption by
encapsulated materials [17-19].

A pseudo-second-order equation [20] was used to model the
experimental data. This equation is often successfully used to
describe the adsorption kinetics of pollutants onto an adsorbent.
The pseudo-second-order equation is
% Qe - 0.7 @)
where k (in g/mmol/min) is the second-order rate constant, Qeq
(mmolg-1) the amount of dye adsorbed at equilibrium and Q;
(mmol/g) the amount of dye adsorbed at time t. Integrating the
above equation between t=0 and t=teq and applying boundary
conditions Q(0)=0 and Q(teq)=Qeq gives

t 1 1
B 3
Q: erzq * Qeq 3)

The kinetic parameters and correlation coefficient are reported
in Table 1. The plots of t/Qt versus t yield straight lines and the
correlation coefficient R? are all equal to 0.999. This confirms that
the sorption process obeys to the pseudo-second-order model. The
constant k is equal to 1653 g/mmol/min. The equilibrium sorption
capacities (Qeq,calc) Show a good agreement with the experimental
value (Qeq,exp) and a good fit of the experimental curve is observed
(Fig. 1).

The time evolution of the amounts of Na* and Ca?* ions within
the beads during the adsorption process is reported in Fig. 2. It
has to be noticed that the Na* and Ca%* quantities into the beads at
equilibrium are close to the values obtained after beads were intro-
duced 48 h in distilled water without MB (Table 1). At this stage, it
means either that no ionic exchange occurs between cations and
adsorbed MB or that, due to the relatively small quantity of MB ini-
tially added, this ionic exchange is masked by release in solution of
cations, non-associated to the negative charges of the beads.

It has to be noticed that for the following batch adsorption
experiments, contact time will be 48 h, which is more than suf-
ficient to establish equilibrium.

3.3. Adsorption isotherms

The adsorption isotherms of MB and MO performed with dry
EpiMAB-2 and non-encapsulated AC are plotted in Fig. 3. These
isotherms describe equilibrium between adsorbed dye concentra-

Table 2

Kinetic parameters for adsorption of MB (Co= 1 mmol/L) onto alginate beads.
Beads tsomin tosmin Qeqexpmmol/g Qeq,calcmmol/g kg mmol-' h-! R?
Wet CaMB? 10 60 0.052 0.052 115 0.999
Dry CaMB 60 1200(20h) 0.050 0.053 18 0.999
Dry EpiMB-1 10 30 0.055 0.055 700 0.999

2 The values reported were obtained in a previous work [15].
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Table 3
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Langmuir model parameters for the sorption of MO and MB onto non-encapsulated

AC and EpiMB.

Sorbent Dye  KiL/mmol  Qmaxmmol/gac  Qmaxmmol/g  R?
AC? MO 88 0.86 - 0.996
MB 842 0.62 - 0.990
EpiMB-3 MO 47 0.76 0.02 0.999
MB 10 26.6 0.70 0.995
EpiMB-4®> MO 47 0.64 0.15 0.996
MB 13 3.57 0.81 0.997
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Fig. 2. Adsorption kinetics of MB onto EpiMB-1 (Co =1 mmol/L): (¢) Q(t); (M) [Na*]y;
(A) [Ca%*],. The dashed line represents the fit with a pseudo-second-order rate
equation.

tion (Qeq) in mmol per gram of dry beads (noted mmol/g) and
concentration of dye remaining in solution (Ceq) in mmol/L at con-
stant pH. It has to be noted that to compare the sorption capacity
of the two adsorbents, Qeq is expressed in mmol per gram of AC
(noted mmol/gac).

The equilibrium adsorption data were fitted by the classical
Langmuir equation. The Langmuir model is based on the assump-
tion that all adsorption sites are identical. Although this model
cannot provide any mechanistic understanding of the sorption phe-
nomena, it may be conveniently used to estimate the maximum
uptake of dyes from experimental data. According to this model,
Qeq is related to Qmax, the maximum dye adsorption capacity, by
the following equation:

KiCeq

Qeq = Qmax m

(4)
where K (L/mmol) is the Langmuir constant and represents the
affinity between the sorbent active sites and the adsorbate. Lang-
muir parameters (K; and Qmax) and the correlation coefficients are
listed in Table 3. The R? values show that experimental data are well
described by the Langmuir model. It means that even if different
active sites are available in our system, they act as a homogeneous
surface. On the other hand, it is consistent with the formation of
a monolayer or less of dye molecules on the binding sites of the
beads.

Non-encapsulated AC can adsorb the both dyes regardless of
their charge; Qmax values have the same order of magnitude for
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Fig. 3. Adsorption isotherms of MB onto dry EpiMB-2 (®) and non-encapsulated AC
(O). Inset shows the adsorption isotherms of MO onto dry EpiMB-2 (4) and non-
encapsulated AC (¢). The dotted lines represent the fits with a Langmuir equation
(pH=7.5+0.3 for MB and 8.0 0.2 for MO).

2 The values reported were obtained in a previous work [15].
b In this synthesis, 10 times more AC were introduced in the beads.

both dyes (0.86 mmol/gac for MO and 0.62 for MB), the amount of
adsorbed MO being slightly higher than for MB. This is in agreement
with the properties of a pure carbon surface; it is considered that
for such a non-polar surface, the main attractive force is the mw—
interaction between benzene rings, similar in both MO and MB, and
the graphene structure of AC [21].

In the case of EpiMAB-2, the sign of the charge of the dye drasti-
cally affects its adsorption behavior. The Qmax value for negatively
charged MO adsorbed onto EpiMAB-2 (0.76 mmol/gac) is close to
the Qmax value obtained for non-encapsulated AC (0.86 mmol/gac).
On the other hand, the amount of MB adsorbed by EpiMAB-2
(26.6 mmol/gac) is higher than for non-encapsulated AC due to
additional electrostatic attractions between the positive charge of
the dye and negative charges of the carboxylate functions of both
alginate and citrate-coated magnetic nanoparticles. These results
agree with the observations of Lin et al. [18], which have studied
the adsorption of several organic compounds with different charges
by non-encapsulated AC and AC encapsulated in alginate beads.
They observed that: (1) AC adsorbs organic compounds regardless
of their charge; (2) alginate beads containing AC adsorb only posi-
tively charged and neutral compounds. Jodra and Mijangos [19] also
showed that the amount of negatively charged phenolate adsorbed
onto an alginate/activated carbon composite is smaller than the one
adsorbed onto non-encapsulated activated carbon. It is difficult to
compare the adsorption capacities of our magnetic alginate beads
with those of the other systems based on biosorbents described in
the literature because experimental conditions are not similar. We
can however notice that our values of Qmax are of the same order
or even superior to those given in the literature [4,10,22-24].

The evolution of Na* and Ca%* concentrations within the beads
during dye adsorption by EpiMAB-2 is reported in Figs. 4 and 5
for MB and MO, respectively. It appears that adsorption of MO is
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Fig. 4. Adsorption isotherm of MB onto dry EpiMB-2 and evolution of calcium and
sodium contents within the beads; (4) Qeq; () [Ca?*],; (M) [Na*]y; dotted line
represents the fit of Qeq with the Langmuir equation; mixed lines are guides for
eyes.
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Fig. 5. Adsorption isotherm of MO onto dry EpiMB-2 and evolution of calcium and
sodium contents within the beads. (#) Qeq; (4) [Ca?*]p; (W) [Na*],; dotted line rep-
resents the fit with the Langmuir equation; mixed lines are guides for eyes.

done without any significant change of the concentrations of Ca2*
and Na* ions within the beads. It agrees with an adsorption on
encapsulated AC as it has been shown before. On the other hand,
a decrease of the amounts of Ca2* and Na* ions within the beads
occurs when the amount of adsorbed MB increases. To quantify the
ionic exchanges, the ratio

_ Qeq(EPIMAB) — Qeq(AC)

R
[M];

(5)

was calculated from experimental data; Qeq(EpiMAB) is the
amount of MB adsorbed onto the beads, Qeq(AC) is the
amount of adsorbed MB onto encapsulated AC (deduced from
the adsorption isotherm of MB onto non-encapsulated AC),
[M];=2([Ca]; — [Ca]p) +([Na]; — [Na],) is the amount of cations
released in the solution. When adsorption sites are saturated, the
ratio R is close to 1 which agrees with a simple ionic exchange of
MB with calcium and sodium cations.

It has to be noticed that all the calcium ions
are not displaced by MB. Nevertheless, the quantity
Qeq(EPIMAB) — Qeq(AC) +2[Ca%*], +[Na*], (1.6+0.1mmol/g) is
close to the number of binding sites of the beads (1.5 mmol/g).

Adsorption experiments were also performed with EpiMAB-3
containing 10 times more AC than EpiMAB-2 (Figs. 6 and 7), the cor-
responding Langmuir parameters are listed in Table 3. The amounts
of adsorbed dye increase with the amount of encapsulated AC,
the same increase of Qmax between EpiMAB-2 and EpiMAB-3 is
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Fig. 6. Adsorption isotherm of MB onto EpiMB-3 and evolution of calcium and
sodium contents within the beads; (4) Qeq; () [Ca?*],; (M) [Na*],; dotted line
represents the fit of Qeq with the Langmuir equation; mixed lines are guides for
eyes.
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Fig. 7. Adsorption isotherm of MO onto EpiMB-3 and evolution of calcium and
sodium contents within the beads. (¢) Qeq; (4) [Ca®'],; (W) [Na*],; dotted line
represents the fit of Qeq with the Langmuir equation; mixed lines are guides for
eyes.

observed for both dyes: 0.13 mmol/g for MO and 0.11 mmol/g for
MB. We can thus connect it with the increase of the amount of AC
within the beads. As previously for EpiMAB-2, no ionic exchange
with Ca and Na cations occurs during MO adsorption while con-
centrations of these cations within the beads decreases during MB
with a ratio R close to 1.

Those adsorption experiments show that both electrostatic
and hydrophobic interactions contribute to the adsorption of MB
onto magnetic alginate beads; hydrophobic interactions occur with
encapsulated AC and electrostatic interactions with the negatively
charged sites of the beads. On the other hand, adsorption of the
negatively charged MO only occurs through hydrophobic interac-
tions. This allows for a tailoring of the selectivity of the magnetic
alginate beads: the encapsulation of more AC facilitates the adsorp-
tion of dyes independently of their charge whereas an increase of
the amount of alginate or magnetic nanoparticles facilitates the
adsorption of positively charged dyes. These results agree with
those obtained previously with CaMAB [13]. It indicates that the
crosslinking of alginate with epichlorohydrin does not affect the
adsorption mechanism of dye onto the magnetic alginate beads.

3.4. Effect of pH on adsorption

As we have just shown it, the adsorption of the negatively
charged OM is connected to the presence of AC in beads, while
carboxylate sites of the beads are involved in the adsorption of
the positively charged MB. In this part, we study the effect of the
variation of the quantity of carboxylate sites, occurring through
pH variations, on the adsorption of MB. The effect of pH of the
adsorption of MB onto EpiMAB-4 is illustrated in Fig. 8 for two MB
initial concentrations (1 and 15 mmol/L), the evolution of the con-
centrations of calcium and sodium into the beads is also reported.
At pH <2.5, the solution takes a slight orange color due to the disso-
lution of the magnetic nanoparticles in Fe3* ions; however, 99% of
the initial magnetic nanoparticles quantity remains into the beads
which thus kept their magnetic properties. The amount of calcium
and sodium ions within the beads decreases with the pH accord-
ing to the progressive protonation of the carboxylate functions. For
Co=1mmol/L, the quantity of adsorbed MB slightly decreases for
pH <4 in agreement with an adsorption on encapsulated AC which
is no-pH dependant [10,25]. On the other hand, for Cy =15 mmol/L,
the amount of MB added is higher than the adsorption capacity of
encapsulated AC, so adsorption also occurs on the carboxylate sites
of the beads. In this case, the adsorbed MB quantity increases with
increasing the solution pH. This is attributed to the fact that the
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Fig. 8. Adsorption of MB onto dry EpiMB-4 and evolution of calcium and sodium
contents within the beads. () Qeq; (4) [Ca®*]y; (W) [Na*]p. Initial MB concentration:
(a) Co=1mmol/L; (b) Co =15 mmol/L. Mixed lines are guides for eyes.

protonation of carboxyl groups of alginate beads becomes insignif-
icant at high pH. This behavior is in agreement with results reported
in the literature [10,26,27]. Since the adsorption of MB is high at
pH=7.5, the adsorption isotherms were conducted at this pH.

4. Conclusions

In the present work an efficient magnetic biosorbent was devel-
oped by encapsulation of activated carbon and citrate-coated
magnetic nanoparticles within alginate beads crosslinked with
epichlorohydrin. Sorption experiments were performed using two
dyes as models: negatively charged methyl orange (MO) and
positively charged methylene blue (MB). Comparative kinetics
experiments were conducted with alginate beads crosslinked by
Ca?* jons or epichlorohydrin in dry or wet state to evaluate the
equilibrium time. It has been shown that the use of epichlorohydrin
accelerates the adsorption even in a dry state. The pseudo-second-
order kinetic model adequately describes the experimental data.
At equilibrium, the adsorption behavior was well described by a
Langmuir isotherm with maximum adsorption capacities equal to
0.02 mmol/g for MO and 0.7 mmol/g for MB. The influence of the
pH solution on adsorption was also investigated.

In agreement with our previous results, two adsorption mech-
anisms were evidenced: (1) an hydrophobic adsorption onto
encapsulated AC which depends neither on the electrical charge
of the dye, nor of the solution pH; (2) an ionic exchange between
the positively charged dye and calcium ions and sodium ions,
the counterions of the carboxylate functions of both alginate and
citrate-coated magnetic nanoparticles. In this case, a strong depen-
dence with the solution occurs. These adsorption mechanisms
allow monitoring the selectivity of the beads by a simple change in

their formulation. Pollutants could be recovered fast and efficiently
from effluents by magnetic separation.
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