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ABSTRACT

In this study, carboxylated alginate beads for methylene blue (MB) removal have developed, and
the formulation conditions such as alginate concentration, calcium chloride concentration, cross-
linking temperature, and beads size have been studied. The influence of various parameters such
as initial MB concentration, contact time and adsorbent dosage on MB adsorption was investigated.
The fitness of the adsorption data with different kinetic and isothermal models has been explored.
Moreover, the diffusion mechanism of the MB through the adsorbent has been studied using various
kinetic models namely; intraparticle diffusion model, D-W diffusion model, and Boyd diffusion
model to determine the actual rate-controlling step for MB removal. Finally, the impact of drying the
beads to a different degree and the type of water on the adsorption process was studied to evaluate
the practicality of the developed adsorbent.

Keywords: Carboxylated alginate beads; Formulation; Dye; Methylene blue; Adsorption; Kinetics;
Isotherms

1. Introduction Seeking for treatment of dye wastewater resulted in the
development of full range treatment techniques such as
adsorption, ozonation, coagulation, electrochemical oxida-
tion, and photocatalysis. Each method has its drawbacks.
Mainly, adsorption suffers from the limitation of the pollutant

Textile industries are the primary source of discharging
dyes wastewater, which harms both the environment and the
mankind.
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transfer from the pollutant medium, the thermal destruction
needs for high energy while the biological treatment takes a
long time to perform. Indeed, due to the satisfaction of many
requirements such as ease, efficiency, and economy, the
adsorption technique comes at the front [1,2]. Combination
of the adsorption technique with other technology such as
photo-degradation increases its benefits compared with
other individual contaminants’ removal strategies [3-5].
Alginate is a linear copolymer of a-l-guluronate (G) and
a-d-mannuronate (M), which constitutes 10%—40% of the dry
weight of all species of brown algae. Alginate, among other
polysaccharides, has been recognized as an adsorbent for dif-
ferent pollutants, has a natural formulation ability through
ionic crosslinking with multivalent metal ions to form
hydrogels in various physical forms. These gelation prop-
erties can attribute to the simultaneous binding of the diva-
lent cations such as Ca* to different chains of a-l-guluronate
blocks (G-blocks). As a result of their configuration, these
chains form electronegative cavities, capable of holding the
cations via ionic interactions, resulting in cross-linking of
the chains into a structure resembling an “egg box” [6-9].
Also, alginate is used as a carrier for encapsulating microbial
organisms which can remove dyes [10]. Alginate beads have
been investigated in the removal of different dyes [11-13].
Methylene blue, as one of the cationic dyes, presents a chal-
lenge and attracts much attention since it is more toxic than
anionic dyes to the single cell green algae, Selenastrum cap-
ricornutum, and fathead minnow, Pimephales promelas [14].
Physical and chemical modifications have been tried to
increase the applicability of alginate as adsorbent materials.
Yin et al. [15] developed sodium alginate (SA) aerogel by
vacuum freeze-drying method which first was crossed bond-
ing in an organic solvent. They found that the adsorption
property of SA, which has crosslinked in water is irregular
and the adsorption amount was approximately 518 mg/g.
At the same time, the adsorption of SA on MB after cross-
linking in ethanol is regular, and the maximum adsorption
capacity of 567 mg/g is reached.

Rocher et al. [16] developed magnetic alginate/activated
carbon composite beads for the removal of methylene
blue and methyl orange (MO) dyes. Experimental adsorp-
tion isotherms illustrated the efficiency of this system. The
adsorption kinetics is fast with 180 min needed to reach
equilibrium, 50% of MB being adsorbed in 10 min against
17 min for MO. Zhu et al. [17] developed sodium alginate
graft poly(acrylic acid-co-2-acrylamide-2-methyl-1-propane
sulfonic acid)/kaolin (SA-g-P(AA-co-AMPS)/KL) hydrogel
composite for adsorption of four dyes, namely methyl vio-
let (MV), thodamine 6G (R6G), acid chrome blue K (AK),
and xylenol orange (XO). They found that the maximum
adsorption capacities of MV, R6G, AK, and XO are 1,361.1;
1,627.8; 563.5, and 312.4 mg/g, respectively. Feira et al. [18]
developed a polymeric adsorbent based on sodium alginate
(SAG) grafted with polyacrylamide (PAM) (SAG-g-PAM)
using an ultrasound-assisted method for MB removal. They
found that the dye adsorption was pH dependent, and
maximum adsorption capacity (69.13 mg/g) was at pH 10.
Salisu et al. [19,20] studied the removal of methylene blue
(MB) dye using alginate graft-polyacrylonitrile and algi-
nate graft-polymethyl methacrylate beads. For the alginate
graft-polyacrylonitrile, the removal efficiency of the beads

depends on pH. The experimental equilibrium data success-
fully fitted to the Langmuir isotherm model with the max-
imum monolayer coverage of 3.51 mg g and adsorption
kinetics data have been well fitted by a pseudo-second-order
kinetic model [19]. The alginate graft-polymethyl methacry-
late beads indicate that the kinetics of the adsorption process
was found to follow pseudo-second-order model and the
equilibrium data were best described by Langmuir isotherm
model, with a maximum monolayer adsorption capacity of
5.25 mg g™ [20].

The main obvious drawback of the alginate hydrogel
beads is the diffusion limitation of the dye molecules to the
interior of the beads, which prolonged the removal time and
reduced its efficiency. To overcome this, in our previous study
[21], surface-functionalized alginate beads with carboxylic
groups were prepared through activation by OH groups with
p-benzoquinone (PBQ) coupling agent followed by reaction
with iminodiacetic acid (IDA). The functionalized beads show
a higher affinity towards MB adsorption compared with the
native one. A 25% improvement in the dye removal capacity
obtained after 60 min. The main advantage of this strategy
was that the functionalized beads show a higher adsorption
rate for MB. Within 10 min, 80% of MB was removed using
functionalized beads compared with 48% of native ones.

In this study, the formulation conditions of the carboxyl-
ated alginate beads, namely; alginate concentration, calcium
chloride concentration, crosslinking temperature, and beads
size, have been studied. Moreover, the kinetic and isothermal
studies of the methylene blue adsorption have performed.
Finally, the applicability of the developed beads has tested in
tap water, and the impact of its water content (dryness) on its
efficiency has been investigated.

2. Materials and methods
2.1. Materials

Cationic MB dye, C H N.SCI-3H,O, supplied from
(NICE CHEMICALS Pvt. Ltd., COCHIN). The stock dye solu-
tion prepared by dissolving 50 mg of MB in 1,000 mL distilled
water to obtain 50 mg/L (50 ppm) initial dye concentrations.
Sodium alginate (NaALG) with a medium viscosity supplied
from Sigma-Aldrich Chemicals Ltd. (Germany). Calcium
chloride (CaCl,) provided from Riedel-de Hean Company
(Seeize, Germany).

2.2. Methods
2.2.1. Carboxylated alginate beads preparation

The carboxylated alginate beads prepared according to
the method mentioned elsewhere [21]. In brief, sodium algi-
nate dissolved in hot distilled water with stirring to have a
homogenous solution then dropped 20 mL into 2% calcium
chloride solution at room temperature with gentle stirring
for 10 min using 25 mL injection syringe with different nee-
dle sizes to have two beads size with 1.5 and 3.5 mm diam-
eter. The alginate beads were washed several times using
hot distilled water to remove excess calcium chloride. Then
reacted with 100 mL of 0.01 M PBQ solution for 5 min at
room temperature (RT). The PBQ activated beads were
washed several times using hot distilled water to remove
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excess PBQ then finally reacted with 100 mL of 0.25% IDA
solution (pH 12) for 10 min at RT to have alginate-IDA acti-
vated beads which were filtered and washed with distilled
water to remove un-reacted IDA. The proposed mechanism
was presented in Fig. 1.

2.2.2. Dye adsorption

Adsorption experiments were conducted using condi-
tions mentioned previously unless otherwise stated [21].
In brief, 20 mL beads of 2% alginate concentration (0.4 g
dry weight) mixed with 50 mL of 50 mg L™ MB solution at
room temperature at 250 rpm. The adsorption experiment
was conducted over 90 min, while the MB concentration was
measured using spectrophotometer at A max of 665 nm and
the dye removal (%) was calculated according to the relation:

Dye removal (%) = {1—(5]}&00 (1)

0

where C; is the initial concentration of the dye and C is the
concentration at time ¢.

The uptake capacity is calculated according to the follow-
ing formula:

(CU —C,)

i @)

q.(mg/g)=

where g, is the uptake capacity (mg/g); V is the volume of
the MB solution (mL), and M is the mass of the carboxylated
alginate beads (CAB) (g).

3. Results and discussion
3.1. Carboxylated alginate beads formulation

Conditions affecting the formulation process of the CAB,
namely alginate concentration, calcium chloride concentra-
tion, temperature of calcium chloride solution, and beads
size, have been investigated.

3.1.1. Alginate concentration

Four concentrations of alginate solution were used to
formulate 1.5 mm CAB; 0.5%, 1.0%. 1.5%, and 2%. The impact
of initial alginate concentration variation on the adsorption
capacity and the dye removal (%) of MB from 30 ppm syn-
thetic solution have been monitored over 120 min at RT and
presented in Figs. 2a and b. From Fig. 2a, it can be seen that
the dye removal (%) increased from 67% to 84% with increas-
ing the alginate concentration from 0.5% to 2%. The adsorp-
tion capacity showed a reverse behaviour, which decreased
from 10.05 mg/g for 0.5% alginate beads to 3.15 mg/g for 2.0%
alginate beads (Fig. 2b). The equilibrium established in a
reasonably short time from 20 min of 0.5% alginate beads
to 45 min of 2.0% alginate beads. Increasing the alginate
concentration leads automatically to increase the number
of adsorption sites available to MB molecules, which in turn
leads to decrease the adsorption capacity. On the other hand,
the density of the alginate beads increased with the increase
of the alginate concentration which creates, in turn, a diffu-
sion barrier to the MB molecules to reach the interior pores
of the alginate beads. That consequently reflected on the
prolongation of the equilibrium time.
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Fig. 1. Proposed mechanism of alginate functionalization with IDA.
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Fig. 2. Effect of (a) alginate concentration on the MB adsorption capacity using CAB, (b) alginate concentration on MB removal
percentage using CAB, (c) calcium chloride concentration on the MB adsorption capacity and removal percentage using CAB,
(d) calcium chloride crosslinking temperature on the MB adsorption capacity and removal percentage using CAB, and (e) CAB size
on the MB adsorption capacity and removal percentage.

solution have been monitored for 60 min at RT and pre-
sented in Fig. 2c. From Fig. 2c¢, it can be seen that the dye

The effect of variation of the concentration of the calcium  removal (%) of MB slightly increased from 61% to 65% with
chloride crosslinking solution on the adsorption capacity  the increase of the crosslinker concentration from 1% to 2%
and the MB removal (%) from 100 mL of 50 ppm synthetic =~ where maximum dye removal (%) detected. Any further

3.1.2. Calcium chloride concentration
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increment of the crosslinker concentration reduced the
dye removal (%) of MB to 42%, 39%, and 38% for 3%, 4%,
and 5%, respectively. The adsorption capacity of the CAB
shows the same behaviour. Consumption of the carboxylate
groups of the glucose ring in the ionic crosslinking process
with calcium ions may explain the demonstrated behaviour.
The negatively charged carboxylate groups on alginate
structure acting as an active site for adsorbing MB through
opposite charge attraction. In the same time, the carboxylate
groups were incorporated in the ion crosslinking gelation
process to form the beads with calcium ions. Such compe-
tition behaviour between calcium ions and MB molecules
resulted in reducing the active sites, inside the core of the
alginate beads, available for MB adsorption and increase
the crosslinking of the beads creating diffusion barrier
retarded the reach of the MB molecules from the bulk solu-
tion to reach the remaining free carboxylate groups in the
beads interior [21].

3.1.3. Calcium chloride ionic crosslinking solution
temperature

The effect of variation of the calcium chloride cross-
linking solution temperature, from 30°C to 50°C, on the
adsorption capacity and the MB removal (%) from 100 mL of
50 ppm synthetic solution have been monitored over 60 min
(Fig. 2d). The results obtained indicated that a small effect
had been noticed where the dye removal (%) was 58%, 59%,
and 62% at 30°C, 40°C, and 50°C, respectively. On the other
hand, the adsorption capacity increased slightly 7.25, 7.375,
and 7.75 mg/g at 30°C, 40°C, and 50°C, respectively. The
obtained results may be explained by the adsorption process
mainly on the carboxylate groups located on the surface
which did not incorporate the ionic crosslinking step of the
beads where very fast adsorption has been observed at the
first 10 min then levelling off started to appear in Fig. 2 [21].

3.1.4. Bead size

Two CAB sizes have been prepared, 1.5 and 3.5 mm, to
explore the effect of variation of the size of the bead on the
adsorption capacity and the MB removal %. Experiments
performed using 50 mL of 30 ppm and monitored over
90 min at RT. Depicting the results shown that quick ini-
tial adsorption step has been observed after only 10 min
where 70% and 52% of MB has been removed using 1.5 mm
beads and 3.5 mm beads. The equilibrium has been almost
reached after only 30 min of 1.5 mm beads while takes lon-
ger time, 60 min, of 3.5 mm beads. Overall, the dye removal
percentages found 81% and 75% of 1.5 and 3.5 mm beads
(Fig. 2e). The adsorption capacity was found to be very
close, that is, 3.03 and 2.82 mg/g for 1.5 and 3.5 mm beads.
The higher surface of the 1.5 mm alginate beads, the higher
number of carboxylate groups on the surface of the beads,
may explain the higher rate of removal in the early stage of
the adsorption process. With the progress of the adsorption
process, the concentration gradient between the MB mole-
cules concentration in the liquid phase and on the surface of
the beads starts to decrease which is the driving force of the
MB molecules movement from the liquid phase to the solid
phase (alginate beads) [21].

3.2. Dye adsorption
3.2.1. Effect of methylene blue concentration

The result of variation of the MB concentration from 7 to
53 ppm on the adsorption capacity and the MB removal (%)
has been explored using 1.5 mm alginate beads over 60 min
adsorption time (Fig. 3a). It can be seen that the adsorp-
tion capacity increased linearly while the dye removal %
increased linearly up to 30 ppm then started to level off.
The increment of the adsorption capacity is in agreement
with results obtained by Zhu et al. [17]. They claimed that
there are strong electrostatic forces between the negatively
charged groups such as -COO- and -SO; on the sodium
alginate graft poly(acrylic acid-co-2-acrylamide-2-methyl-
1-propane sulfonic acid)/kaolin (SA-g-P(AA-co-AMPS)/KL)
hydrogel composite and the positively charged groups
on the dye molecules. Thus, the adsorption amounts sig-
nificantly enhanced as the dye concentrations increased.
A similar trend has been found by Salisu et al. [19,20] in the
removal of MB dye using PAN grafted alginate and PMMA
grafted alginate beads. However, different behaviour of the
removal percentage was found by them where they detected
the maximum percentage removal occurred at 6 ppm con-
centration with maximum percentage removal of 85.34%
and 65% then steadily decreased. They referred to the sat-
uration of the adsorption sites on the adsorbent surface,
which indicates the possibility of the formation of mono-
layer coverage of the dye molecules at the interface of the
adsorbent. The obtained behaviour in this work is different,
which may reflect a higher number of adsorption sites.

3.2.2. Effect of the contact time

The influence of elapsing the adsorption time on the
adsorption capacity and the MB removal (%) has been shown
in Fig. 3b. From the figure, it is evident that the dye removal
(%) increased rapidly in the first 15 min, where 79% of the
MB has been removed. Fast equilibrium within 30 min was
achieved with 86% of the MB removed. The adsorption
capacity shows a similar trend. Zhu et al. [17] had the same
observation. According to them, this was due to the fast
spread of the networks of the adsorbent at the early stage.
As a result, it was much easier for dye molecules to pene-
trate the inside of the resin and combine with the adsorption
sites [22]. With the extension of time, the active groups on
the surface of the adsorbent became less, and the adsorption
approached equilibrium.

3.2.3. Effect of the adsorbent amount

Figs. 3c and d show an apparent influence of the adsor-
bent amount on the adsorption parameters. Only 5 min
are enough to remove 77% of the MB (50 mg/L) using 0.4 g
adsorbent while 45 min are required to have the same
removal percentage using 0.1 and 0.2 g adsorbent. The
equilibrium time shifted to be shorter with a higher amount
of the adsorbent due to the increase of the surface carbox-
ylate groups sites available for MB adsorption (Fig. 3c).
As a result, the highest adsorption capacity recorded for
0.1 g adsorbent; 19 mg/g while reduced with increase the
adsorbent amount to reach 9.85 and 5.33 mg/g for 0.2 and
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(d) adsorbent amount on the MB removal percentage using of CAB.

0.4 g adsorbent (Fig. 3d). This finding expected, and the
following results are found by other authors since the MB
solution contains a fixed amount of MB molecules while
different numbers of active sites are available over the
adsorbent surface [13,17].

3.2.4. Adsorption kinetic models

The adsorption data obtained in Fig. 6 fitted using dif-
ferent kinetic models namely the pseudo-first-order [23], the
pseudo-second-order [24], and the Elovich [25] to explore
the kinetics of the MB adsorption process over CAB beads
using linear form Eqs. (3)-(5), respectively, and presented
in Fig. 4.

ln(qe —q,):lnqe —kt @)

t 1 t
- = + —
q, [kzqf] q @

g,=a+p Int (5)

g, and g, are the amounts of ions adsorbed (mg/g) at
equilibrium and time ¢ (min), respectively. k, (min™) is the
first-order reaction rate constant. k, is the second-order
reaction rate equilibrium constant (g/mg min). a represents
the initial sorption rate (mg/g min), and {3 is related to
the extent of surface coverage and activation energy for
chemisorption (g/mg).

Extracted from Fig. 4, the adsorption parameters of the
kinetic models are tabulated in Table 1. From the table, it is
evidenced that the correlation coefficients of the data fitting
are 0.9991, 0.9935, and 0.8259 for the pseudo-second-order,
the pseudo-first-order, and the Elovich models, respectively.
The pseudo-second-order model best fitting the adsorption
data where the value of g, 1..q (5-8411 mg/g) is the clos-
est to the experimental value (5.65 mg/g). Hence, it sug-
gests that the rate-limiting step in these sorption processes
may be chemisorptions involving sufficient forces through
the sharing or exchanging of electrons between sorbent
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Fig. 4. Adsorption kinetic models for MB removal using CAB: (a) first order plots, (b) second order plots and (c) simple Elovich plots.

Table 1

Adsorption parameters of the pseudo-first, the pseudo-second-order and the Elovich kinetic models

Pseudo-first-order

Pseudo-second-order

Elovich

yonp, (M) 4,.,, (Mg/g) K, (min™) R [, (M/8)

K,(m*mg”'min™) R* B (g/mg) «(mg/gmin) R

5.65 4.899 0.1646 0.9935 5.8411

0.3918 0.9991  0.8696 2.3719 0.8159

and sorbate [26]. The value of B (0.8696 g/mg) is indica-
tive of the number of sites available for removal while
a (2.3719 mg/g min) is the removal quantity when In ¢ is equal
to zero; that is, the removal quantity when f is 1 h giving
insight about the removal behaviour of the first step [27].

3.2.5. Adsorption mechanisms models

The description of the diffusion process of MB ions from
the liquid phase (solution) to the solid phase (adsorbent)
performed using three kinetic models. Two models, namely
Dumwald-Wagner and intraparticle models, described
the liquid film diffusion or intraparticle diffusion [28,29]
while the external mass transfer was examined by Boyd
model.

The linear form of equations determined the diffusion
rate inside particulate using the Dumwald-Wagner model

[30] and the intraparticle model [31] presented in Egs. (6)
and (7).

log (1-F?) _—[ K

2.303] X (©)

g, =kt +C )

where K is the diffusion rate constant and the removal per-
centage, F is calculated by (q,/q,). The intraparticle diffusion
rate is k, and the thickness of the boundary layer is repre-
sented by C.

Fig. 4. presents fitting of the adsorption data shown
in Fig. 3b using the Dumwald-Wagner and the intraparti-
cle models; Figs. 5a and b. From the figure, it is clear that
the Dumwald-Wagner fitted the adsorption data very well
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(R%0.9598), and the diffusion rate constant K is found to be
0.4850 min™".

The adsorption data fitting using the intraparticle dif-
fusion model in Fig. 5b show two separate linear portions
suggesting that the removal process consists of both surface
removal and intraparticle diffusion. While the initial lin-
ear part of the plot is the indicator of the boundary layer
effect, the second linear portion is due to intraparticle dif-
fusion [32]. The intraparticle diffusion rate (k,) is 0.0611 mg/
(g min'?), and the thickness of the boundary layer (C) value
is 5.1506, the larger the intercept, the higher is the boundary
layer effect [33].

The actual rate-controlling step involved in the MB sorp-
tion process determined by further analysis of the sorption
data by the kinetic expression is given by Boyd et al. [34].

[ 8 ) exp (-
F=1 [nzjexp( Bt) 8)
r=4 €
qa
B, =-0.4978 —1n(1_”7] (10)

g and g, represent the amount sorbed (mg/g) at any time ¢
and at an infinite time (in the present study 30 min). F is the
fraction of MB adsorbed at different time ¢ given by Eq. (9)
and B, is a mathematical function of F. With substituting Eq.
(8) into Eq. (9), we obtained the kinetic expression presented
in Eq. (10).

According to Eq. (10), the data fitted in Fig. 5¢ and use-
ful information to distinguish between external-transport
and intraparticle-transport controlled rates of sorption can
extract. From the linearity of this plot which did not pass
through the origin we can conclude that the film diffusion
governs the rate limiting process [35]. The aromatic hydro-
phobic groups of r-benzoquinone play a significant role in
changing the hydrophilic-hydrophobic balance of the CAB
beads and accordingly the thickness of the formed liquid
boundary layer over the solid surface. That leads to make
the film diffusion is the limiting process [36].

3.2.6. Adsorption isotherm models

The equilibrium adsorption data presented in Fig. 3a was
fitted using different adsorption isotherm models such as
Freundlich, Langmuir, Temkin and Dubinin—-Radushkevich
models; Fig. 6.

The most applicable models are the Langmuir and
Freundlich where the first assumes completely homogeneous
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Fig. 6. Adsorption isothermal models for MB removal with various initial solution concentrations using CAB: (a) Freundlich isotherm,

(b) Langmuir isotherm, (c) Temkin isotherm, and (d) D-R isotherm.

surface with a finite number of identical sites and with a
negligible interaction between adsorbed molecules which
results in monolayer sorption while the second postulate
heterogeneous surfaces site energies and multi-layer levels
of sorption [37,38].

The linear formula for Freundlich [39,40] and Langmuir
[41]. is expressed as Egs. (11) and (12).

Ing, =In K, +iln C, (11)
n
f
C_1 .G (12)
9 95 Gu

q, (mg/g) is the adsorbent capacity, and C, (mg/L) is the
adsorbate concentration at equilibrium. K, and #, Freundlich
constants indicated the adsorption capacity anc( adsorption
intensity. g, is the maximum monolayer adsorption capacity
(mg/g), and K is the adsorption energy (L/mg).

Fig. 6a presents linear fitting, correlation coefficient (R?)
value (0.9379), of the adsorption data using the Freundlich
equation. From the figure, it can be seen that the amount of
MB adsorbed over the adsorbent surface increases as long
as there is an increase in the MB concentration. The value

of Freundlich constant 7,(0.2187) which is <1 dictates unfa-
vourable sorption for MB/ with the CAB beads [40].

On the other hand, Fig. 6b illustrates a linear plot of
the adsorption data using the Langmuir equation; R* value
is 0.8777. From the figure, the calculated value of g, is
0.7373 mg/g. The value of K is 7.77 L/mg, which indicates
that the CAB was moderately efficient for MB removal
since it had moderately low energy of sorption and affinity
towards MB.

Dimensionless separation factor (R,) that is used to pre-
dict the favourability of the adsorption system was calculated
using Eq. (13) [42]:

1
R = (1+KC,) (13)

C, is the MB initial concentration (mg/L). The calcu-
lated values of R, for MB removal (Table 2) show favour-
able removal because the R, values ranged between 0.0 and
1.0 [43,44]. That values again confirm that the Langmuir
isotherm was convenient for the sorption of MB onto CAB
which agreed with the obtained results by Mohy Eldin
et al. [45] of the removal of MB using phosphoric acid-doped
pyrazole-g-poly(glycidyl methacrylate) particles.

Other isotherm models compromise between the Freun-
dlich and Langmuir isotherm models such as the Temkin
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Table 2
The R, values for different initial MB concentrations

CD RL

7 0.018
13.3 0.0096
29.4 0.00436
36 0.00356
53 0.00242

isotherm. The Temkin isotherm takes into account the impact
of indirect adsorbent/adsorbate interactions on the adsorp-
tion process, which reduced the heat of adsorption of all
molecules in a layer [46] linearly. That can be expressed in a
linear form as follows [47]:

q,=BInK, +BInC, (14)

K, is the Temkin equilibrium binding constant corre-
sponding to the maximum binding energy, and B is the
Temkin constant related to the heat of sorption extracted
from the linear plot in Fig. 6c and presented in Table 3.

The D-R isotherm is more general than the Langmuir
isotherm, where it refused the surface homogeneity or the
constant of the adsorption potential [40]. The D-R isotherm is
expressed as follows:

Ing,= InV -K¢ (15)

where g, is the mg of MB removed per g of CAB, V’_is the
D-R sorption capacity (mg/g), K’ is a constant related to the
adsorption energy (mol’/kJ?), and e is the Polanyi potential.
¢ is calculated with the following equation:

£= RT[l +é] (16)

e

where R is the gas constant (8.314 X 10°k]/mol K), and T'is the
temperature (K). The constant K’ gives the mean free energy
of sorption per molecule of the sorbate (E) when it is trans-
ferred to the surface of the solid from infinity in the solution.

This energy gives information about the physical and
chemical features of the sorption process [44] and can com-
pute with the following relationship [48]:

E=(2K)" 17)

Table 3

E is the amount of energy required to transfer 1 mole
of the MB from the bulk solution to the CAB surface which
indicates following a chemical ion exchange mechanism If
E is between 8 and 20 kJ/mol or a physical nature if E < 8
KJ/mol [49,50].

Plotting the adsorption data is given in Fig. 6d, where a
straight line is obtained; R? 0.8611. From the figure, the cal-
culated adsorption energy (E < 8 kJ/mol) indicates that the
MB sorption processes could be considered physisorption in
nature [51]. Therefore, it is possible that physical means such
as electrostatic forces played a significant role as sorption
mechanisms for the sorption of MB in this work.

The parameters and the correlation coefficients of the
Langmuir, the Freundlich, the Temkin and the Dubinin—
Radushkevich (D-R) isotherm models applied to MB sorp-
tion on CAB are summarized in Table 3. From the table, it
is clear that the Temkin isotherm model yielded the high-
est R? value (0.9796), and this showed that MB sorption on
the polymer is described well by this model which considers
the impact of indirect adsorbent/adsorbate interactions on
the adsorption process which reduced the heat of adsorption
of all molecules in a layer linearly.

3.3. Applicability
3.3.1. Effect of water type

To examine the applicability of the developed CAB, the
adsorption of MB from synthetic aqueous solution (30 ppm)
prepared using both distilled and tap waters were followed
over 60 min at RT. The adsorption capacity and the dye
removal % are detected and presented in Table 4. From the
figure, it is clear that no significant effect was observed.
This finding is an advantage which eliminates the possibility
of interactions caused by the dissolved salts in tap water.

3.3.2. Effect of beads water content (beads drying time)

The storage of the prepared CAB at RT for further usage
may have an impact on its efficiency of MB adsorption.
The CAB was left to dry for 1, 3, 4, 5, and 24 h at RT and then
tested for removal of MB from 50 mg/g synthetic solution.
The adsorption capacity and the dye removal (%) monitored,
Table 5. From the table, it is evident that drying of the beads
for 3 h negatively affected both the adsorption capacity and
the dye removal %, which reduced to 7.7 mg/g and 61.56%,
respectively. Meanwhile, a positive impact is noticed in case
of drying the beads for 4 h where the adsorption capac-
ity and the dye removal % were found to be increased to
8.75 mg/g and 70%, respectively. This improvement shows
best results at 5 h drying where the adsorption capacity

Parameters and the correlation coefficients of Langmuir, Freundlich, Temkin and Dubinin—-Radushkevich (D-R) isotherm models

Langmuir isotherm Freundlich isotherm

Temkin isotherm

Dubinin—-Radushkevich (D-R)

G K, R? K, n, R? B, K, R? K v, E R?
(mg/g) (L mg™) (mg/g) (J/mol)  (L/g) (mol?/k]?)  (mg/g)  (kJ/mol)
0.7373  7.77 0.8777 00008 02187 09379 9.6704 02409 09796 —6.378 8012 02799  0.8611
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and the dye removal (%) reached to 9.21 mg/g and 73.7%.
Drying the beads for 24 h drastically reduced the adsorption
capacity and the dye removal % to 4.95 mg/g and 39.6%.
That reduction of the 24 h dried CAB adsorption parameters
gave useful information about the percentage of the adsorp-
tion sites located in the pores of the CAB.

The data have been applied using the intraparticle
model; Fig. 7. Two separate linear portions represent 5 h
dried bead curve observed. These two linear portions in the
intraparticle model suggest that the removal process con-
sists of both surface removal and intraparticle diffusion.
The presence of only one line portion in case of 24 h dried
beads confirms the absence of the intraparticle diffusion
and the process is controlled only by surface diffusion.
The simple calculation gave us an indication that 46% of the
removal process occurs in the pores of the CAB.

3.4. Comparative study

Table 6 presents a comparative study of the MB removal
using alginate hydrogel with physical and/or chemical mod-
ifications. Also, different other natural adsorbents were
included. From the table, it is clear that the alginate hydro-
gel adsorbents have a varied range of adsorption capacity
depending on the physical or chemical modification per-
formed. Alginate grafted hydrogel, using hydrophobic poly-
mers, such as PAN-g-Alginate [19] and PMMA-g-Alginate
[20] have deficient adsorption capacity; 3.51 and 5.25 mg/g.
The grafting of alginate with a hydrophilic polymer such as
PAM-g-Alginate [18] has a positive effect on its adsorption
capacity, which increased to be 69.13 mg/g. Increase in the
surface area of adsorption as physical modification has a
pounced impact which increased the adsorption capacity tre-
mendously as in case of Ca-Alginate gas gel (518-567 mg/g)
[15] and porous alginate (1,426 mg/g) [52]. Other natural
based adsorbents such as Hibiscus cannabinus-g-PAA and
Hibiscus cannabinus-g-PAA/PAAM show low adsorption
capacity (7.0 mg/g) [53] regardless of grafting with func-
tional polymers. Activated lignin—-chitosan blends and brown
macroalga show moderately medium adsorption capacity
(35-36 mg/g) [54,55]. Inorganic adsorbent such as MOF has
moderately high adsorption capacity (326 mg/g) [56].
Our carboxylated alginate beads show a promising adsorp-
tion capacity, especially in case of decreased size and drying
of the bead. Increase in the surface area through increase in
the porosity will significantly improve the adsorption capac-
ity and shorten the adsorption time.

Table 4

Table 5

Effect of the drying time on the adsorption capacity & dye

removal (%)

Time (hour)

Adsorption capacity (mg/g)

Dye removal (%)

0 8.22 65.73
1 7.02 56.14
3 7.7 61.56
4 8.75 70.00
5 9.21 73.70
24 495 39.60
10 4
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Fig. 7. Intraparticle diffusion plots for MB removal using dried
CAB.

3.5. Polymer matrices characterization
3.5.1. FT-IR analysis

The FT-IR spectra of alginate, IDA-functionalized algi-
nate (IDA-Alg), and MB-adsorbed IDA-functionalized algi-
nate (MB-IDA-Alg) were investigated. All alginate forms
showed broad band between 3,000 and 3,700 cm™, which
attributed to O-H stretching vibrations. The spectrum of
alginate (Fig. 8a) showed the peaks at around 2,937; 1,590;
1,412 and 1,020 cm, indicating the stretching vibrations
of aliphatic C-H, COO- (asymmetric), COO- (symmetric),
and C-O, respectively, which are characteristics of the poly-
saccharide [57]. The spectrum of the IDA-Alg showed the

Effect of water type on the adsorption capacity and dye removal (%)

Time Dye removal (%) Adsorption capacity (mg/g)

(min) Distilled water Tap water Distilled water Tap water
5 56 54 2.1 2.025

10 70.75 66 2.65 2.48

15 73.35 68 2.75 2.55

20 74.25 70.44 2.78 2.64

45 79.7 77.15 2.99 2.90

60 79.7 78.9 2.99 2.96
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Table 6
Comparison of the MB adsorption capacity of different
adsorbents

Adsorbent matrices Capacity (mg/g) References

Ca-Alginate gas gel 518-567 15
PAM-g-Alginate 69.13 18
PAN-g-Alginate 3.51 19
PMMA-g-Alginate 5.25 20
Porous alginate 1,426 54
H. cannabinus-g-PAA 7.11 55
H. cannabinus-g-PAA/PAAM 7.00 55
Activated lignin—chitosan blends  36.25 56
Brown macroalga 35.06 57
MOF 326 58
Carboxylated alginate 14 This work

peaks at around 2,930; 1,591; 1,413; and 1,022 cm™, indi-
cating the stretching of aliphatic C-H, COO-~ (asymmetric),
COO" (symmetric), and C-O, respectively. The original
bands for IDA at around 1,400; 1,590; and 3,100 cm™ over-
lapped with the counter ones of alginate where the absor-
bance increased compared with the alginate. Moreover,
a new band compared with alginate spectrum at around
1,740 cm™ was assigned to the carboxylic carbonyl group

of IDA, which confirmed the functionalization of the algi-
nate molecules with IDA [58] (Fig. 8b). The spectra of the
MB-adsorbed IDA-functionalized alginate (MB-IDA-Alg)
are shown in Fig. 8c. The characteristic bands of the algi-
nate were recognized at 2,930; 1,594; 1,413; and 1,027 cm™.
The typical bands of the MB at 1,598 and 1,391 cm™ over-
lapped with the counter ones of the IDA-Alg at 1,400
and 1,590 cm™. The characteristic peak of the carboxylic
carbonyl group of IDA at around 1,740 cm™ (Fig. 8b) has dis-
appeared in Fig. 8c due to the adsorption of MB molecules
and the characteristic peak of MB at 886 cm™ appeared [59].
According to those results mentioned above, the following
sorption mechanisms were proposed:

¢ Electrostatic interaction between the negative COO~ and
the cation groups N* of the MB.

* n—m interactions between deprotonated COO- groups of
the sorbent as n-donors with the 7 acceptor sites of the
aromatic ring of the MB [60].

* m-m interactions between m-aromatic ring donors of MB
and 7 acceptor groups in the sorbents (i.e., the aromatic
ring of the PBQ) [60].

3.5.2. Thermal gravimetric analysis

Thermogravimetric curves of alginate and IDA-activated
alginate beads in a nitrogen atmosphere are displayed in
Fig. 9. The thermogram of sodium alginate exhibited two
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Fig. 8. FT-IR spectra of (a) alginate, (b) IDA-alginate, and (c) MB-IDA-alginate.
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Fig. 9. Thermal gravimetric analysis of alginate, IDA-alginate,
and MB-IDA-alginate.

distinct stages. One in the range of 30-190 with a maximum
decomposition rate at 104°C assigned to the elimination of
water adsorbed to the hydrophilic polymer. The other in
the range of 210°C-310°C with a maximum decomposition

rate at 248°C ascribed to a complex process including dehy-
dration of the saccharide rings, depolymerization with the
formation of water, CO, and CH, [61]. IDA-functionalized
alginate beads show different behaviour. The loss adsorbed
water percentage in the first step was reduced and the
start of the second stage was gradually shifted to a lower
temperature to reach around 165°C. From the thermal grav-
imetric analysis curves, it can be concluded that the ther-
mal stability of the alginate decreases with the grafting of
IDA molecules onto the polysaccharide backbone. That may
attribute to the low thermal stability of IDA as a result of
the decarboxylation reaction observed in the second deg-
radation step. This phenomenon has also been reported
by Naguib [62]. He has indicated that thermal stability of
the polymer reduced with the grafting of itaconic acid onto
sisal fiber. Isiklan et al. [63] have obtained the same results
with alginate grafted with itaconic acid. The adsorption of
the MB molecules onto IDA-Alg increased the lost water in
the first step compared with the IDA-Alg, while the start
of the second stage shifted to a temperature between that
of the alginate and the IDA-Alg; 175°C. The third degrada-
tion step is the same for the three derivatives; Alg, IDA-Alg,
and MB-IDA-Alg. The hydrophilicity of the MB molecules
affects the behaviour in the first and second degradation
steps compared with the IDA-Alg.

Fig. 10. Scanning electron micrographs of (a) alginate, (b) IDA-alginate, and (c) MB-IDA-alginate.
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3.5.3. Scanning electron micrographs

The scanning electron micrographs of alginate, IDA-
functionalized alginate, and MB-IDA-functionalized alginate
are shown in Fig. 10. By comparing the surface morphology,
we found that treatment of the alginate surface with IDA
(Fig. 10b) has drastically changed the surface morphology
of the alginate (Fig. 10a). As shown in the figure, the surface
of the IDA-functionalized alginate has oriented structure
(rice-like structure) than that of alginate, which may attri-
bute to the polarity difference between alginate and IDA.
At the same time, surface of MB-IDA-functionalized algi-
nate becoming smoother along with the adsorption of the
MB molecules (Fig. 10c).

4. Conclusion

CAB for methylene blue (MB) removal have been
developed. The alginate concentration variation has a pos-
itive effect on both the MB removal percentage and the
adsorption capacity. Maximum MB removal percentage and
the adsorption capacity were obtained using calcium chlo-
ride 2% (W/V) concentration. No significant effect of the
crosslinking temperature has been noticed within 30°C-50°C
range. Ten min of crosslinking was found to be optimum.
Beads size has a small impact. Successive increment of the
adsorption capacity has been seen with an increase of MB
up to 50 mg/L where fast equilibrium was established within
30 min. The adsorption capacity and the removal percent-
age are inversely and directly proportional to the variation
of the adsorbent amount, respectively. The adsorption pro-
cess was found to follow the second-pseudo-order kinetics,
and the adsorption process followed the Temkin isotherm
model. The maximum adsorption capacity at equilibrium
was found to be 14 mg/g.

The impact of drying the beads to a different degree on
the adsorbent parameters has been studied to evaluate the
practicality of the developed adsorbent. Drying of the beads
for 24 h eliminated the contribution of the pore diffusion in
the adsorption process. However, the adsorption parameters
reduced by about 40%. On the other hand, drying the beads
for 5 h improved the adsorption parameters by about 12%.
Indeed, the MB diffusion was controlled by both external and
internal diffusion mechanism. Furthermore, the type of water
found to have neglectable effect on the adsorption process.
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