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Abstract— This study examined the feasibility for
removing Direct Blue 71 (DB71) from aqueous solutions using
calcium alginate beads (CABs). The effects of dye
concentration, CABs dosage, temperature and pH on
adsorption of DB71 by CABs were evaluated by batch type
adsorption experiments using CABs and DB71 aqueous
solutions. Pseudo second-order, Elovich and Lagergren
models were adopted to evaluate experimental data and
thereby elucidate the kinetic adsorption mechanism, as well as
kinetic parameters of the system. Additionally, this study used
the Langmuir, Freundlich, Langmuir-Freundlich (L-F) and
Dubinin-Radushkevich (D-R) isotherm models to describe
equilibrium adsorption. The adsorption percentage of DB71
increased as dye concentration and CABs dosage increased.
Adsorption experiments were performed at three different
temperatures (25, 35 and 45°C) and at different pH conditions
(pH 3-9). The maximum adsorption capacity (qo) was reached
at 35°C and at pH of 6. Based on the fittings of experimental
data to Pseudo second-order, Elovich and Lagergren models,
it can be established that the adsorption of DB71 onto CABs
follows Pseudo-first order Kinetics, described by the
Lagergren model. The equilibrium adsorption of DB71 is best
described by the L-F isotherm at 35°C, suggesting that the
mechanism involved on this system is related to chemisorption
on heterogeneous surfaces.

Keywords—Alginate; biosorption; dye; Direct Blue 71;
removal

I INTRODUCTION

Environmental pollution is inherent to the advance of
modernity and negatively affects public health and
ecosystem equilibrium. Meanwhile, water pollution, caused
by the discharge of effluents coming from industries that
use or produce dyes, represents a growing problem. An
estimated quantity of 10000 tons per year of dyes is used
worldwide and could be discharged into aquatic waste
streams [1]. Direct Blue 71 (DB71) is an azoic dye, a
complex organic compound used in textile, plastics,
cosmetics, leather, printing, etc., with high worldwide
consumption [2, 3]. To minimize the environmental
pollution generated by such effluents, they must be treated
before discharged into the water bodies. This treatment is
given to less than 25% of industrial effluents in Mexico
before its release.
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The release of direct dyes into the water bodies set toxic
conditions for aquatic living beings [4]. The discharge of
wastewater with undesirable color onto the hydrosphere
affects its translucent capacity, affecting water bodies'
photosynthetic activities [5]. Azoic dyes' complex structures
provide them resistance to heat, light, and microbial action,
S0 its natural degradation becomes a complicated process
[6]. Degradation of these dyes by oxidant agents generates
potentially toxic, mutagenic, and carcinogenic amino-
aromatic compounds [7, 8]. These compounds can have
acute and chronic effects on exposed organisms depending
on the exposure time and dye concentration. In humans,
dyes can cause allergic dermatitis, skin irritation, cancer,
mutation, etc. [1].

Many treatment methods have been developed to
remove azoic dyes from aqueous solutions, such as the
Fenton process, photocatalytic treatment, biodegradation,
coagulation-flocculation, nanofiltration, ozonation,
oxidation, reverse osmosis, and many others [9]. Adsorption
has proved to be more effective than the other techniques,
particularly in terms of initial cost, possible regeneration at
low cost, recovery of the sorbate, simplicity of design,
operation, and insensitivity to toxic substances [10]. The
most effective adsorbent material is activated carbon;
however, it has a high recovery cost. Hence there is the need
to find a low-cost, commercially available material for the
adsorption of dyes.

A wide variety of materials have been investigated as
low-cost alternatives to activated carbon for removing dyes,
such as zeolites [9], guava seeds carbon [11], carbon
nanotubes [12], chitosan-based hydrogels [13], Spirulina
and Chlorella algae [14], among others. Alginate is a
complex polysaccharide extracted from brown seaweeds
and microalgae, representing an abundant biomass source
on the planet [15]. Chemically, alginate comprises varying
proportions of D-mannuronic acid (M) and L-guluronic acid
(G). These compounds are arranged in MM or GG blocks,
interspersed with MG blocks [16]. Its unique property of
forming water-insoluble calcium alginate (CA) gel through
ionotropic gelation with Ca*? ions has made it possible to
encapsulate both macromolecular agents [17-19] and low
molecular weight agents [20-22].

CABs have been used to remove different dyes such as
malachite green [23], methylene blue, and methyl orange
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[24]. Still, no reports of using such biosorbent removing
Direct Blue 71 are mentioned in the literature. CABs have
the potential to act as an effective adsorbent for the removal
of dyes from wastewaters. Calcium alginate (CA) is a good
biosorbent because of its natural origin, biocompatibility,
low production and extraction cost, and possible
regeneration. These properties allow CA utilization in
pharmaceutical, food, and water biotechnology applications.

Therefore, the present study's main objective is to
analyze the efficiency of adsorption of DB71 in aqueous
solutions by CABs under different pH, temperature, CABs
dosage, and initial dye concentration conditions.

Il. MATERIALS AND METHODS

A. Preparation of Calcium Alginate Beads (CABs)

Firstly, a 2% (w/v) solution of sodium alginate (SA) was
prepared as follows: 10 g of SA was mixed with 500 mL of
distilled water at 50°C. The suspension was maintained at
constant agitation for 3 h until a viscose and clear solution
was obtained. Afterward, 1000 mL of 150 mM calcium
chloride (CaCl,) solution was prepared. For the formation of
CABs, SA solution was dripped in intervals of 1 second
approximately into the beaker that contained the CaCl;
solution in constant agitation (60 rpm). The CABs formed
were left in the CaCl, solution for 1 h, then washed three
times with distilled water and dried in a heater at 100°C for
5 h. The dehydrated CABs were then used in adsorption
experiments.

B. Fourier Transform Infrared Analysis (FTIR)

FTIR spectral data were used to characterize CABs and
elucidate whether specific functional groups are responsible
for the adsorption of DB71 onto CABs and understand the
mechanism of this phenomenon. The analyses of CABs
before and after DB71 adsorption were carried out with an
FTIR spectrophotometer (Bruker FTIR, model Tensor 27).
Spectral scanning was performed in the range of 4000 - 400
cm,

C. Adsorption kinetics

DB71 adsorption Kinetics was determined by
performing batch-type experiments at different contact
times. These tests were carried out at 25°C and at a constant
agitation speed of 130 rpm. CABs dosage, dye
concentration, and dye solution volume were kept constant
at 1 g, 50 mg/L, and 10 mL, respectively. CABs and dye
solution were maintained in contact for 2 h. Absorbance
was measured to the supernatants at 590 nm by a UV-VIS
spectrophotometer, at different time intervals; thereby, dye
concentration was obtained along contact time, as well as
removal percentage.

D. Effect of adsorbent dose

Batch-type experiments were performed to determine
the dosage effect over DB71 removal. These experiments
were carried out with different amounts of CABs (g) and

10 mL of DB71 solution at 50 mg/L. The tests were
conducted into plastic bottles (25 mL) that contained CABs
from 0.1 to0 0.9 g. One plastic bottle without CABs was used
as the control. The bottles were stirred continuously at a
speed of 130 rpm, at 25°C and 1 hour of contact time. Once
the contact time was reached, the concentration of dye in the
supernatants was determined, as mentioned above.

E. Influence of pH

Batch-type contact tests were performed to determine
the influence of pH on DB71 adsorption. Thus, a 50 mg/L
DB71 solution was prepared and then placed into plastic
flasks, each with 50 mL of the solution. The pH of each
flask's solutions was modified from 3 to 9 using HCI 0.1M
and NaOH 1M and measured with a pH meter OrionStar
serial All. Then, 10 mL of each dye solution and CABs
optimal dosage were put in contact for 1 hour at 25°C and
130 rpm. Supernatants were separated and analyzed by UV-
Vis method, as mentioned above.

F. Adsorption isotherms

Adsorption isotherms were performed at 25, 35, and
45°C, in which the initial dye solution concentration varied
from 10 to 500 mg/L. 10 mL of each dye solution at pH 6
and CABs optimal dosage were put in contact for 1 h at 130
rpm. Then, supernatants were separated and analyzed by the
UV-Vis method, as mentioned above. All sorption
experiments were performed by triplicate to determine
reproducibility.

I1l.  RESULTS AND DISCUSSION

A. FTIR analysis

Figure 1 shows the FITR spectra of calcium alginate
beads (CABs) and DB71 adsorbed on CABs. Both signals
exhibit peaks at 3445, 1624, 1429, and 1034 (cm¥),
attributed to O-H, C=0, C-OH, and OC-OH groups. The
wide hydroxyl bands in both spectra can be attributed to the
sum of the contributions from many O-H groups present in
the polymer [25]. Also, the ratio of weak intensities of the
bands corresponding to C=0, C-OH, and OC-OH suggests
deprotonated carboxylic groups, that is, anions [26]. The
displacement of these broad bands to a higher transmittance
percentage in the presence of DB71 is probably caused by
chemical interaction between CABs and dye functional
groups. Even though the most reactive functional groups of
the DB71 molecule are generally the sulfonate groups, these
groups are negatively charged, just as the functional groups
of the CABs. Thus, the chemical interaction does not
involve the sulfonate groups but the positive group of the
DB71 that is a primary amine [27]. Figure 1 shows both
spectra of CABs before and after DB71 adsorption. All
bands show a decrease in intensity, probably due to the
generalized degradation of the alginate structure. The bands
of functional groups that shifted to a lower frequency were
involved in the uptake of DB71 [26].
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Fig. 1. FTIR spectra of CABs and DB71 adsorbed on CABs.

B. Adsorption kinetics

Adsorption Kinetics results of DB71 onto CABs as a
function of contact time are shown in Figure 2. It is
observed that the CABs maximal adsorption capacity is
reached in short times, and the g. value corresponds to
0.3472 mg/g, at a contact time of 30 minutes. This behavior
is probably due to a process involving physical contact and
chemical interactions between specific functional groups of
the calcium alginate and the dye.

Pseudo-second-order (PSO) [28], Elovich, and
Lagergren kinetics models [29] were adopted to evaluate
experimental data and determine the system's Kinetic
parameters. The best fit was observed with the Lagergren
model, shown in Figure 3, with a correlation coefficient of
0.9999. This fact suggests that the system follows pseudo-
first-order kinetics. DB71 dye is in excess concerning
CABs, so it controls the reaction velocity. Also, it is
considered that dye concentration stays constant during
contact time. System kinetics parameters obtained by the
Statistica software are shown in Table 1. The parameters
are: Qe represents the adsorption capacity of CABs at
equilibrium (mg/g); Ki is the pseudo-first-order Kinetic
constant (1/min); K; is the pseudo-second-order rate
constant of sorption (mg/g.min); o and [ are Elovich
constants related to the initial adsorption rate (mg/g.min)
and the desorption rate (mg/g), respectively.
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Fig. 2. CABs equilibrium capacity for DB71 removal (mg/g) as a
function of contact time (min).
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Fig. 4. DBT71 adsorption by CABs as a function of time fitted to the
Lagergren, pseudo-second-order (PSO) and Elovich models.

TABLE I. KINETIC PARAMETERS OF DB71 ADSSORPTION BY CABS
(T=25°C).
Lagergren Pseudo-second-order Elovich
K1 o3 R? K2 o3 R? a B R?

0.675 | 0.344 | 0.999 | 3.898 | 0.6928 | 0.999 | 36.03 | 0.67 | 0.99

Table 2 shows a comparison of the pseudo-first-order
and pseudo-second-order adsorption constants at an initial
DB71 concentration of 50 mg g-land 25°C. Kinetic
parameters of 5 different adsorbent materials for BD71 are
compared in Table 2. The pseudo-first-order Kkinetic
constant for CABs resulted in being one order of magnitude
higher than the first-order kinetic constant for activated
carbon (TPAC), rice husk carbon-clinoptilolite composite
(RH) are two orders of magnitude higher than the one for
wheat shells (WS) [27-29]. Also, the pseudo-second-order
rate constant of sorption for CABs was three orders of
magnitude higher than the one for TPAC, PPC, RH, and
four orders of magnitude higher than WS. These facts mean
that the adsorption process using CABs is faster than for
other materials, which represents an advantage for utilizing
the proposed system as it implies a time reduction on dye
wastewater treatment.

C. Effect of adsorbent dose

The influence of different dosages of CABs (g/L) is
shown in Figure 4. It was observed that the increase of
CABs dosage improved the adsorption process. Maximal
removal percentage, which also implies the adsorbent's
saturation with DB71, was reached at a dosage of 70 g/L. At
higher amounts of CABs, removal percentage presented a
slight decrement probably caused by the dye agglomeration
around the adsorbent material [33].

D. Influence of pH

In this test, the adsorption capacity of DB71 onto CABs
at seven different pH conditions from 3 to 9 was evaluated.
ge was plotted versus different pH values, as shown in
Figure 5. It can be observed that DB71 removal raised as
pH increased from 3 to 6. From this pH value, no significant
increase in adsorption capacity was observed. This behavior
can be attributed to the dye's cationic nature and to
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carboxylate groups of alginate, which interact with the
positively charged dye via strong interactions, suggesting
that an electrostatic mechanism for DB71 removal is
involved in the alginate-dye adsorption system. Besides,
electrostatic repulsions between carboxylate groups expand
the alginate chains making the adsorption sites more
accessible to the dye. For pH<4.5, the carboxylate
protonation becomes significant, and the adsorption
decreases [34].

TABLE II. KINETIC PARAMETERS OF DB71 ADSSORPTION BY CABS
(T=25°C).
. Lagergren Pseudo-second-order
Material Reference
K1 Qe R? K2 o3 R?
CABs 0.6750 | 0.3440 | 0.999 3.898 0.692 | 0.999 | This work
PAC 0.0540 | 58.82 | 0.954 | 0.00109 | 68.03 | 0.997 [30]
H 0.0175 | 45.47 | 0.965 0.0006 54.38 | 0.997 [31]
s 0.0011 6.16 0.925 | 0.000138 | 6.26 | 0.991 [32]
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Fig. 5. Effect of CABs dosage in the DB71 adsorption process
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Fig. 6. Effect of pH on DB71 adsorption by CABs.

E. Adsorption isotherms

Adsorption capacity (qe) of DB71 onto CABs versus
final concentration of dye solutions after 1 hour of contact
time, for three different temperatures, were plotted and
shown in Figure 6. An increase in the temperature leads to

an increase in dye initial concentration to achieve the same
adsorption capacity, reached with lower temperatures in an
initial phase of the isotherm. However, the adsorption
capacities for the three different temperatures are close to
each other in all range of dye solution concentrations.

DB71 uptake slightly decreases with increasing the
temperature, after a dye concentration of 70 mg/L. This
behavior suggests that an exothermic process controls the
adsorption of DB71 onto CABs. Normal dye wastewater
temperature variations do not significantly affect the overall
decolorization performance [35].

Langmuir, Freundlich, and Langmuir-Freundlich (L-F)
isotherm models were chosen to describe equilibrium
adsorption. The L-F isotherm best fitted experimental data
at 35°C, as shown in Figure 7, with a correlation coefficient
of 0.9959, suggesting that the mechanism involved in this
system is related to chemisorption on heterogeneous
surfaces; this means that the adsorption mechanism implies
functional groups, which are responsible for the
chemisorption between the dye and calcium alginate
chemical structures.
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Fig. 7. DBT1 adssorption isotherms on CABs at 25, 35 and 45°C.
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Fig. 8. lsotherm data fitted to Langmuir-Freundlich (L-F), Freundlich
and Langmuir isotherm models at 25°C.
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The three isotherm models at 25, 35, and 45°C are
indicated in Table 3. For the Langmuir isotherm, which also
obtained a high correlation coefficient, qo represents the
maximal theoretical adsorption capacity of the CABs. This
parameter (go) was higher at 35°C than at 25 and 45°C, with
a value of 16.27 mg/g. Besides, the parameter b (L/mg) is
related to adsorption's energy, whereas K and n in the L-F
and Freundlich models indicate the relative capacity and the
adsorption intensity, respectively.

F. Thermodynamic parameters

Experimental data were fitted to the Dubinin-
Radushkevich (D-R) model to determine if the ion exchange
process is determinant in the adsorption process [36]. The
D-R isotherm [37] assumes a heterogeneous surface
(equation 1):

TABLE lII. LANGMUIR-FREUNDLICH (L-F), FREUNDLICH AND

LANGMUIR ISOTHERM PARAMETERS.

T L-F Freundlich Langmuir

°C) K n a Ke n Go b

25 | 0.0086 | 1.6797 | 0.0223 | 0.1006 | 1.2172 | 11.3597 | 0.0060

35 | 0.0015 | 1.8631 | 0.0130 | 0.0451 | 1.1151 | 16.2780 | 0.0021

45 | 0.0096 | 1.3200 | 0.000029 | 0.0052 | 0.6852 | 11.5465 | 0.0051
e = Xmexp(-Ke?) €))

Where ¢ (the Polanyi potential) = RT In(1+(1/Ce)); ge IS
the amount of DB71 ions adsorbed onto CABs (mol/g); Xm
is the adsorption capacity of CABs (mg/g); Ce is the
equilibrium concentration of DB71 ions in solution (mol/L);
K is a constant related to the adsorption energy (mol?/kJ?);
R is the ideal gas constant; and T is the temperature (K).
The D-R isotherm can be expressed in linear form (equation
2) [38]:

Ln ge = Ln Xp, - Ke? 2

Xm and K were calculated from the slopes and intercepts
of the plots of Ln ge vs. €2 The energy of sorption, defined
as the change of energy when one mole of the ion is
transferred to the surface of the solid, can be calculated
using the following expression (equation 3) [39]:

AG = -E = (-2k)*2 3)

The parameter E is related to the reaction mechanism. If
E is between the values 8 and 16 kJ/mol, ion exchange is
the system's main sorption process. If the value is lower
than 8 kJ/mol, then the physical sorption is the main
sorption mechanism [39]. Table 4 shows four parameters
for DB71 adsorption on CABs obtained with the D-R
isotherm at three different temperatures.

High correlation coefficients were obtained with the D-
R isotherm adjustment; this indicates that the DB71
adsorption process by CABs could also be described with
this model. The adsorption energy values (E) are under 8
kJ/mol for two tested temperatures (35 and 45 °C); this
suggests that physical forces dominated the sorption process
and that these forces were more important than ion
exchange and particle diffusion at these temperatures [38].
However, this fact does not agree with the facts found by

the FTIR analysis of this adsorbate-adsorbent system at 25
°C. Consequently, these findings indicate that the DB71
sorption mechanism could be different than merely
chemisorption when the temperature rises. Besides, AG's
negative values reveal that the adsorption of DB71 is
thermodynamically feasible and spontaneous [40]. Enthalpy
change (AH) and entropy change (AS) when CABs is the
adsorbent for DB71 were also calculated in this article
(equation 4) [41]:
Ce= Cl(l'Fe) (4)
Where Ce is the concentration of the dye in the solution
at equilibrium (mg/L), C; is the initial concentration of
DB71 in the adsorbent at equilibrium (mg/L) and Fe is the
fractional conversion of the sorption at equilibrium.
Ke = Fe/(1-Fe) (5)
Equation 5 shows that the equilibrium constant is
independent of the quantity of adsorbent and the volume of
sorption. The equilibrium constants were calculated at three
different temperatures. The thermodynamic parameters
were calculated using these values and the van’t Hoff
equation (equation 6) [42]:
Ln K¢ = AS/R — AH/RT (6)

TABLE IV. DUBININ-RADUSHKEVICH (D-R) ISOTHERM PARAMETERS
FOR DB71 ADSORPTION ON CABS.
Parameter 25°C 35°C 45°C
Xm (mg/g) 0.00075 | 0.0372 | 0.0592
K (mol?/kJ?) -0.008 -0.017 | -0.016
E (kJ/mol) 7.9056 | 5.4232 | 5.5901
R2 0.967 0.859 0.882

Where K is the equilibrium constant, AS is the change
in the entropy of the process, AH is the change in the
enthalpy of the process and T is the temperature (K).

The values of AH and AS were calculated from the
slopes and intercepts of the plots of Ln K. as a function of
1/T for DB71 (graph not shown). For the adsorption of
DB71 on CABs the values of AH = -27,386.31 J/mol and
AS =-79.49 J/mol K were obtained. Negative values of AH
suggest exothermic sorption of the dye onto CABs, and the
negative value of AS reflects the decreased randomness at
the solid/solution interface during the adsorption of dye on
CAB:s. This is a direct consequence of: (i) opening up of
alginate structure, (ii) enhancing the mobility and extent of
penetration within the alginate, and (iii) overcoming the
activation energy barrier and enhancing the rate of
intraparticle diffusion [43].

IV.  CONCLUSIONS

Calcium Alginate Beads demonstrated effective removal
of the industrial dye, Direct Blue 71, from aqueous
solutions since removal percentages up to 80% were
obtained and a maximal dye adsorption capacity of 16.27
mg/g was achieved in 43 minutes of contact time. Best
adsorption results were obtained with pH alkaline values,
which imply that the primary amine present in the DB71
molecule participates in the adsorption process. Besides, the
temperature which allowed the best dye uptake was 35°C.
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However, the dye uptake difference between the three
temperatures is not significant; normal wastewater
temperature variations would not significantly affect the
overall decolorization performance, so it is unnecessary to
change the effluent temperature to use this system. Calcium
Alginate is an organic compound, abundant, with a low
production cost, and its use does not imply an
environmental risk. For this reason, it is demonstrated that
the proposed system in this study is a viable option for its
use in wastewater treatment contaminated with azoic
colorants such as Direct Blue 71.
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