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ABSTRACT: In this paper, dye adsorption properties of alginate in binary systems were investigated. Physical characteristics of
alginate were studied using Fourier transform infrared and scanning electron microscopy. Three textile dyes, Basic Violet 16 (BV16),
Basic Red 18 (BR18), and Basic Blue 41 (BB41) were used as model compounds in single and binary systems. The effects of alginate
dosage, initial dye concentration, and pH on dye removal were elucidated at 25 °C. The dye adsorption isotherm, kinetics, and
thermodynamics were studied. The presence of functional groups such as hydroxyl and carboxyl groups was detected. It was found
that BV16, BR18, and BB41 followed the Langmuir and extended Langmuir isotherms in single and binary systems, respectively.
The adsorption kinetics of dyes was found to conform to pseudosecond order kinetics in both single and binary systems. The
thermodynamic data showed that dye adsorption onto alginate was spontaneous, endothermic, and a physisorption reaction. On the
basis of the data of the present investigation, one could conclude that the alginate being a biocompatible, eco-friendly, and low-cost
adsorbent might be a suitable alternative to remove dyes from colored aqueous solutions.

B INTRODUCTION

The presence of numerous dyes with various chemical proper-
ties in surface and underground waterways has been of concern
for the public and governments all around the world. The
discharge of dye-bearing wastewater into natural waterways
causes damage to the aesthetic nature of the environment.' >
In addition, dyes may drastically affect the photosynthetic
phenomenon for aquatic life due to reduced light penetration.**
As aresult, the removal of dyes from waste effluents has become
environmentally important.>” Several methods such as adsorp-
tion, photocatalysis, electrochemical, etc. have been used to
remove dyes from the aqueous phase.'””

The adsorption process is considered to be superior to other
techniques because of low cost, simplicity of design, availability,
and ability to treat dyes. Alginate is a natural carbohydrate
polymer and has the capacity to remove toxic pollutants.
Biopolymers are known to have an affinity for metal ions and
the use of alginate as an adsorbent for the recovery of valuable
metal ions as well as removal of toxic metal ions has been
studied.*” Alginate has carboxyl groups capable of forming
complexes with metal jons. Alginate is derived from several
genera of brown algae. One of the important properties of
alginate is the ability to form hydrogels."'* An aqueous solution
of alginate is readily transformed into a hydrogel on addition of
metallic divalent cations. Alginate is often used for immobiliza-
tion of biological entities.">'* Calcium alginate immobilized
microbial cultures have been used to remove dyes.'>'® The
important contribution of alginate to certain biological entities
such as algae has been reported for the uptake of heavy metal
ions.'”"® Activated carbons immobilized in calcium alginate
beads are used for dye removal."

A literature review showed that alginate has not been used to
remove dyes from binary systems. This paper deals with the
characterization and dye adsorption properties of alginate in
single and binary systems. Three textile dyes were used as model
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compounds. The effects of operational parameters such as alginate
dosage, initial dye concentration, and pH on dye removal in single
and binary systems were studied. In addition, isotherms, kinetics,
and thermodynamics of dye adsorption were investigated.

B MATERIALS AND METHODS

Alginate was obtained from the Kitotak Co. Cationic dyes,
Basic Violet 16 (BV16), Basic Red 18 (BR18), and Basic Blue 41
(BB41), were achieved from Ciba and ICI Ltd. and used without
further purification (Figure 1). All other chemicals were of analar
grade and purchased from Merck (Germany).

The functional group of the alginate was studied using Fourier
transform infrared (FTIR) spectroscopy (Perkin-Elmer Spectro-
photometer Spectrum One) in the range (450 to 4000) cm ™.
The morphological structure of the alginate was examined by
scanning electron microscopy (SEM) using a LEO 145SVP
scanning microscope.

The dye adsorption measurements were conducted by
mixing the adsorbent in jars containing 200 mL of a dye solution
(50 mg L"), pH 8, agitation speed of 200 rpm, and 25 °C for
20 min. The change on the absorbance of all solution samples
was monitored and determined at certain time intervals during
the adsorption process. At the end of the adsorption experiments,
the solution samples were centrifuged and the dye concentration
was determined. The maximum wavelength (4,,,,,) used for deter-
mination of the residual concentration of BV16, BR18, and BB41
in the supernatant solution using UV—vis spectrophotometry
(CECIL 2021) were (545, 488, and 605) nm, respectively.

The effect of alginate dosage on dye removal in single and
binary systems was investigated by contacting 200 mL of dye
solution (50 mg L™") at room temperature (25 °C) and pH 8 for
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Figure 1. Chemical structure of cationic dyes.

20 min. Different amounts of alginate [(2 to 8) g L™ '] were
applied. The samples were centrifuged, and the concentration in
the supernatant dye solution was analyzed.

The effect of initial dye concentration on dye removal in single
and binary systems was studied. Experiments were conducted at
dlfferent dye concentrations [(2S, 50, 75, and 100) mg L~ 1,
6 g L' of alginate, pH 8, and 200 mL of dye solution. The
samples were centrifuged, and the concentration in the super-
natant dye solution was analyzed.

The effect of pH on dye removal in single and binary systems
was studied. The solution pH was adjusted by adding a small
amount of H,SO4 or NaOH. Experlments were conducted
at different pH values (2— 8) 6 g L' of alginate, and 200 mL
of dye solution (50 mg L™ '). The samples were centrifuged,
and the concentration in the supernatant dye solution was
analyzed.

Dye concentrations were calculated as follows. For a binary
system, components A and B were measured at 1, and 1,
respectively, to give optical densities of d; and d,"”

CA = (kBZdl - kBle)/(kAlkBZ - kAZkBZ) (1)

Cp = (kardy — kaady)/(karksy — kazkss) (2)

where kay, kg1, kas, and kg, are the calibration constants for com-
ponents A and B at the two wavelengths A, and 1,, respectively.

B RESULTS AND DISCUSSION

Physicochemical Characterization. The Fourier transform
infrared (FTIR) spectrum of alginate (Figure 2) shows that the
peak positions are at (3422, 2916 2151, 1625, 1418, and
1296) cm ™. The band at 3422 cm ™' is due to OH stretching,
whereas the bands at (1625 and 1418) cm ™" reflect the carbonyl
group stretching and C=C stretching. The band at 1296 cm
corresponds to C—O stretching.**!

Scanning electron microscopy (SEM) has been a primary tool
for characterizing the surface morphology and fundamental
physical properties of adsorbent surfaces. It is useful for deter-
mining the particle shape, porosity, and appropriate size dis-
tribution of the adsorbent. Scanning electron micrographs of
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Figure 2. FT-IR spectrum of alginate.

Figure 3. SEM image of alginate.

alginate are shown in Figure 3. From Figure 3, it is clear that
alginate has a considerable number of pores where there is a good
possibility for dyes to be trapped and adsorbed.

Effect of Operational Parameters on Dye Removal. Effect
of Adsorbent Dosage. A plot of dye removal (%) versus adsorbent
dosage (g L") is shown in Figure 4. The increase in adsorption
with adsorbent dosage can be attributed to an increased adsor-
bent surface and the availability of more adsorption sites.
However, if the adsorption capacity is expressed in milligrams
adsorbed per gram of material, the capacity decreases with the
increasing amount of adsorbent. This may be attributed to
overlapping or aggregation of adsorption sites, resulting in a
decrease in total adsorbent surface area available to the dye and
an increase in diffusion path length.**

Dye Concentration Effect. The effect of dye concentration on
dye removal using alginate is shown in Figure 5. The equilibrium
capacity decreases with an increase in the initial dye concentra-
tion. This can be attributed to active sites on the adsorbent for
dye removal decreasing when the dye concentration increases.
The amount of the dye adsorbed onto alginate increases with an
increase in the initial dye concentration at a constant amount of
adsorbent. This is due to the increase in the driving force of the
concentration gradient with the higher initial dye concentrations.
At low initial dye concentrations, the adsorption of dyes by
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Figure 4. Effect of adsorbent dosage on dye removal by alginate
(a) BV16 + BRI8 [#: BV16(sin), B: BR18(sin), A: BV16(bin), O:
BR18(bin)], (b) BV16 + BB41 [#: BV16(sin), M: BB41(sin), A:
BV16(bin), O: BB41(bin)], (c) BR18 + BB41 [4: BR18(sin), M:
BB41(sin), A: BR18(bin), O: BB41(bin)].

alginate is very intense and reaches equilibrium very quickly. This
indicates the possibility of the formation of monolayer coverage
of the molecules at the outer interface of the alginate. At a fixed
alginate dosage, the residual concentration of dye molecules will
be higher for higher initial dye concentrations. In the case of
lower dye concentrations, the ratio of the initial number of dye
moles to the available adsorption sites is low. At higher concen-
trations, the number of available adsorption sites becomes lower,
and subsequently the removal of dyes depends on the initial
concentration. At high concentrations, it is not likely that dyes are
only adsorbed in a monolayer at the outer interface of the
adsorbent.”*2¢

Effect of pH. The effect of the initial pH on the dye removal in
single and binary systems is shown in Figure 6. The adsorption
capacity increases when the pH increases. The maximum ad-
sorption of basic dyes occurs at pH 8. Alginate is comprised of
various functional groups such as hydroxyl and carboxyl groups
which are affected by the pH of solutions. Therefore, at various
pH values, electrostatic attraction as well as the ionic proper-
ties and structure of dye molecules and alginate could play
very important roles in the dye adsorption on alginate. At pH
8, a considerably high electrostatic attraction exists between
the negatively charged surface of the adsorbent, due to the
ionization of functional groups of the adsorbent and positively

charged cationic dye molecules. As the pH of the system
decreases, the number of positively charged sites increases. A
positively charged site on the adsorbent does not favor the
adsorption of cationic dyes due to electrostatic repulsion.*’
Thus, the effective pH for adsorption of cationic dyes (BV16,
BR18, and BB41) onto alginate was 8, and it was used in
further studies.

Adsorption Isotherm. Single Systems. Adsorption isotherms
investigate the relation between the mass of dye adsorbed at
constant temperature per unit mass of adsorbent and liquid
phase dye concentration at equilibrium. It presents how a dye
can be distributed between the liquid and solid phases at various
equilibrium concentrations. Different factors such as the num-
ber of compounds in the solution, their relative adsorbabilities,
initial concentration of adsorbate in the solution, and the
degree of competition among solutes for adsorption sites
determine the shape of the isotherm. Adsorption isotherms
provide information on how an adsorption system proceeds
and indicate how efficiently a given adsorbent interacts with
adsorbate.”®

Several models such as those of Langmuir, Freundlich, and
Tempkin have been used in the literature to describe experi-
mental data in order to optimize the design of an adsorption
system to remove dyes from solutions.

The Langmuir equation often describes monolayer adsorp-
tion. This model assumes a uniform energy of adsorption and a
single layer of adsorbed solute at a constant temperature. The
Langmuir model is the most frequently employed model and is
given by’

9. = QKLC./(1+K.Co) (3)

where q., C,, Qo, and Ky, are the amount of solute adsorbed at
equilibrium (mg-g~ "), the concentration of adsorbate at equi-
librium (mg-L "), maximum adsorption capacity (mg-g "),
and Langmuir constant (L-mg "), respectively.

Equation 3 can be rearranged to a linear form

Ce/qe = 1/I<L(20 + Ce/QO (4)

The essential characteristics of the Langmuir isotherm can be
expressed by a dimensionless constant called the equilibrium
parameter, Ry, which is defined by the following equation:>°

Ry = 1/(1+K.Co) (5)

where C, is the initial dye concentration. The nature of the
adsorption process can be either unfavorable (Ry > 1), linear
(Ry, = 1), favorable (0 < Ry < 1) or irreversible (R, = 0).

To study the applicability of the Langmuir isotherm for dye
adsorption onto alginate, a linear plot of C./q. against C, was
plotted. The values of Qp, K;, and R? (coefficient of determina-
tion) are shown in Table 1.

The Freundlich equation is one of the well-known models
applicable for a single solute system. It is an empirical equation
used to describe the distribution of solute between solid and
aqueous phases at a point of saturation. The basic assumption of
this model is that there is an exponential variation in site energies
of the adsorbent and also surface adsorption is not the rate
limiting step. The strength of the linear relationship can be
expressed by the correlation coefficient. Its value is used to

evaluate how the Freundlich model represents the experimental
data®'
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Figure 5. Effect of dye concentration on dye removal by alginate (a) BV16 (sin), (b) BV16 (BV16 + BR18), (c) BV16 (BV16 + BB41), (d) BR18 (sin),
(e) BR18 (BV16 + BRIS), (f) BR18 (BR18 -+ BB41), (g) BB41 (sin), (h) BB41 (BV16 + BB41), and (i) BB41 (BR18 + BB41) (#: 25 mg L ™", M 50

mgL ', A: 75 mg L', 0: 100 mg L™ Y).

The Freundlich isotherm is derived by assuming a heterogeneous
surface with a nonuniform distribution of heat of adsorption over
the surface. The Freundlich isotherm can be expressed by*> >

g = KeC" (6)

where K is the adsorption capacity at unit concentration (L-g ")
and 1/n is adsorption intensity. 1/n values indicate the type of
isotherm to be irreversible (1/n = 0), favorable (0 < 1/n < 1), and
unfavorable (1/n > 1). Equation 6 can be rearranged to a linear form

log g. = log Kz + (1/n)log C, (7)

To study the applicability of the Freundlich for dye adsorption
onto alginate, linear plot oflog g, versus log C, was plotted. The values
of Ky, n, and R* are shown in Table 1.

The Tempkin isotherm is given as

ge = RT/bIn(KrC,) (8)
which can be linearized as
ge = BiInKr+B; In C, 9)
where
B, = RT/b (10)

The Tempkin isotherm contains a factor that explicitly
takes into account adsorbing species—adsorbent interactions.
This isotherm assumes that (i) the heat of adsorption of all
molecules in the layer decreases linearly with coverage due to
adsorbent—adsorbate interactions and (ii) the adsorption is
characterized by a uniform distribution of binding energies, up to
some maximum binding ene1‘gy.36’37 K is the equilibrium binding
constant (L+mg ') corresponding to the maximum binding
energy and constant B; is related to the heat of adsorption.
The R and T are the gas constant (8.314 ] mol 'K ') and the
absolute temperature (K), respectively.

To study the applicability of the Tempkin isotherm for dye
adsorption onto alginate, a linear plot g, versus In C, are plotted.
The values of Kr, By, and R* are shown in Table 1.

The R values showed that the dye removal isotherm using
alginate in single system did not follow the Freundlich and
Tempkin isotherms (Table 1). The linear fit between C./q.
versus C, for the Langmuir isotherm model in single systems
showed that the dye removal isotherm could be approximated
with the Langmuir model (Table 1). This means that the
adsorption of cationic dyes takes place at specific homogeneous
sites and a one layer adsorption onto the alginate surface in the
single systems.

Binary Systems. In this work, an extended Langmuir model
(eq 11), Freundlich and Tempkin isotherm (single system
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Figure 6. Effect of pH on dye removal by alginate (a) BV16 + BRI18 [4:
BV16(sin), M: BR18(sin), A: BV16(bin), OI: BR18(bin)], (b) BV16 +
BB41 [#: BV16(sin), B: BB41(sin), A: BV16(bin), O0: BB41(bin)], (c)
BRIS + BB41 [#: BR18(sin), B: BB41(sin), A: BR18(bin),d: BB41(bin)].

The extended Langmuir isotherm is given as
Ge,i = (I<L;iQ-0;iCe)i)/(l + ZI<L,iCe,i) (11)

where K ; is the adsorption equilibrium constant of dye i in the
mixed dye system.

In adsorption from binary dye solutions, the amounts of dye
adsorbed can be expressed as

9,1 = (K1, 1Qo,1Ce,1)/(1+ Ky, 1Ce 1 + Kp2Cepn)  (12-1)

Ge,2 = (KL,on,zce,z)/(l + K, 1Ce, 1 +KL,2Ce,2) (12-2)

According to eqs 12-1 and 12-2, we have
(Ky,2Ce,2)/ (K1, 1Qo,1) = (4,2Ce2)/(9e,1Qo,2)  (13)

After rearrangement, a linear form of the extended Langmuir
model in binary dye systems was obtained.

(CE,I/qe,I) = (1/KL,1Q0,1) + (Ce,l/Q_O,l)

+ (q¢,2Ce;1/9¢,1Q0,2) (14-1)
(Cey2/qe,2) = (1/Ky,2Qu,2) + (Cep2/Qo,2)
+ (qe,lce,Z/Qe,ZQo,l) (14—2)

According to eq 14 the values of C.;/qc,; has a linear
correlation with C, ; and C, ;q.2/q.,1Qo,> if the adsorption
obeys the extended Langmuir model. By using eq 14 as
the fitting model, the isotherm parameters of an individual
dye in the binary dye solutions were estimated and are listed
in Table 2. It can be seen that the isotherms of an individual
dye in the binary dye systems followed the extended Lang-
muir model. Figure 7 shows the adsorption isotherms of
dyes.

The R* values showed that the dye removal isotherm using
alginate in binary systems followed the extended Langmuir
model (Table 1). This means that the adsorption of cationic
dyes takes place at specific homogeneous sites and a one layer
adsorption onto the alginate surface in the binary systems.

Adsorption Kinetics. Adsorption kinetics provides informa-
tion regarding the mechanism of adsorption that is important
for the efficiency of the process. It is important to know the rate
of adsorption during removing pollutants from wastewater to

Table 1. Isotherm Constants for Dye Adsorption on Alginate at Different Dye Concentrations from Single and Ternary Systems
(Qo/mg.g™'; Ki/L'mg '; Kg/L+g '; Kr/L-mg '; and B;/mg-g ')

isotherms
system dye Qo Ky R* Kg n R* Ky B, R*
Langmuir Freundlich Tempkin
single BV16 12.438 0.772 0.997 5.837 4316 0.991 42.441 1.690 0.995
BR18 12.255 0.351 0.999 4.053 3.117 0.942 5214 2.266 0.989
BB41 12.254 0.158 0.998 2.732 2.552 0.980 1.713 2.560 0.996
extended Langmuir Freundlich Tempkin
binary BV16+BR18 BV16 12.270 0.572 0.998 5.086 3.768 0.981 16.455 1.907 0.991
BR18 12.484 0.294 0.999 3.750 2.896 0.943 3.745 2.431 0.989
BV16+BB41 BV16 12.180 0.487 0.999 4.678 3.512 0.967 10.268 2.034 0.996
BB41 121.225 0.124 0.999 2.332 2.377 0.974 1.218 2.664 0.998
BR18-+BB41 BR18 12.315 0.300 0.999 3.702 2.888 0.945 3.694 2418 0.982
BB41 11.415 0.149 0.999 2.539 2.607 0972 1.585 2.396 0.997
2806 dx.doi.org/10.1021/je101276x |J. Chem. Eng. Data 2011, 56, 2802-2811
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Table 2. Kinetic Constants for Dye Adsorption on Alginate at Different Dye Concentrations from Single and Binary Systems

(Dye/mg-L™"; (4e)exp/mg g5 (4e)car/mg g~ s ky/min~'; k,/g-mg ™' -min~'; and K,,/mg-g ™" - min"

pseudofirst order

1/2

pseudosecond order intraparticle diffusion

system dye (9e)Exp (ge)cal ky S
single
25 4.125 2.924 0.496 0.948
50 7.833 5.640 0.490 0.951
75 10.625 7.198 0.478 0.933
100 12 8.545 0.458 0.943
25 3.958 2.841 0.491 0.950
50 7.583 5.781 0.483 0.959
75 10 7.558 0.470 0.960
100 11.333 8.993 0.451 0.969
25 3.750 2.824 0.488 0.963
50 6.833 5.126 0.473 0.958
75 9.250 7.156 0.461 0.964
100 10.500 8.802 0.445 0.981
BV16 + BR18
25 4.000 3.044 0.492 0.955
50 7.500 5.642 0.481 0.948
75 10.250 7.820 0.476 0.957
100 11.667 9.320 0.448 0.961
25 3.917 2.820 0.490 0.951
50 7.500 5471 0.484 0.953
75 10.000 7.558 0.470 0.960
100 11.333 8.993 0.451 0.969
BV16 + BB41
25 4.042 3.023 0.490 0.956
50 7.667 5.826 0.484 0.958
75 10.250 8.063 0.470 0.964
100 11.500 10.435 0.536 0.975
25 3.625 2.910 0.567 0.974
NU 6.667 5.038 0.470 0.960
75 8.875 6.965 0.456 0.966
100 10.167 9.247 0.518 0.969
BR18 + BB41
25 3.917 2912 0.493 0.961
NU 7.417 5.429 0.483 0.954
75 10.125 7.870 0.475 0.969
100 11.167 9.039 0.443 0.963
25 3.667 2.780 0.485 0.964
50 6.667 5.038 0.470 0.960
75 8.750 7.107 0.458 0.976
100 9.833 8.141 0.434 0.976

(11 e)CaI. ky R kp I R
BV16
4.172 1.101 0.999 0.839 1.253 0.680
7.930 0.546 0.999 1.597 2.356 0.685
10.741 0.431 0.999 2157 3.239 0.678
12.165 0.316 0.999 2457 3.541 0.695
BR18
4.001 1.093 0.999 0.807 1.193 0.684
7.692 0.485 0.999 1.557 2220 0.699
10.152 0.355 0.999 2.058 2.90S 0.703
11.534 0.259 0.999 2.358 3.154 0.723
BB41
3.801 1.033 0.999 0.769 1.104 0.696
6.930 0.535 0.999 1.404 1.996 0.700
9.398 0.352 0.999 1913 2.635 0.712
10.718 0.242 0.999 2210 2.799 0.741
BV16
4.137 0.982 0.999 0.835 1218 0.691
7.770 0.510 0.999 1.567 2278 0.691
10.650 0.358 0.999 2.154 3.084 0.697
11.876 0.244 0.999 2.426 3.239 0.724
BR18
3.965 1.093 0.999 0.798 1.178 0.685
7.599 0.543 0.999 1.533 2236 0.690
10.152 0.355 0.999 2.058 2.905 0.703
11.534 0.259 0.999 2.358 3.154 0.723
BV16
4.095 0.981 0.999 0.527 1.200 0.692
7.776 0.486 0.999 1.573 2.250 0.698
10.417 0.319 0.999 2.119 2.927 0.711
11.696 0.277 0.999 2.392 3.233 0.718
BB41
3.667 1.316 0.999 0.739 1.100 0.681
6.766 0.534 0.999 1.372 1.936 0.703
9.025 0.349 0.999 1.841 2.501 0.717
10.352 0.287 0.999 2.122 2.810 0.726
BR18
3.968 1.303 0.999 0.802 1.164 0.692
7.513 0.542 0.999 1.517 2.206 0.691
10.277 0.339 0.999 2.091 2.908 0.708
11.377 0.242 0.999 2.330 2.060 0.730
BB41
3.717 1.029 0.999 0.753 1.074 0.699
6.766 0.534 0.999 1.372 1.936 0.703
8913 0.329 0.999 1.826 2414 0.727
10.040 0.252 0.999 2.068 2.616 0.743

optimize the design parameters because the kinetics of the
system controls the adsorbate residence time and reactor dimen-
sions. As a result, predicting the rate at which adsorption takes
place for a given system is grobably the most important factor in
adsorption system design.>”

In order to design a fast and effective model, investigation was
made on the adsorption rate. Several kinetics models (pseudofirst
order, pseudosecond order, and intraparticle diffusion) are used
to test the experimental data such as the examination of the
controlling mechanism of the adsorption process.*”*!
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Figure 7. Adsorption isotherms for dyes on alginate (a) BV16 + BR18
[#: BV16(sin), M: BR18(sin), A: BV16(bin), O: BR18(bin)], (b) BV16
+ BB41 [#: BV16(sin), M: BB41(sin), A: BV16(bin), O: BB41(bin)],
(c) BR18 + BB41 [#: BR18(sin), M: BB41(sin), A: BR18(bin), OI:
BB41(bin)].

The pseudofirst order equation is generally represented as
follows:**

dge/dt = ki(ge — qc) (15)

where g and k; are the amount of dye adsorbed at time t (mgg™)
and the rate constant of pseudofirst-order kinetics (min™),
respectively. After integration by applying conditions, g, = 0 at
t=0and g = g, at t = t, then eq 15 becomes

log(qe — q:) = log(q.) — (k1/2.303)t (16)

Straight-line plots of log(g. —q) versus t for the adsorp-
tion of BV16, BR18, and BB41 in single and binary systems
onto alginate at different dye concentrations have been
tested to obtain the rate parameters. The calculated g,
((ge)car), k1, and R* at different dye concentrations values
were calculated and are given in Table 2.

Data were applied to the Ho and MacKay’s pseudosecond
order kinetic rate equation which is expressed as***

dgi/dt = k(e — q1) (17)

where k, is the rate constant of pseudosecond order

(g-mg71 -minfl). On integrating eq 17

t/q = 1/kaqe’ + (1/q0)t (18)

To understand the applicability of the pseudosecond order
model, linear plots of t/g, versus t under dye concentrations for
the adsorption of dyes in single and binary systems onto alginate
are shown in Figure 8. The calculated g, ((g.)ca1), k2, and R” were
calculated and are given in Table 2.

The possibility of intraparticle diffusion resistance affecting
adsorption was explored by using the intraparticle diffusion
model as

g = kpt'* 41 (19)

where kf and I are the intraparticle diffusion rate constant
(mg-g~ ~min "/ %) and intercept (mg- gfl), respectively.

Values of I (Table 2) give an idea about the thickness of
the boundary layer; that is, the larger the intercept, the greater is
the boundary layer effect. According to this model, a plot of
uptake should be linear if intraparticle diffusion is involved in the
adsorption process and if these lines pass through the origin then
intraparticle diffusion is the rate controlling step.*>** When the
plots do not pass through the origin, this is indicative of some
degree of boundary layer control and shows that intraparticle
diftusion is not the only rate limiting step, but also other kinetic
processes may control the rate of adsorption, all of which may be
operating simultaneously.

The R* values demonstrate that the pseudofirst order and
intraparticle diffusion kinetic models do not play a significant role
in the uptake of the dye by alginate (Table 2). The linear fit between
the t/q; versus contact time (f) and the calculated coefficient of
determination for the pseudosecond order kinetic model show that
the cationic dye removal kinetics can be approximated as pseudo-
second order kinetics (Table 2). In addition, the experimental g,
((ge)rxp) values agree with the calculated ones ((ge)ca), obtained
from the linear plots of the pseudosecond order model (Table 2).

Adsorption Thermodynamics. Thermodynamic parameters
including change in the Gibbs energy (AG), enthalpy (AH), and
entropy (AS) are the actual indicators for practical application
of an adsorption process. According to the values of these
parameters, what process will occur spontaneously can be
determined.

The thermodynamic parameters were determined using the
following equations:*’

AG = AH — TAS (20)
K. = Co/Cs (21)
In K. = (AS/R) — (AH/RT) (22)

where K, C4, and Cs are the equilibrium constant, the amount of
dye adsorbed on the adsorbent of the solution at equilibrium
(mol-L™"), and the equilibrium concentration of dye in the
solution (mol-L™"), respectively.

The obtained thermodynamic parameters are given in Table 3.
The positive value of AH suggests an endothermic reaction.
The positive value of AS suggests the increased randomness at
the solid/solution interface during the adsorption of dyes
onto alginate. The negative values of AG imply the sponta-
neous nature of the adsorption process. Further, the decrease
in the values of AG with increasing temperature indicates
the adsorption is more spontaneous at higher temperatures.
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Figure 8. Pseudosecond order adsorption kinetics of dye removal by alginate (a) BV16 (sin), (b) BV16 (BV16 + BR18), (c) BV16 (BV16 + BB41),
(d) BR18 (sin), (e) BR18 (BV16 + BR18), (f) BR18 (BR18 + BB41), (g) BB41 (sin), (h) BB41 (BV16 + BB41), (i) BB41 (BR18 + BB41)

(#:25mg-L"", M: 50 mg-L~ ', A: 75 mg-L~", 0: 100 mg-L ™).

Table 3. Thermodynamic Parameters of Dye Adsorption on Alginate from Single and Binary Systems

AG/k_]-m017l

system dye AH/KJ-mol " AS/J-mol 'K 298 K 308 K 318K 328 K
single BV16 11.136 —45.083 —2.299 —2.750 —3.200 —3.651
BRI 11.822 43.905 —1.261 —1.700 —2.139 —2.578

BB41 5.903 17.488 0.692 0.517 0.342 0.168

BV16+BR18 BV16 13.547 50.731 —1.571 —2.078 —2.586 —3.093
BRI8 10.520 38.585 —0.979 —1.364 —1.750 —2.136

BV16+BB41 BV16 12.944 48.967 —1.648 —2.138 —2.627 —-3.117
BB41 5392 14.697 1.013 0.866 0.719 0.572

BR18+BB41 BRI 9.500 34293 —0.719 —1.062 —1.405 —1.748
BB41 4.512 11.670 1.034 0.917 0.801 0.684

Generally, the change in free energy for physisorption is between
(—20to 0) kJ-mol ', but chemisorption is in the range of (—80 to
—400) kJ-mol~".** The values of AG obtained in this study are
within the ranges of a physisorption reaction.

Bl CONCLUSION

Equilibrium, kinetic, and thermodynamic studies were con-
ducted for the adsorption of BV16, BR18, and BB41 from aqueous
solutions onto alginate in single and binary systems. The results

2809

of adsorption showed that alginate can be effectively used as a
biosorbent for the removal of cationic dyes. The alginate biosorbent
exhibited high sorption capacities toward BV16, BR18, and
BB41. The equilibrium data showed that the experimental data
were correlated reasonably well by the Langmuir and the
extended Langmuir isotherm models in single and binary sys-
tems, respectively. The kinetic studies were performed based on
pseudofirst order, pseudosecond order, and intraparticle diffu-
sion models. The data indicated that the adsorption kinetics of
dyes on alginate followed the pseudosecond order model at
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different dye concentrations. Thermodynamic studies indicated
the presence of an energy barrier in the adsorption process and
an endothermic process. On the basis of the data of the present
study, one could conclude that the alginate is an eco-friendly
adsorbent for dye removal from colored textile wastewater.
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