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ABSTRACT

A biosorbent was developed by mixing the macro-fungus Agaricus bisporus and Thuja orientalis cones and
successfully used for the biosorption of Reactive Blue 49 (RB49) dye. The biosorbent system was evalu-
ated in batch and continuous biosorption process. A series of batch studies was carried out to identify the
optimum biosorption conditions such as pH, biosorbent dosage and equilibrium time. The biosorption
process followed the pseudo-first-order and the pseudo-second-order kinetic models and the Freundlich,
Langmuir and Dubinin-Radushkevich (D-R) isotherm models at different temperatures. The maximum
biosorption capacity of the mixed biomass system was 1.85 x 10~4 molg~! at 45°C. The negative AG®
values and the positive AH® values indicated that the biosorption process was spontaneous and endother-
mic. The dynamic flow biosorption potential of the biomass system was investigated as a function of the
flow rate, column size and inlet solute concentration. FTIR and SEM analysis were used to character-
ize the biosorbent and biosorption mechanism. The functional groups such as carboxyl, amine, amide
and hydroxyl on the biosorbent surface may be responsible for RB49 biosorption. In combination, our
results suggest that this eco-friendly and economical biomass system may be useful for the removal of
contaminating reactive dyes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Synthetic dyes from the effluents of textile industry are known
to be amajor source of environmental pollution, in terms of both the
volume of dye discharged and the effluent composition [1]. Approx-
imately 1 million kilograms of dye are discharged in effluents from
the textile industry each year in the world [2].

Based on dyeing processes, textile/tannery dyes may be classi-
fied as acid, basic, direct, disperse, mordant, reactive, sulfur, azoic
and vat dyes. Reactive textile dyes are highly water-soluble anionic
dyes. They differ from the other classes of dyes since they covalently
bind to textile fibers and cannot be easily removed by conventional
treatment processes due to their stability under light, heat, oxidiz-
ing agents and biological degradation [3,4]. Textile dye effluents
contain reactive dyes in a concentration range of 5-1500mgL-1.
Therefore, the treatment of dye-contaminated effluents is currently
a primary environmental concern [5].

Biosorption technology utilizing different types of biomasses is
environmentally important since they can be used to remove toxic
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compounds from contaminated effluents [6]. The dye biosorption
potentials of many different biological materials have previously
been reported upon, including Aspergillus niger [7], Chlorella vul-
garis [8], Caulerpa scalpelliformis [9], Phaseolus vulgaris L. [10] and
Trametes versicolor [11].

The advantages of macro-fungus-based biomasses such as eas-
ily and economically available anywhere, chemical stability in most
alkaline and acidic conditions and good mechanical properties
make them attractive in the biosorption studies. Furthermore, the
fruiting bodies of the macro-fungi have a tough texture when dried
and have other physical characteristics which are conductive their
development into adsorbents [12,13].

The macro-fungus Agaricus bisporus, commonly known as
a mushroom, is an edible basidomycete and is commercially
available. The main components of the fungal cell wall are
polysaccharides (80-90% of the dry mass). Chitin is characteris-
tic component of the basidomycetes [14]. A. bisporus was chosen
as a biosorbent material in this study because there is relatively
little information in the literature regarding its dye biosorption
capability. Thuja orientalis cones are economical, and are a natural
biomaterial that is widely available in large quantities. The mature
cones contain hemicellulose, cellulose, lignin, rosin and tannins
[15]. Previous studies have reported that T. orientalis cones have
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the capacity to bind metals [15-17] and dyes [18]. However, there
is currently no information regarding the use of T. orientalis cones
as biomatrix and limited information on the wastewater treatment
using mixed adsorbents in the literature.

In the current study, the macro-fungus A. bisporus and T. ori-
entalis cone biomatrix were mixed well and employed as mixed
biosorbent. Its biosorption potential was analyzed using Reac-
tive Blue 49 (RB49) as a model dye. The biosorption behavior of
the mixed biosorbent was examined by the Freundlich, Langmuir,
Dubinin-Radushkevich (D-R) isotherms, the pseudo-first-order
and the pseudo-second-order kinetic models and thermodynamics.
Dye-biosorbent interactions were examined by FTIR and SEM anal-
ysis. The dynamic flow biosorption performance of the biosorbent
system was also investigated.

2. Materials and methods
2.1. Apparatus

A Unicam UV2-100 model UV/vis spectrophotometer equipped
with a tungsten lamp was used to determine the dye concentra-
tions in the solutions at Amax of 586 nm. All pH measurements
were performed with a WTW INOLAB 720 model digital pH meter.
FTIR spectral analysis of unloaded and dye-loaded biosorbent was
recorded in a PerkinElmer Spectrum 100IR infrared spectrometer
in the region of 400-4000cm~"' and the samples were prepared
as KBr pellets under high pressure. The surface structure and mor-
phology of the biosorbent material before and after dye biosorption
were characterized using a scanning electron microscope (JEOL 560
LV SEM), at 20kV and a 1000 x magnification. Prior to analysis, the
samples were coated with a thin layer of gold under an argon atmo-
sphere to improve electron conductivity and image quality. The
surface charge of the biomass was measured using a Zeta potential
analyzer (Malvern Zetasizer nano ZS).

2.2. Preparation of mixed biosorbent

The macro-fungus A. bisporus was purchased from a commer-
cial company and T. orientalis cones were naturally collected in July
2007. The samples were repeatedly washed with deionized water
to remove adhering dirt and soluble impurities. They were then
dried at 80°C for 24 h and crushed and sieved to a particle size of
under 150 wm using an ASTM standard sieve.

The T. oriantalis cones were used as a biomatrix and the pro-
cedure [19] recommended by Mahan and Holcombe was used to
prepare the mixed biosorbent. The A. bisporus/T. oriantalis ratio used
was 1:2, and a solid mixture of the biological samples was prepared.
The powder mixture was wetted with 5 mL of deionized water and
thoroughly mixed. The paste was heated in an oven at 80 °C for 24 h
to dry the mixture. The wetting and drying steps were repeated
to improve the biosorption efficiency. The mixed biosorbent was
then crushed to obtain the original particle size. The powdered
mixed biosorbent was stored in a glass bottle prior to biosorption
studies.

2.3. RB49 solutions

The RB 49 dye was selected as a representative reactive dye for
this study. Its chemical structure is shown in Fig. 1. A stock solu-
tion of RB49 was prepared by dissolving 1.0g of RB49 in 1L of
deionized water, and the concentrations of RB49 used in this study
(100-1000 mg L~1) were obtained by dilution of the stock solution.
The pH of the solution was adjusted to the desired value by adding
a small quantity of 0.1 molL~! HCl or 0.1 molL~! NaOH.

SOzNa

o] NH,
SO;Na
CH3
o] NH CH; NH

Fig. 1. Chemical structure of RB49.

S03Na

2.4. Batch biosorption studies

Batch biosorption studies were conducted in 100mL glass
beakers. RB49 solutions were used at a concentration of 150 mg
RB49L-1, with pH values ranging from 1 to 10. Fifty milliliters
of the RB49 solution was added to each beaker with 0.05g of
mixed biosorbent. The mixture was stirred at 200 rpm for 60 min
using a digitally controlled magnetic stirrer. The samples were cen-
trifuged at 4500 rpm for 3 min to separate the solid phase from
the liquid phase. The supernatants were analyzed to determine the
concentration of the RB49 that remained by spectrophotometer.
In order to determine the maximum biosorption yield, biosorbent
samples at concentrations ranging between 0.2 and 4.0gL~1 were
mixed with RB49 solutions (at an initial pH of 1.0) and stirred for
60 min. After centrifugation, the samples were analyzed for RB49,
as described above. The relationship between contact time, temper-
ature and biosorption efficiency of the dye was determined using
a batch test. The contact time between the dye and the biomass
ranged from 5 to 90 min and the temperatures ranged from 25 to
45 °C. The pseudo-first-order and the pseudo-second-order kinetic
models were applied to data. The Langmuir, Freundlich and D-R
isotherm models were investigated in batch mode using an initial
RB49 concentration range of 100-1000 mg L~! and varying operat-
ing temperatures.

2.5. Column biosorption studies

The performance of the mixed biosorbent was investigated in a
continuous mode using an up flow packed glass column. A known
quantity of biomass was packed between two layers of glass wool
into the column to provide the desired bed height. The RB49 solu-
tion was pumped from the bottom of the column to the top at
a desired flow rate using a peristaltic pump (Ismatec ecoline).
All of the column studies were performed at room temperature
(25+£0.5°C) and the temperature was periodically checked during
the column process. In the first stage of the column biosorption
studies, the flow rate of sorbate was altered in a range between
0.5 and 7.0mLmin~!, while all of the other parameters, such as
pH, amount of biosorbent, temperature, initial dye concentration,
column i.d. and sorbate volume were kept constant. The effect of
column i.d. on the biosorption performance was investigated by
using different columns (9-19 mm i.d. and 100 mm height). The
effluent samples left the column and were collected (in a 50 mL
volume) and analyzed at Amax of 586 nm as described above.

3. Results and discussion

The biosorption capacities of A. bisporus and T. orientalis were
found as 69.51 and 14.93mgg~! for RB49. The mixed biosorbent
has the biosorption capacity of 72.86 mgg~! at same experimental
conditions. In the case of a combination of these biosorbents, the
biosorption capacity of T. orientalis increased by 4.88-fold while the
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Fig. 2. Variation of zeta potentials of mixed biosorbent, A. bisporus and T. orientalis
under different pH conditions.

biosorption capacity of A. bisporus slightly increased. Advantage of
the use of mixed biosorbent is the low cost of the biosorption pro-
cess. T. orientalis cones are widely available in large quantity. Hence,
the almost the same amount of RB49 pollution could be removed
with lower amount of A. bisporus in a mixture of raw materials.

3.1. The effect of initial pH on biosorption

Dye-bearing wastewaters generally differ in their pH values. The
dye-biosorbent interaction depends on the structures of the dye
and biosorbent. Dyes are complex aromatic organic compounds
with unsaturated bonds and different functional groups. Therefore,
they have different degrees of ionization at different pH values, and
this alters the net charge on dye molecules. The net charge on the
biosorbent is also pH-dependent because the biosorbent surface
has biopolymers with many different functional groups. Therefore,
the pH of the medium is an important environmental parameter
for dye removal from the aqueous medium [13].

Since there was a close relationship between the zeta poten-
tial and the biosorption capacity of biomaterials [20], the changes
in the surface charge of the biomass could be determined. Fig. 2
indicates the zeta potential of the biomass under different pH con-
ditions. The point of zero charge of the biosorbent, pHp;c, was
around 1.5. The acidic value of pHp,c could be due to the presence
of anionic groups on the biosorbent surface that dominate over the
cationic groups. The presence of polysaccharides, phosphates and
amino groups on the cell wall give a net charge on the surface that
depending on the pH [21]. When the pH of the solution increases,
the number of positively charged available sites decreases, and
the number of negatively charged sites increases. The surface of
the biosorbent becomes negatively charged, and this decreases the
biosorption of the negatively charged RB49 anions through electro-
static forces of repulsion. Therefore, the biosorption of reactive dye
anions increases at lower pH values.

Fig. 3 shows the effect of initial pH on RB49 uptake using mixed
biosorbent. As the pH of the aqueous medium increased from 1.0 to
4.0, the biosorption capacity of the biomass decreased from 72.86
to 772mgg! and it remained nearly constant within the range
of pH 4.0-10.0. The optimal initial pH for biosorption was 1.0 and
these results were also consistent with the trend in zeta potential
observed for the mixed biosorbent.

3.2. Effect of biosorbent dosage

The biosorption performance of the mixed biosorbent was
tested by using different amounts of sorbent and these results are
presented in Fig. 4.
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Fig. 3. Initial pH effect on the biosorption of RB49 using mixed biosorbent (m:
1.0gL~"; Co: 150mgL-"; t: 60 min).

Fig. 4 shows that the percentage biosorption yield increased
from 2.78 to 84.70% when the biomass concentration increased
from 0.2 to 3.0 g L~1. The increase in biosorption yield with biomass
concentration may be attributed to the increased surface area of
biomass and availability of possible biosorption sites [22]. Similar
findings have also reported by other researchers [23,24]. A further
increase in biomass concentration over 3.0gL~! did not lead to a
significant improvement in biosorption yield due to saturation of
the biosorbent surface with dye molecules [25]. Therefore, the opti-
mal biomass concentration was selected as 3.0 gL~! for the further
experiments.

3.3. Time of equilibrium as a function of temperature

The time dependency of batch mode biosorption was tested
at 25, 35 and 45°C by varying the contact time between 10 and
90 min. Fig. 5 shows that for the given temperatures, the biosorption
capacity of biomass increased in a linear manner with time and the
biosorption equilibrium was established within 40 min. The equi-
librium biosorption capacities of the mixed biosorbent were 41.35,
44.45 and 48.07 mg g~ ! at temperatures of 25, 35 and 45 °C, respec-
tively. After this period, dye biosorption was virtually constant. The
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Fig. 4. Effect of biosorbent dosage on the biosorption of RB49 using mixed biosor-
bent (pH: 1.0; Co: 150mgL~"'; t: 60 min).
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Fig. 5. Effect of contact time on the biosorption of RB49 using mixed biosorbent at
different temperatures (pH: 1.0; Co: 150mgL-'; m: 3.0gL™").

observed trend in increased biosorption capacity with increasing
temperature suggests that biosorption of the RB49 dye by mixed
biosorbent is kinetically controlled by an endothermic process.

The higher biosorption rate that was observed at the beginning
of biosorption process may be explained by an increase in the num-
ber of sorbent binding sites, which would result in an increased
concentration gradient between sorbate in the solution and on the
biomass surface. Since the biosorption of RB49 dye molecules onto
vacant binding sites was decreased with an increase in contact time,
the concentration gradient was reduced [26].

3.4. Biosorption kinetics

The equilibrium of sorption and sorption kinetics are two
important physicochemical factors to consider when evaluating
a sorption process. Sorption kinetics can explain the dependency
of sorption rates upon the concentrations of sorbate in solu-
tion, and how sorption rates are affected by sorption capacity,
or by the character of the sorbent [27]. Since the principles
underlying biosorption kinetics include fitting the model that rep-
resents the experimental data best [26], the pseudo-first-order
and the pseudo-second-order kinetic models were tested in our
study.

The Lagergren pseudo-first-order rate expression [28] is given
by the following equation:

In(ge — q¢) = In ge — K1t (1)

where ge and g; are the dye biosorbed at equilibrium and time t
(mgg~1), respectively. K; is the rate constant for pseudo-first-order
biosorption (min—!). A straight line of In(ge — q¢) versus t (figure
not shown) would suggest that this kinetic model is applicable to
the data tested, and K. and g were determined from the slope
and intercept of the plot, respectively. The kinetic data in Table 1
demonstrate that the biosorption of RB49 onto mixed biosorbent
does not follow pseudo-first-order kinetics.

25

#/g, ((min g) mg")
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Fig. 6. Pseudo-second-order kinetic plots for the biosorption of RB49 by mixed
biosorbent at different temperatures.

The pseudo-second-order rate equation [29] is given by
t 1 1

—_ = —— 4+ — 2
qe kzq% q2 ( )

where k; is the pseudo-second-order rate constant (gmg~! min—1)
and g is the equilibrium biosorption capacity (mgg=1). Values of
ky and g, were calculated from a plot of t/q; against t (Fig. 6).

As seen in Table 1, the r? values for the pseudo-first-order
and the pseudo-second-order kinetic models indicated that the
pseudo-first-order kinetic model could not explain the biosorption
kinetics in our study. However, the calculated equilibrium biosorp-
tion capacities from the pseudo-second-order kinetic model with
r2 values of 0.999 showed good agreement with the experimen-
tal values at all temperatures studied. The higher linear 12 values
confirm that the biosorption data are well represented by the
pseudo-second-order model for the entire biosorption period and
thus support the assumption behind the model that the biosorption
is due to chemisorption. The pseudo-second-order rate constants
for the biosorption of RB49 dye onto biosorbent show a steady
increase with temperature. The values of rate constants were found
to increase from 7.09 x 103 to 3.54 x 10~2gmg~! min~! with an
increase in the solution temperatures from 25 to 45 °C, indicating
that the biosorption of RB49 dye onto mixed biosorbent is rate-
controlled (Table 1).

3.5. Column biosorption studies

Although the results from the batch biosorption study provided
fundamental information regarding the biosorbent behavior and
dye biosorption performance [26], a continuous mode of operation
is preferred for large-scale water treatment applications. A contin-
uously operating system has advantages such as simple operation,
high yield, is easily scaled up from the laboratory and the packed
bed of biosorbent is easy to regenerate [4]. Therefore, the mixed
biomass system developed in this study was also used to evaluate
RB49 biosorption in a continuous mode.

Table 1

Kinetic parameters for the biosorption of RB49 onto mixed biosorbent at various temperatures

t(°C) Ki (min~1) ge (mgg™") i ka (gmg ' min~") q2 (mgg1) i

25 3.11 x 102 7.53 0.714 7.09 x 103 44.37 0.999
35 2.81x 1072 5.70 0.576 9.25x 1073 46.79 0.999
45 3.91 x 102 3.17 0.708 3.54 x 102 48.32 0.999
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Fig. 7. Effect of flow rate on the biosorption of RB49 by mixed biosorbent (pH: 1.0;
Co: 150mgL~—"; m:3.0gL~"; column i.d.: 9.0 mm).

The flow rate of sorbate was varied from 0.5 to 7mLmin~! to
evaluate the effect of flow rate on the biosorption capacity of mixed
biosorbent. These results are shown in Fig. 7. The flow rate strongly
influenced RB49 uptake capacity, and lower flow rates favor RB49
biosorption. The biosorption capacity of the mixed biosorbent sig-
nificantly decreased with increased flow rate [30]. At lower flow
rates, RB49 had more time in contact with the biosorbent, result-
ing in more RB49 being removed from the column. High flow rates
reduce the contact time between the dye molecules and biosorbent
by reducing the solute residence time [31]. Therefore, the RB49
biosorption capacity of the mixed biosorbent was reduced from
97.84 to 54.22mgg~! with an increase in the flow rate from 0.5
to 70mLmin~!. The optimal flow rate for RB49 biosorption was
chosen as 0.5 mLmin~! in this study.

In order to investigate the effect of column size on biosorption
performance, the column i.d. was changed from 9 to 19 mm and the
results of these experiments are shown in Fig. 8.

The RB49 biosorption capacity of biosorbent was increased from
21.40 to 49.92mgg-! when the column i.d. was decreased from
19 to 9 mm. As the column i.d. was increased, the bed height was
decreased because the amount of loading biomass into column was
kept constant. Therefore, the maximum biosorption capacity was
observed when a column with the lowest ID was used.

3.6. Biosorption isotherms

The isotherm models are widely used parameters to describe the
equilibrium between biosorption capacity (ge ) and sorbate concen-
tration (Ce) at a constant temperature. In this study, the equilibrium
data were experimentally determined and three different models,
the Langmuir, Freundlich and D-R were fitted to the data. The model
constants calculated are presented in Table 2.

Table 2
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Fig. 8. Effect of column size on the biosorption of RB49 by mixed biosorbent (pH:
1.0; Co: 150 mgL-1; m: 3.0gL""; flow rate: 0.5 mLmin1).

The Langmuir parameters can be derived from a linearized form
of Eq. (3) [32] represented by

1 1 1 1
de  Gmax * (QmaxKL) Ce (3)
where ge and qmax are the equilibrium and monolayer biosorp-
tion capacities of the sorbent (molg-1), respectively, Ce is the
equilibrium RB49 concentration in the solution (molL~1) and K
is the biosorption equilibrium constant (Lmol~!) related to the
free energy of biosorption. qmax indicates a practical limiting
biosorption capacity when all binding sites are occupied by dye
molecules, and allows comparison of biosorption performances
[25]. The Langmuir isotherm plots at different temperatures are
shown in Fig. 9. The r2 and gmax values in Table 2 suggested
that the Langmuir isotherm might be a suitable model for out
data due to the high correlation coefficients. It was concluded
that the biosorption process of RB49 by mixed biosorbent was
monolayer biosorption, and the maximum monolayer biosorption
capacities were found between 1.34 x 10~ mol g~ (118.26 mgg')
and 1.85x 10~%molg-! (153.26 mgg~1) at the various tempera-
tures used in this study.

The Langmuir constant, Ki, can be used to determine the suit-
ability of the biosorbent for the sorbate using the Hall separation
factor (R.) as follows [33,34]:

1

T 1+K.Go “)

Ry

where (y is the highest initial sorbate concentration (molL~1). R,
is the constant separation factor (dimensionless) and can be used

Biosorption isotherm constants for the biosorption of RB49 onto mixed biosorbent at various temperatures

Gexp (Molg™')  Langmuir Freundlich Dubinin-Radushkevich (D-R)
Qmax (molg™") K (Lmol-") 12 Re n Ke(Lg™') 12 Gmax (molg=1) B (mol?kJ—2) r3_p E (kjmol-1)
Batch (25°C) 1.68 x 10~* 1.34 x 104 6.44 x 10° 0985 1.25x10723.596 1.33x103 0.958 3.61x10* 1.53 x 1073 0.976 14.58
Batch (35°C) 1.92x 104 1.64 x 104 4.38 x 10° 0990 1.83x10°22.958 2.67 x 103 0.951 5.43 x 104 1.64 x 103 0.972 13.67
Batch (45°C) 2.06 x 104 1.85x 104 3.93 x 10° 0994 2.03x10°22.817 3.41x103 0934 6.40x10* 1.62 x 103 0.960 13.79
Column 139 x 104 1.32x 104 6.77 x 10° 0986 1.69x10°23.448 1.52x103 0940 3.82x10* 1.56 x 103 0.963 14.37
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Fig. 9. Biosorption isotherm plots for the biosorption of RB49 by mixed biosorbent
at in batch and continuous systems (pH: 1.0; m: 3.0gL1).

for interpretation of the sorption type as follows [35]:

R, > 1, unfavorable

R. < 0, unfavorable

R, =1, favorable (linear)
0 <R, <1, favorable
R, =0, irreversible

In this study, we found values of R, between 1.25 x 10~2 and
2.03 x 1072, and this, along with the shape of the curve of the data
(Fig. 9) indicates that the biosorption [36] of RB49 by mixed biosor-
bent is favorable.

Biosorption—partition constants were determined for RB49
using the following linearized Freundlich equation:

In ge = In K¢ + % In Ce (5)

where K (Lg~1) is the Freundlich constant, which indicates biosor-
bent capacity and n (dimensionless) is the Freundlich exponent,
which is related to biosorbent intensity [37].

The Freundlich isotherm plots for RB49 biosorption by the mixed
biosorbent at different temperatures are shown in Fig. 9. The val-
ues of Kg and n at the different temperatures ranged between
1.33 x 103 t0 3.41 x 10~3 and 3.596-2.817, respectively (Table 2).

Since the Freundlich and Langmuir isotherm models do not pro-
vide any insights into the biosorption mechanism, the equilibrium
data were tested with the D-R isotherm model. The D-R model was
used to estimate the mean free energy of biosorption. The following
equation indicates the linearized D-R isotherm [38]:

In ge = In g — B&? (6)

where ¢=RTIn(1+1/Ce) (Polanyi potential), g, is the biosorption
capacity (molg=1), B is the constant related to the biosorption
energy, R is the gas constant and T is the temperature (K). The D-R
plots for RB49 biosorption are shown in Fig. 9.

The Polanyi sorption theory assumes [39] that there is a fixed
volume of sorption space close to the sorbent surface, and that sorp-
tion potential exists over these spaces. The mean free energy of
biosorption (E) can be calculated from the equation:

1
E=—_
(2p)'?
The magnitude of E is useful for estimating the type of biosorp-

tion process, and the value of E was found to range between
14.58 and 13.67 k] mol~! in this study. These values are within the

(7)
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Fig. 10. Plot of InKp versus 1/T for estimation of thermodynamic parameters.

energy range of sorption reactions (8-16 k] mol~1).If the interval of
(8-16kJ mol~1) is taken into consideration [40], RB49 biosorption
by mixed biosorbent may be classified as chemical sorption.

The isotherm equations shown above were also applied to
continuous biosorption data and similar results were obtained
as with batch conditions, 1.34x10~4molg-! at 25°C (room
temperature) (Table 2). The maximum monolayer capacity
was 1.32 x 10-*molg~! under column conditions. These results
were also consistent with an experimental qmax value of
1.39x 10~4molg~1.

3.7. Thermodynamic analysis of biosorption

Thermodynamic parameters (energy and entropy) are used to
determine whether a biosorption process will spontaneously occur.
RB49 biosorption may be represented by the following reversible
process [41]:

dye in solution = dye-mixed biosorbent

For such equilibrium reactions, Kp, the distribution constant, can
be used to calculate the Gibbs free energy:

_ Qe

Kp = a (8)

AG® = —RT In Kp 9)
AG° AH°  AS°

In KD = — RT = — RT =+ R (10)

where R is the universal gas constant, 8.314Jmol~'K-!, and T is
the absolute temperature in K. The AS° and AH® values were cal-
culated from the slope and intercept of a Van't Hoff plot (Fig. 10)
of InKp versus 1/T, respectively. The negative values of AG® at dif-
ferent temperatures (Table 3) indicate that RB49 biosorption is a
spontaneous process and the mixed biosorbent has higher affin-
ity at higher temperatures. A decrease in the magnitude of AG®
values with an increase in the temperature may be attributed to a
reduction in the spontaneity degree at studied temperatures [42].

Table 3
Thermodynamic parameters calculated from the pseudo-second-order kinetic
model for the biosorption of RB49 onto mixed biosorbent

t(°C) Kp AG® (kjmol-1) AH° (k] mol~!) AS° (JK-'mol")
25 7.88 —5.06

35 14.56 —6.94 50.93 187.80

45 28.69 —8.82
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Fig. 11. SEM micrographs for (a) mixed biosorbent and (b) RB49-loaded-mixed
biosorbent.

The change in the standard enthalpy, AH° is 50.93 k] mol~!. The
positive AH° value shows that biosorption of RB49 dye by mixed
biosorbent is an endothermic process and reflects the affinity of
mixed biosorbent for RB49. This trend may be explained by avail-
ability of more active sites of adsorbent at higher temperatures due
to increased surface activity and increased kinetic energy of the
RB49 molecules.

The positive AS° value (+187.80JK-!mol') indicates that
randomness at the solid-solute interface increases with RB49
biosorption onto the biosorbent [43], suggests good affinity of RB49
towards the biosorbent and reflects some structural changes in sor-
bate and biosorbent. The similar findings were also reported in the
literature [26,44-46].

3.8. Characterization of the biosorbent and biosorption
mechanism

The biosorbent used in this study was analyzed by scanning
electron microscopy to examine its textural structure. An SEM
micrograph of unloaded biomass is shown in Fig. 11(a), and indi-
cates the fibrous structure of the biomass. The biosorbent has
irregular pores with a diameter of about 10 um, which indicates
that the mixed biosorbent has a porous structure [47]. This struc-
tural feature of the biomass may be important since it increases

o
i=]]
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Fig. 12. FTIR spectra for A. bisporus (a) and T. orientalis (b).

the total surface area [48]. Fig. 11(b) shows an SEM micrograph of
the biomass loaded with dye. The biomass structure changed upon
sorbing the RB49, and had a tendency to form agglomerates [49].
There was also an observed decrease in pore sizes in the biomass,
and this may be attributed to the fact that the porous structure
plays a role in RB49 biosorption.

The FTIR spectra of A. bisporus and T. orientalis were given in
Fig. 12 in order to characterize the raw materials of mixed biosor-
bent. The similar functional groups were observed in the FTIR
spectra of both raw materials. The FTIR spectra of unloaded and
dye-loaded mixed biosorbent in a range of 400-4000cm~! were
analyzed in order to discover which functional groups are respon-
sible for the biosorption process. These data are presented in Fig. 13.
The unloaded biomass has a very complex structure and has a num-
ber of absorption peaks. It has previously been reported that all
of the biological sorbent materials have intense absorption bands
around 3500-3200, which represent the stretching vibrations of
amino groups. These bands are superimposed onto the side of the
hydroxyl group band at 3500-3300 cm~" [48]. A similar and very
strong absorption peak was observed for both unloaded and dye-
loaded biomass at about 3400 cm~!. The spectra of the unloaded
and RB49-loaded biomass also display absorption peaks at 3011,
2926 and 2854 cm™!, corresponding to stretching of the C—H bonds
of the methyl and methylene groups present in the lignin structure

Transmittance (%)

4000 3000 2000 1000
Wavelength (cml)

Fig. 13. FTIR spectra for (a) mixed biosorbent and (b) RB49-loaded-mixed biosor-
bent.
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[50]. The carboxyl groups showed a characteristic absorption peak
at 1744 cm! for unloaded biomass, and this band slightly shifted
to a lower frequency (1740cm~!) after RB49 biosorption. —C=0
chelate stretching of the amid-I band was observed at 1627 cm~!
for both unloaded and dye-loaded biomass. The appearance of
an amid-II band at 1526cm~! and —C—N stretching vibrations at
1159 and 1106 cm~! [51] for dye-loaded biomass may be attributed
to biosorption of RB49 molecules onto the biomass surface. The
—OH bending vibrations at 1412 cm~"! and bands at 1261 cm~! that
corresponded to bending vibrations of the O—C—H, C—C—H and
C—0—H groups [50] in the unloaded biomass disappeared in the
FTIR spectrum of the dye-loaded biomass. The absorption peaks
around 1163 and 1078 cm~! are indicative of P=0 stretching and
P—OH stretching vibrations, respectively [52]. The band between
611 and 520 cm~! for the mixed biosorbent represents C—N—C scis-
soring that is only found in protein structures [48], and this band
disappeared after RB49 biosorption.

The FTIR spectrum of the unloaded biomass indicates that amine
groups are present, and these are likely to be responsible for RB49
binding. The spectra also indicate that carboxyl and phosphonate
groups are also present in the biomass, and these groups may elec-
trostatically inhibit RB49 binding at the higher pH value of 3.0 [53].
The alterations observed in the FTIR spectra upon dye loading indi-
cated the groups that were potentially involved in the biosorption
process on the biomass surface.

4. Conclusions

A biosorbent mixture of A. bisporus and T. orientalis was found
to be an effective biosorbent for the removal of a reactive dye
(RB49) from contaminated solutions in both batch and continu-
ous biosorption processes. Batch studies demonstrated that the
kinetics were well described by the pseudo-second-order model,
and the equilibrium was well described by the Langmuir model
in the temperature ranges studied. The temperature dependence
data indicated that the biosorption process was spontaneous and
endothermic. Dynamic flow studies revealed the importance of
flow rate, column size and inlet solute concentration in the biosorp-
tion process. The dye-biosorbent interactions were confirmed by
FTIR and SEM analysis and the functional groups such as carboxyl,
amine, amide and hydroxyl on the biosorbent surface were found
as responsible for RB49 biosorption. In conclusion, the biomass
system proposed in this study may be an economic, effective and
eco-friendly option for the removal of reactive dyes from aqueous
media.
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