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Abstract

In this study dried Trametes versicolor, a white-rot fungus and chitosan, a fungal component derivative were used for the removal of Acid Blue
161 (AB 161) acidic dye from aqueous solution and the results were compared with the outcomes of acid-washed powdered activated carbon
(PAC). The influence of suspension pH, temperature, and initial dye concentration on AB 161 dye removal was investigated by conducting a series
of batch adsorption experiments. All sorbents exhibited the highest dye uptake capacity at an initial pH value of 3.0. The effect of temperature
on dye removal indicated that maximum capacity was obtained at 45 °C for each AB 161 dye—sorbent system. Sorption capacity of each sorbent
increased with increasing initial dye concentration up to 500 mg1~'. Among the three sorbents, chitosan was the most effectively sorbent showing
a maximum acidic dye uptake of 471.6 mg g~' at 45°C. The Freundlich, Langmuir, Redlich—Peterson and Langmuir—Freundlich, the two- and
three-parameter adsorption models were used for the mathematical description of the sorption equilibrium and isotherm constants were evaluated
depending on sorption temperature. Equilibrium data of AB 161 sorption fitted very well to all models except that the Freundlich model for each
acid dye—sorbent system in the concentration and temperature ranges studied. For each sorbent—dye system simple kinetic models were applied
to the experimental data to examine the mechanisms of sorption and potential rate-controlling steps such as external mass transfer, intraparticle
diffusion and sorption process. The sorption process was found to be controlled by both surface and pore diffusion with surface diffusion at the
earlier stages followed by pore diffusion at the later stages. Pseudo-second-order kinetic model described the adsorption kinetics accurately at all
concentrations and temperatures studied. The thermodynamic analysis indicated that the sorption process was endothermic and the sorption of dye

on each sorbent might be chemical in nature.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Color is a visible pollution. Even a slight coloration of water
sources could make them unacceptable to consumers though
it may not be toxic to the same degree. The source of such
pollution lies in the rapid increase in the use of synthetic dyes
because of their ease of use, inexpensive cost of synthesis, sta-
bility and variety of color compared with natural dyes. More
than 10,000 chemically different dyes are being manufactured.
The world dyestuff and dye intermediates production is esti-
mated to be around 7 x 108 kg per annum [1]. These dyes are
mainly consumed in textiles, tanneries, pharmaceuticals, packed
food industries, pulp and paper, paint, plastics, electroplating and
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cosmetics industries [1-8]. During processing, which include
both dye manufacturing and dye application, up to 15% of the
used dyestuff are released into the process water so the efflu-
ents from these industries are highly colored. Color acquired by
receiving water bodies such as rivers or lakes inhibits growth
of the desirable aquatic life necessary for self-purification by
reducing penetration of sunlight, with a consequent reduction
in photosynthetic activity. As all dyes used in the textile indus-
try are designed to resist fading upon exposure to sweat, light,
water, many chemicals including oxidizing agents, and micro-
bial attack, dye-containing effluents are hardly decolorized by
conventional physico-chemical and biological wastewater treat-
ments. This led to the study of other effective methods, and many
physical and chemical treatment methods including adsorption,
coagulation, precipitation, filtration, electrodialysis, membrane
separation and oxidation have been used for the treatment of
dye-containing effluents. Some of these techniques have been
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Nomenclature

aRp Redlich—Peterson adsorption
constant ((1mg~1)#)

A Langmuir—Freundlich adsorption
constant in Eq. (4) (" mg!=" g_l)

A specific surface area for mass transfer in Eq. (6)
(em™")

Ag frequency factor of adsorption

b Langmuir adsorption constant (Img™")

B Langmuir—Freundlich adsorption
constant ((1 mg_l)’")

C residual bulk dye concentration

at any time (mg1~1)

Caudeq adsorbed dye concentration at
equilibrium (mg1~1)

Ceq residual dye concentration at
equilibrium (mg1~1)

Cs surface dye concentration (mg1~")

Co initial dye concentration (mg1~!)

dp particle diameter (cm)

Enp activation energy of sorption (kJ mol~!)

AG°  Gibbs free energy change of sorption (kJ mol~!)
AH°  enthalpy change of sorption (kJ mol~!)

kr, external mass transfer coefficient (cm min~!)
k2 ad second-order rate constant (g mg_l min—1)
K intraparticular diffusion rate

-1 —0‘5)

constant (mg g~ min
Kr Freundlich adsorption

constant (mg g~ )(mg1~1)")
Kgrp Redlich—Peterson adsorption constant (1 g_l)

K 8 standard thermodynamic equilibrium constant of
the adsorption system

m Langmuir—Freundlich adsorption constant

n Freundlich adsorption constant

q amount of dye adsorbed per gram of sorbent at
any time (mgg~!)

Geq amount of dye per gram of sorbent at equilibrium
(mgg™h)

Omax  Langmuir adsorption constant (mg g’l)

R gas constant (=8.314 Jmol~! K1)

R? correlation coefficient

AS° entropy change of sorption (kJ mol~! K~1)
t time (min)

T solution temperature (°C, K)

X sorbent concentration (g 1=

Greek letters

B Redlich—Peterson adsorption constant
Pp particle density (gml~")

shown to be effective, although they have limitations such as,
excess amount of chemical usage, or accumulation of concen-
trated sludge with obvious disposal problems, expensive plant
requirements or operational costs, lack of effective color reduc-
tion, and sensitivity to a variable wastewater input [3-8].

Among these techniques adsorption has been shown to be
an effective technique with its efficiency, capacity and applica-
bility on a large scale to remove non-biodegradable dyes from
aqueous streams. Activated carbons used in granular, powder or
fiber forms, are the most common adsorbents in liquid-phase
dye adsorption process. Activated carbons are usually produced
from high carbon content materials and possess a great adsorp-
tion capacity due to their highly porous structure, extremely large
surface area to volume ratio and high degree of surface reactiv-
ity. It is also known that acid treatment can modify the carbons’
physical and chemical properties, influencing their adsorption
behavior. The presence and concentration of surface functional
groups plays an important role in the adsorption capacity and
the removal mechanism of the dyes. In addition, the adsorption
process is influenced by the nature of the dye and its substituent
groups and pH of the aqueous solution. Although activated car-
bon has a good capacity for the adsorption of dyes, it suffers from
a number of disadvantages. Activated carbon is quite expensive
and the higher the quality the greater the cost. Both chemical and
thermal regeneration of spent carbon is expensive, impractical
on a large scale and produces additional effluent and results in
considerable loss of the adsorbent [8—15]. This has led many
workers to search for the use of cheap and efficient alternative
materials [8,14-20].

Alternatively, the so-called biosorption, i.e. the passive
uptake of organic and inorganic species including metals and
dyes from aqueous solutions by the use of non-growing or non-
living microbial mass or their derivatives, thus allowing the
recovery and/or environmentally acceptable disposal of the pol-
lutants, could also be considered [5,7,8,21]. The special surface
properties of bacteria, algae and fungi as well as their cell com-
ponents: alginic acid, chitin, cellulose, etc. enable them to adsorb
different kinds of pollutants from solutions. The main attractions
of biosorption are high selectivity and efficiency, cost effective-
ness, good removal performance, possible regeneration at low
cost, availability of known process equipment, sludge free oper-
ation and recovery of the sorbate; raw materials which are either
abundant (sea weeds) or wastes from other industrial operations
(fermentation wastes, activated sludge process wastes) can be
used as biosorbents presenting performances often comparable
with those of ion exchange resins [7,21]. Since fungal biomass
is non-pathogen to humans and animals and it can be produced
cheaply using simple fermentation techniques or obtained as a
waste from various industrial fermentation processes, it is widely
used for the biosorption of dyes [22-29]. However, a few studies
have been focused on utilization of the white-rot fungus Tram-
etes versicolor for dye biosorption so the adsorptive properties
of the microorganism for acid dyes should be investigated.

Chitin is a natural polysaccharide found particularly in the
cell walls of fungi. It is also a main component existing in the
shells of crustaceans, such as crabs, shrimp, prawns, insects,
and centipedes, and is easily prepared from their shells at low
cost by removing other components, calcium and proteins, by
treating with acids and alkalis, respectively. Consequently, it is
one of the most abundant and cheapest forms of biomass, as
well as cellulose. Chitosan is obtained on an industrial scale by
the alkaline deacetylation of chitin, which is a linear polymer
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of acetylamino-D-glucose [8,30,31]. This biopolymer represents
an attractive alternative to other biomaterials because of its
physico-chemical characteristics, chemical stability, high reac-
tivity, excellent chelation behavior and high selectivity toward
pollutants. Other useful features of chitosan include its abun-
dance, hydrophilicity, biocompatibility, biodegradability and
antibacterial property. Recently, the possibility of using chi-
tosan as a material to remove dyes from water and wastewater
has been received a great attention due to its low cost com-
pared to activated carbon and its high contents of amino and
hydroxy functional groups showing high potential for adsorption
of dyes [8,32-36]. As the extension of chitosan as an adsorbent
to remove acid dyes from water has seldom been explored, its
acid dye removal properties should be investigated.

Acid dyes are sodium salts of organic sulfonic acids. Brightly
colored, water soluble and reactive acid dyes are composed of
ionizable anionic groups such as sulfonates, carboxylates or sul-
fates. Acid dyes have a direct affinity towards polyamide and
protein fibers in an acidic dye bath so these dyes are com-
monly used for dyeing polyamide fibers as well as silk, wool
and modified acrylics. Acid dye bath wastewaters are charac-
terized by high chemical oxygen demand (COD), dissolved
solids, high temperature and acidic pH. Moreover acid dyes
are the most problematic with their high molecular weight, as
they tend to pass through conventional treatment systems unaf-
fected. The working conditions: acidic pH (pH 3-5) and high
temperatures (95-105 °C) make acid dyes ideal candidates for
adsorption/biosorption [13,20,37].

While acid textile dyes are of wide use and importance within
the textile industry, little is known about the biosorption of these
dyes by fungal and derivative biosorbents. The present investi-
gation was an attempt to explore the possibility of using dried
white-rot fungus 7. versicolor and fungal component derivative
chitosan toremove AB 161 acid dye from aqueous solutions. The
efficacy of biosorbents in removing AB 161 was also compared
with those of acid-washed powdered activated carbon.

2. Materials and methods
2.1. Biosorbents and adsorbent

The white-rot fungus 7. versicolor, obtained from Hacettepe
University, Biology Department, Turkey, was used as a biosor-
bent for this study. The microorganism was cultivated in liquid
medium using the shake flask method. The growth medium con-
sisted of (g 17! of purified water); D-glucose (10.0); yeast extract
(0.1); KH2PO4 (0.2); NH4H2PO4 (0.5); MgSO4-7H20 (0.5)
and 1 ml of ZnSO4—FeSOy solution (prepared from 1.4 gl1~!
7ZnS0O4-7H,0 and FeSO4-7H,0). The pH of the medium was
adjusted to 4.5 with dilute HySO4 and NaOH solutions before
autoclaving. Once inoculated, 250 ml Erlenmeyer flasks contain-
ing 100 ml of sterile medium were incubated on an orbital shaker
at 150 rpm for 7 days at 30 °C. After the growth period, the pellets
were washed twice with distilled water and dried at 60 °C. For
the biosorption studies, a weight amount of dried biomass was
suspended in 100 ml of double-distilled water and homogenized
in a homogenizer (Janke and Kunkel, IKA-Labortechnick, Ultra

Turrax T25, Germany) at 8000 rpm for 20 min and then stored in
the refrigerator. Ten milliliters of dried biomass suspension was
contacted with 90 ml of solution containing a known concentra-
tion of dye in an Erlenmayer flask at the desired temperature and
pH. Average cell size was found as 135 wm and cell density (0p)
was determined as 1045 g1~!. Assuming spherical particles, the
surface area per unit weight of dried cells which is equal to
(6X/ppdp) (specific surface area) was calculated as 0.213 cm~!.

Chitosan was the other biosorbent purchased from Fluka
(84.9% deacetylated) (product number 22743). Chitosan flakes
were used without further purification. The particle size, par-
ticle density and specific surface area of chitosan flakes were
<335um, 1669g1~" and 0.107cm™!, respectively. For the
biosorption studies, 0.1 g of biosorbent was contacted with
100 ml of dye bearing solution at a definite concentration, pH
and temperature.

Acid (phosphoric and sulfuric acids) washed powdered acti-
vated carbon produced from peat bog (Sigma: product number
C-5510) was used as the comparative acid dye adsorbent. It
was oven-dried at 110 °C for 24 h and stored in a desiccator
until used. The particle size, total surface area, specific sur-
face area and particle density were <150 wm, 1400cm? g™,
0.245cm™'and 1630 g1~ respectively. For the studies, 0.1 g of
activated carbon was treated with 100 ml of known concentration
dye containing solution at a definite pH and temperature.

2.2. Chemicals

For adsorption studies Acid Blue 161 (color index num-
ber: 15706; molecular weight: 394.4; molecular formula:
C20H13N>05SNaCr,; dye content: 45%), a commercial mono-
azo dye, purchased from Sigma—Aldrich (catalog number
A4770) was used as received without further purification. The
test solutions containing AB 161 dye were prepared by dilut-
ing 1.0g1~! of stock solution of dye which was obtained by
dissolving weighed quantity of acidic dye in 11 of double-
distilled water. The range of concentrations of prepared dye
solutions changed between 50 and 500 mg1~!. The pH of each
solution was adjusted to the required value with diluted or con-
centrated HySO,4 and NaOH solutions before mixing the sorbent
or biomass suspension. The preliminary studies showed that the
initial pH value did not change considerably during the experi-
mental period.

2.3. Sorption studies

Sorption studies were conducted in a routine manner by the
batch technique. A number of stoppered Pyrex glass Erlen-
meyers containing a definite volume (100 ml in each case) of
solutions of AB 161 dye of desired concentration, pH and tem-
perature were placed in a thermostatic rotary shaker. All the final
solutions contained 1.0 g1~! of sorbent. The equilibrium and
kinetic studies were done at the same time in the same appa-
ratus. The flasks were agitated at a 150 rpm constant shaking
rate for 48 h to ensure equilibrium was reached. Samples (5 ml)
were taken before mixing the sorbent and dye bearing solu-
tion and at pre-determined time intervals. The dye solution was
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separated from the sorbent by centrifugation at 5000 rpm for
5 min. The samples were disposed of in order not to change the
solid/liquid ratio in the sorption medium. Uptake values were
determined as the difference between the initial dye concentra-
tion and the one in the supernatant. All the experiments were
carried out in duplicates and the average values were used for
further calculations.

2.4. Analysis of dye

The concentrations of unadsorbed AB 161 dye in the
biosorption medium were measured colorimetrically using a
spectrophotometer (Bausch and Lomb-Spectronic 20D, Milton
Roy Company, USA). The absorbance of the color was read at
341 nm.

3. Results and discussion
3.1. Effect of initial pH on dye sorption

The effect of pH is an important factor on the dye-binding
capacity of each sorbent. Fig. 1 shows the equilibrium dye uptake
at various initial pH values ranging from 1.0 to 7.0 for T. versi-
color fungal biomass and chitosan, and from 1.0 to 9.0 for PAC.
For each pH value, the AB 161 concentration (50 mg 1_1), sor-
bent dosage (1.0 g1~!) temperature (25 °C) and agitation speed
(150rpm) were kept constant. As seen from Fig. 1, the dye
sorption was highly pH-dependent. For the biosorbent 7. versi-
color, equilibrium uptake of dye increased notably with raising
the pH up to 3.0 and lessened sharply above pH 3.0. On the
other hand for chitosan, as pH increased from 1.0 to 3.0, uptake
percent increased from 5.1 to 97.8% and remained nearly con-
stant up to pH 7.0. In the case of PAC, with raising the pH,
adsorption capacity of PAC for AB 161 increased and reached
to a maximum level at the pH range of 3.0-4.0, and uptake
capacity did not change significantly up to pH 8.0 and then,
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Fig. 1. Effectof initial pH on the equilibrium Acid Blue 161 dye sorption capac-
ity of dried Trametes versicolor, chitosan and PAC (Cy: 50 mgl_1 ,T:25°C, X:
1.0g17!, agitation rate: 150 rpm).

the uptake was declined sharply with further increase in pH.
Although the sorption of acid dye exhibited a different varia-
tion with pH for each sorbent, maximum uptake was obtained
at pH 3.0 in each case. It was concluded that solution pH shows
a significant influence on the biosorption of AB 161 by T. versi-
color, but little effect on the sorption of AB 161 by PAC. Data
also indicated that chitosan and PAC have higher adsorption
capacities (48.5 mg dye g~ ! of chitosan and 46.6 mgdye g~! of
PAC) compared with the biosorption potential of fungal biomass
(26.0mg dye g~! of dried T. versicolor).

The interaction between sorbate and sorbent is affected by
the pH of an aqueous medium in two ways: firstly, since
dyes are complex aromatic organic compounds having different
functional groups and unsaturated bonds, they have differention-
ization potentials at different pH, resulting in the pH-dependent
net charge on dye molecules. Secondly, the surface of sorbent
include many functional groups, so the net charge on sorbent,
which could be measured in the form of zeta potential or iso-
electric point, is also pH-dependent. Therefore, the interaction
between dye molecules and sorbent is basically a combined
result of charges on dye molecules and the surface of sor-
bent. In the biosorption of AB 161 dye on fungal biomass,
the fungal biomass is usually charged negatively on its sur-
face. However at pH values below the isoelectric point (<4.0),
the biomass will have a net positive charge due to protona-
tion of nitrogen-containing functional groups such as amines
or imadazoles which are the major biosorption sites for dye
removal. AB 161 has its vital substituents, sodium sulfonate
groups which ionizes into one sodium cation and one colored
sulfonate anion in an aqueous solution. It is expected that pos-
itively charged functional groups on the sorbent surface will
favor the adsorption of negatively charged dye anions due to
electrostatic attraction which could be the primary mechanism
[23,24,27,28]. In the case of chitosan, as the pK, value of the
amino group (R-NH>) in the structure of chitosan is 6.3 [36],
at lower pH values the deacetylated amino groups in the chi-
tosan flakes will be protonated to form groups —NH3* and
subsequently interacted with the sulfonyl groups of acid dye
to form the organic complex NH3*-OOOSR. In other words, at
acidic pH values protonated amino groups will enhance elec-
trostatic attractions between dye anions and adsorption sites
of chitosan and increase dye adsorption [30-32]. The results
also indicated that pH of dye solution between 3.0 and 7.0 is
not a determining factor for the adsorption of this dye by chi-
tosan. The complexes on carbon surface are generally classified
as acidic, basic, or neutral. Carboxylic, anhydride, and lactone
are acidic groups, while phenolic, carbonyl, quinone and ether
groups are neutral or weakly acidic. Acid treatment produces
more active acidic surface groups such as carboxyl and lactone,
resulting in an increase in the adsorption of anionic dyes so
for the PAC used in this study, at all solution pH values lower
than pHzpc (7.4), higher removals of dye were observed. Since
the dye species carry negative charge due to sulfonate groups,
electrostatic attractions are expected to have a considerable
contribution to the overall interactions. Furthermore, disper-
sive interactions, hydrophobic attraction, physical adsorption
and some hydrogen bonding interactions should still be oper-
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Fig. 2. Effect of temperature on the equilibrium Acid Blue 161 dye sorption
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ative between dye species and PAC surface and can be acting
simultaneously [8,11-13].

3.2. Effect of temperature on dye sorption

The effect of temperature on the equilibrium AB 161 dye
sorption capacity of each sorbent was investigated in the tem-
perature range of 25-45 °C at varying initial dye concentrations.
The results obtained with 50 and 500 mg1~! initial dye con-
centrations are presented in Fig. 2. As shown in Fig. 2, the
adsorption of AB 161 dye enhanced with raising the temper-
ature up to 45°C for both concentrations studied indicating
that a high temperature favored the dye removal by adsorp-
tion onto all these sorbents. The data also showed that the
effect of temperature is significant at higher dye concentrations.
At 50mg 1! initial dye concentration, the increase in equilib-
rium uptake capacity of fungal biosorbent, chitosan and PAC
with increasing temperature from 25 to 45°C were 8.2, 1.8,
1.7 mgdye g~! of sorbent, respectively; while these increments
raised to 36.9, 24.9, 44.7mg g, respectively, with increasing
initial dye concentration up to 500mg1~!. The enhancement
in adsorption with temperature may be attributed to increase in
the number of active surface sites available for adsorption on
each adsorbent, increase in the porosity and in the total pore
volume of the adsorbent. The enhancement in adsorption could
be also due to the decrease in the thickness of the boundary
layer surrounding the sorbent with temperature, so that the mass
transfer resistance of adsorbate in the boundary layer decreases.
This may also be a result of an increase in the mobility of the
dye molecule with an increase in their kinetic energy, and the
enhanced rate of intraparticle diffusion of sorbate with the rise
of temperature. It is clear that the sorption of AB 161 on the
three sorbents is an endothermic process and AB 161 dye sorp-
tion may involve not only physical but also chemical sorption
[22].

3.3. Effect of initial dye concentration on dye biosorption

A higher initial dye concentration provides an important driv-
ing force to overcome all mass transfer resistances of the dye
between the aqueous and solid phases, thus increases the uptake.
In addition, increasing initial dye concentration increases the
number of collisions between dye anions and sorbent, which
enhances the sorption process. The effect of initial dye con-
centration on the dye sorption capacity of each sorbent was
investigated between 50 and 500 mg1~! at an initial pH value
of 3.0 and at three different temperatures and the results are
tabulated in Tables 6—8. Different binding capacities and yields
depending on the sorbent, initial dye concentration and tem-
perature were observed. Uptake of the AB 161 dye by the
three sorbents enhanced notably with increasing the initial dye
concentration tending to saturation at higher dye concentra-
tions. At 45 °C, on changing the initial dye concentration from
50 to 500mgl1~!, the amount sorbed increased from 34.2 to
172.4mgg~! for T. versicolor, from 50.3 to 432.3mgg~! for
chitosan, and from 48.3 to 369.8 mg g~ ! for powdered activated
carbon. At all temperatures studied dye removal was higher for
low dye concentrations for all sorbents because of availabil-
ity of unoccupied binding sites on the sorbents. However color
removal diminished with increasing the dye concentration due
to nearly complete coverage of the binding sites of sorbents
at high dye concentrations. The temperature also remarkably
influenced the equilibrium dye uptake as shown in Tables 6-8.
At 500 mg 1! initial AB 161 dye concentration, with the rais-
ing temperature from 25 to 45°C the uptake capacity of T.
versicolor biomass, chitosan and PAC increased from 135.5 to
172.4mgg~!, from 407.4 to 432.3mgg~!, and from 325.1 to
369.8mg g~ !, respectively. The results also indicated that the
sorption capacity of fungal biosorbent appeared to be the low-
est compared with the sorption capacities of other sorbents. At
500 mg 1! initial dye concentration, biosorbent was only capa-
ble of removing 135.5mgg~"! of dye from an aqueous solution
at25°C.

3.4. Sorption behavior of dye

Kinetics of sorption describing the pollutant uptake rate is
one of the important characteristics defining the efficiency of
sorption and feasibility of adsorbent for its use in water pollu-
tion control. Hence, the kinetics of AB 161 dye removal has
been carried out to understand the dye adsorption behavior of
the three sorbents with respect to concentration and tempera-
ture. For this purpose, adsorption capacity (g) was plotted as a
function of time for each sorbent at 50 and 500 mg1~! of initial
dye concentrations at 25, 35 and 45 °C (Fig. 3). Although the
adsorption studies were carried out for 48 h in order to determine
the effect of time on sorption, the data in Fig. 3 indicated that
24 h of adsorption is sufficient to reach equilibrium for dried 7.
versicolor and chitosan sorbents while the equilibrium is estab-
lished within the first 4 h for PAC. For the given concentrations
and temperatures, the amount of dye adsorbed was dependent
on time, concentration and temperature for each dye—sorbent
system. The extent of dye removal increased with increasing
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Fig. 3. The sorption curves of AB 161 dye obtained at 50 and 500 mg 1! initial
dye concentrations and at different temperatures (initial pH: 3.0, X: 1.0g171,
agitation rate: 150 rpm).

contact time linearly in the beginning, then non-linearly at a
slower rate and finally attained saturation called the equilib-
rium time (linear portions of the curves reflects surface layer
diffusion while the plateau portions of the curves correspond to
pore diffusion). The equilibrium time was influenced remark-
ably by the variation of concentration and increased with the
increasing dye concentration for each sorbent. The data indi-
cated that a contact time ranging from about 7.5 to 24 h for dried
T. versicolor, from about 4 to 24 h for chitosan and from about
1 to 4 h for PAC depending on concentration was sufficient to
achieve equilibrium and adsorption did not change subsequently
up to 48 h. The time profiles of dye uptake are single, smooth,
and continuous curves leading to saturation, suggesting the pos-
sible monolayer coverage of dye on the surfaces of the three
sorbents.

The comparison of the kinetic curves showed that the initial
rate of AB 161 dye sorption onto fungal biomass is rela-
tively lower than that obtained onto other sorbents. Differences
between adsorption rates seemed more marked at the beginning
of adsorption; the observed variation decreased with time. In the
case of PAC, for all initial dye concentrations and temperatures
studied, initial sorption of dye occurred much more rapidly and
the majority of dye uptake took place within the first hour of
contact. For dried T. versicolor and chitosan sorbents the time
required for the major dye uptake changed from 3 to 7.5h and
from 2 to 4 h, respectively, due to initial dye concentration. At
25°C for 1.0 g 17! sorbent and 500 mg1~! initial AB 161 con-
centration, the amount of dye adsorbed on PAC sorbent was
269.0mg g~ !, respectively (82.6% of total adsorbed dye) at an
initial adsorption time of 1 h. However, in a similar initial time
period (1h) the amount of AB 161 adsorbed on dried fungus
and chitosan were only 48.5 (35.8% of total adsorbed dye) and
171.3mg g~ ! (42.0% of total adsorbed dye), respectively. Such
arapid uptake of AB 161 by PAC indicates that this sorbent has
an affinity for the dye anions pointing towards physical adsorp-
tion and that the uptake of dye occurs predominantly by surface
binding and that available sites on the sorbents are the limiting
factor for the sorption.

As seen from Fig. 3, at 25°C AB 161 equilibrium dye
uptakes by the sorbents of dried 7. versicolor, chitosan and PAC
increased from 26.0to 135.5mg g~ !, from 48.5 to 407.4 mg g~ !
and from 46.6 to 325.1mgg~"', respectively, with the rise in
initial concentration from 50 to 500 mg1~!. It is clear that the
adsorption capacity of chitosan and PAC sorbents are consid-
erably higher than that of fungal biosorbent. According to data
given in Fig. 3, AB 161 dye uptake capacity of all sorbents also
increased with increasing the temperature from 25 to 45 °C. For
500 mg1~! initial dye concentration 48.5, 65.5 and 79.2mg g~
dye was removed by fungal biomass in the first 1 h of contact
time at 25, 35 and 45 °C, respectively. For the same initial dye
concentration and time range, chitosan adsorbed up 171.3,228.5
and 321.5mgg~! AB 161 dye at 25, 35 and 45 °C, respectively.
The study also revealed that 269.0, 307.3 and 332.5mgg~"
adsorption took place within the first hour of contact by PAC
at 25, 35 and 45 °C, respectively. Removal of the tested dye
exhibited that the sorbents have different capacities in the order
chitosan >PAC >dried T. versicolor. This may due to the sur-
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face and micropore—macropore areas, structure and active sites
differences between the sorbents.

3.5. Equilibrium modelling

Analysis of adsorption data is important for developing
equilibrium, kinetic and thermodynamic equations that can
be used for design purposes. Equilibrium data, commonly
known as adsorption isotherms, describe how adsorbates inter-
act with adsorbents and so are critical in optimizing the use
of adsorbents and provide information on the capacity of the
adsorbent. In order to discover the sorption capacity of three
sorbents for AB 161 acidic dye, the experimental data points
were fitted to the Langmuir, Freundlich, Redlich-Peterson and
Langmuir—Freundlich empirical models which are the most fre-
quently used two- and thee-parameter equations in the literature
describing the non-linear equilibrium between adsorbed pollu-
tant on the cells (geq) and pollutant in solution (Ceq) at a constant
temperature.

The Langmuir equation which is valid for monolayer sorption
onto a completely homogeneous surface with a finite number of
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identical sites and with negligible interaction between adsorbed
molecules is given by the following equation:

_ Qmaxbceq

- 1
T4 = T ibCeq M

where parameters Omax and b are Langmuir constants related to
maximum adsorption capacity and bonding energy of adsorp-
tion, respectively [38].

The Freundlich isotherm model assumes neither homoge-
neous site energies nor limited levels of sorption. The Freundlich
model is the earliest known empirical equation and is shown
to be consistent with exponential distribution of active centres,
characteristic of heterogeneous surfaces. It is expressed by the
following equation:

Geq = KrCy)" )

where Kr and n are the Freundlich constants characteristic on
the system. K and n are indicators of adsorption capacity and
adsorption intensity, respectively [39].

The further three-parameter empirical Redlich—Peterson
model is widely used as a compromise between Langmuir and
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Fig. 4. The comparison of the experimental and estimated adsorption isotherms of AB 161 dye obtained at different temperatures for dried 7. versicolor (initial pH:

3.0, X: 1.0g17!, agitation rate: 150 rpm).
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Freundlich systems and the non-linear form of the model is given
by Eq. (3). It has a linear dependence on concentration in the
numerator and an exponential function in the denominator:

Kgrp Ceq

I 3
1+ Aarp Ceq

Geq =

where Krp, arp and § are the Redlich—Peterson parameters. The
exponent B lies between 0 and 1. For §=1 Eq. (3) converts to
the Langmuir form [40].

Langmuir—Freundlich model is another three-parameter
empirical model for the representing equilibrium biosorption
data. It is a combination of the Langmuir and Freundlich
isotherm type models and is given by

Acy,

=— “
1+ BCy,

qeq
where A, B and m are the Langmuir—Freundlich parameters. This
model is valid when m > 1.

The experimental equilibrium data of AB acidic dye on
dried T. versicolor, chitosan and PAC obtained at three differ-
ent temperatures were given in Figs. 4-6. All the isotherms are
positive, regular and concave to the concentration axis (show-
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ing increasing the uptake of dye with increasing equilibrium
dye concentration) indicating an affinity for sorption. The equi-
librium uptake of the dye anions also enhanced with a rise in
temperature thereby indicating the process to be endothermic.
The isotherm curves of chitosan and PAC sorbents obtained
at different temperatures indicated a limiting sorption capac-
ity attained at initial concentrations of about 400-500 mg1~",
respectively. T. versicolor exhibited the lowest uptake of AB 161
dye and adsorption equilibrium reached saturation at relatively
lower concentrations (200-300 mg 1=1) over the concentration
and temperature ranges involved. However all cases exhibited a
complete monolayer of dye covering the surface of each sorbent.

The relative model parameters the values of which express
the surface properties and affinity of each sorbent were estimated
by non-linear regression analysis at different temperatures and
are tabulated in Tables 1-4 with the average percentage errors.
The average percentage error between the experimental and pre-
dicted values are calculated using Eq. (5) [41]. In Eq. (5), the
subscripts ‘exp’ and ’calc’ show the experimental and calculated
values and N the number of measurements:

N
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(%) = N
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Fig. 5. The comparison of the experimental and estimated adsorption isotherms of AB 161 dye obtained at different temperatures for chitosan (initial pH: 3.0, X:

1.0g17!, agitation rate: 150 rpm).
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Fig. 6. The comparison of the experimental and estimated adsorption isotherms of AB 161 dye obtained at different temperatures for PAC (initial pH: 3.0, X: 1.0 171,

agitation rate: 150 rpm).

The magnitude of average percentage errors was the crite-
ria for the selection of the most suitable isotherm model. On
the basis of average percentage errors in Table 2, the adsorp-
tion equilibrium data of AB 161 dye fitted very well to the
Langmuir model in the concentration and temperature ranges
studied for all sorbents. Moreover, the Redlich-Peterson and

Table 1
Comparison of the Freundlich adsorption constants of AB 161 dye adsorption
on dried Trametes versicolor, chitosan and PAC at different temperatures

Langmuir—Freundlich models are also found to satisfactorily
describe the adsorption isotherms of acid dye over the whole
concentration and temperature ranges studied in all sorbent sys-
tems with the percentage error values lower than 4.14% in all
cases. However the other two-parameter model of Freundlich
exhibited a poor fit to the sorption data of AB 161 dye with an

Table 2
Comparison of the Langmuir adsorption constants of AB 161 dye adsorption on
dried T. versicolor, chitosan and PAC at different temperatures

Temperature (°C) Kr ((mg gfl)(mg | ) n e (%) Temperature (°C) Omax (mg gfl) b (x10? lmg’l) & (%)
T. versicolor T. versicolor
25 3.15 141 17.05 25 178.3 0.86 0.64
35 5.53 1.63 10.53 35 193.9 1.15 0.63
45 9.01 1.87 11.77 45 206.8 1.63 1.96
Chitosan Chitosan
25 44.32 2.02 22.86 25 454.0 9.97 2.74
35 52.17 2.09 23.92 35 459.8 13.44 3.57
45 59.36 2.14 24.22 45 471.6 17.04 1.40
PAC PAC
25 23.39 1.73 17.39 25 372.7 433 3.63
35 33.89 2.09 20.25 35 389.8 6.82 2.09
45 41.28 2.16 23.76 45 432.2 8.98 2.18
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Table 3
Comparison of the Redlich-Peterson adsorption constants of AB 161 dye
adsorption on dried T. versicolor, chitosan and PAC at different temperatures

Temperature (°C)  Kgp 1g™")  agp (x10?1mg=1)f) B & (%)
T. versicolor
25 1.56 1.00 0975  0.60
35 2.24 1.15 1.000  0.63
45 3.38 1.63 1.000 1.96
Chitosan
25 45.25 9.97 1.000 2.75
35 62.55 14.94 0966 4.14
45 77.93 16.21 1.000  2.42
PAC
25 1591 3.87 1.000  3.31
35 26.52 6.70 1.000 2.10
45 39.01 9.46 0.985  2.53

average percentage error more than 10.53%. The suitability of
Langmuir model shows that the sorption process is monolayer
and has a constant adsorption energy.

KF, one of the Freundlich constants has been used as a rel-
ative measure of adsorption capacity (Kf reaches the value of
geq When the equilibrium concentration Ceq approaches to unity,
thus can be considered as an indicative parameter of the adsorp-
tion strength). A greater value of K indicates a higher capacity
for adsorption. From Table 1, all measured values of Kr showed
easy uptake of the acid dye with high adsorptive capacity of
each sorbent and significant differences in sorption capacities
among the three sorbents with respect to temperature. Although
the value of K increased with the rise in temperature for each
sorbent, the highest values of Kr were determined to be 9.01,
59.36 and 41.28 for T. versicolor, chitosan and PAC sorbents,
respectively, at 45 °C. The n, the other Freundlich constant, is an
empirical parameter that varies with the degree of heterogene-
ity indicating the degree of non-linearity between dye uptake
capacity and unadsorbed dye concentration and is related to the
distribution of bonded ions on the sorbent surface. In general
n> 1 illustrates that adsorbate is favorably adsorbed on an adsor-
bent, corresponds to a normal an L-type Langmuir isotherm,
and the higher the n value the stronger the adsorption intensity.

Table 4
Comparison of the Langmuir—Freundlich adsorption constants of AB 161 dye
adsorption on dried 7. versicolor, chitosan and PAC at different temperatures

Temperature (°C) A (1" mgl*"’ g’l) B ((x10% lmgfl)’”) m £ (%)
T. versicolor
25 1.50 0.85 1.010 0.50
35 1.89 1.01 1.050 0.90
45 2.11 1.09 1.155 1.62
Chitosan
25 4481 9.35 1.020 2.78
35 62.31 13.78 1.062 2.75
45 73.77 16.02 1.073 3.77
PAC
25 13.02 3.56 1.115 254
35 26.46 6.77 1.005 1.85
45 37.01 941 1.082 1.40

Table 2 also indicated that n is greater than unity, indicating
that AB 161 dye is favorably adsorbed by all the sorbents at all
temperatures studied.

Langmuir sorption model serves to estimate the maximum
uptake value or the total capacity of the adsorbent for the dye
(Omax) where it could not be reached in the experiments. The
constant b represents affinity between the sorbent and sorbate.
Values of Omax and b calculated from the Langmuir model at
different temperatures are tabulated in Table 2. The Langmuir
model parameters were largely dependent on the type of sorbent
and temperature. Both Onax and b increased with increasing
temperature up to 45 °C for all sorbents. AB 161 dye uptake
by chitosan at 45°C was the greatest with a maximum value
of 471.6 mg g~!, while maximum uptake capacities of PAC and
dried T. versicolor were 432.2 and 206.8 mg g~ !, respectively, at
45°C. All the values of Qpax were higher for the chitosan—dye
system in comparison with the maximum uptakes of other sor-
bents. The other Langmuir constant b is related to the free energy
of adsorption, AG (b o< e ~*%/RT) and indicates the affinity of sor-
bent for the binding of dye. Its value is the reciprocal of the dye
concentration at which half of the saturation of the adsorbent is
attained (or AB 161 amount of Qn,x/2 is bound) so a high value
of b, indicates a steep desirable beginning of the isotherm which
reflects the high affinity of the sorbents for the sorbate resulting
in a stable adsorption product. The higher values of b obtained
for chitosan—dye system implied the most strong bonding of dye
to chitosan.

Related Redlich—Peterson adsorption parameters calculated
according to the three-parameter Redlich—Peterson isotherm
model were listed in Table 3 for each sorbent at three differ-
ent temperatures. The model parameter Krp also indicated that
the adsorption capacity of each sorbent increased with increas-
ing temperature and reached maximum at 45 °C. The exponent
B was approximately 1.0 for all cases, showing the closeness of
the model to the Langmuir isotherm.

The corresponding Langmuir-Freundlich parameters of A,
B and m for different temperatures along with percentage
errors are given in Table 4 for each AB 161 dye—sorbent sys-
tem. Langmuir—Freundlich constant A indicates the adsorption
capacity and affinity of each sorbent to acidic dye, was found
maximum at 45 °C for all the sorbents. The capacity constant of
chitosan appeared to be significantly higher in comparison with
the capacity constants of PAC and dried T versicolor sorbents.

3.6. Kinetic modelling

Adsorption is a time-dependent process. In the removal of
dyes from wastewater, it is necessary to know the rate of adsorp-
tion for design and evaluation of adsorbent. If the movement of
dye ion from the bulk liquid to the liquid film or boundary layer
surrounding the sorbent is ignored, the following sequence of
steps can take place in the sorption process of porous sorbent:
transport of solute ions from the boundary film to the external
surface of the sorbent (film diffusion), transfer of ions from the
surface to the intraparticular active sites by either pore diffusion
and/or surface diffusion (intraparticular diffusion) and uptake of
ions by the active sites on the surface of the adsorbent. The last



Z. Aksu et al. / Chemical Engineering Journal 142 (2008) 23-39 33

step is considered to be an equilibrium reaction. Of the three
steps, the third step is assumed to be rapid and considered to
be negligible. The overall rate of sorption will be controlled by
the slowest step, which would be either film diffusion or pore
diffusion. However, the controlling step might be distributed
between intraparticle and external transport mechanisms. Batch
studies were carried out to identify the potential rate-controlling
steps for the acid dye sorption and to determine external film
mass transfer coefficient and intraparticle diffusion coefficient.
Moreover simple pseudo-second-order kinetic model has also
been used to test the dynamics of sorption process and attempts
were made to calculate the coefficients of this model.

In the first step of adsorption, the film diffusion (external
mass transfer) is an important rate-controlling step and is char-
acterized by the initial rate of solute diffusion for the system
studied. The change of dye concentration with respect to time
can be written as follows:

a©_ —kLA(C — Cs) (6)
dt

where C is the bulk liquid-phase concentration of dye at a time ¢,
C the surface concentration of dye, ki the external mass transfer
coefficient and A is the specific surface area for mass transfer. It
is assumed that during the initial stages of adsorption, the intra-
particle resistance is negligible and the transport is mainly due
to film diffusion mechanism. At #=0 the surface concentration
of dye, Cs, is negligible and C = Cp. With these assumptions Eq.
(6) can be simplified as

{d(C/ Co)

” } = —kLA @)

Assuming the adsorbent particles are spherical, A is calcu-
lated from Eq. (8):

A 6X @)
dppp

where X is the sorbent concentration in the solution (1.0 g171), dp

the average particle diameter and pp, is the density of the sorbent.

By plotting C/Cy against ¢, the value of ki, may be determined

from the slope at =0 [9,42].

The plots of C/Cy versus ¢ obtained at all initial dye con-
centrations and at 25, 35 and 45 °C temperature values for each
sorbent (data not shown) indicated that the concentration of dye
falls very fast during the initial uptake before intraparticular
diffusion could begin to control the adsorption kinetics for all
cases. Then, increase in contact time (or decrease in external dif-
fusion rate) reduced the boundary layer resistance and thereby
enhanced the mobility of dye during adsorption. For the initial
uptake phase, the kinetic data were fitted to Eq. (7) and the exter-
nal mass transfer coefficients were determined from the slopes
as t— 0 and presented in Table 5 for each case. The findings
show that the increase in initial dye concentration resulted in a
decrease in the initial rate while varying the temperature from
25 to 45 °C increased the external diffusion for all sorbents. In
general the values of ki, shown in Table 5 suggest that in the
acid dye adsorption by both chitosan and PAC sorbents, bound-
ary layer effect was close to minimum values. It is clear that, as

expected, external mass transfer resistance cannot be neglected
even for a high agitation speed, although this resistance is only
significant for the initial period of sorption time.

In the model developed by Weber and Morris [43] the rate of

intraparticular diffusion is a function of /° and can be defined
as follows:
pr\"’
q= f<2> = K1 ©)
"p

where 7, is the particle radius, D the effective diffusivity of
solutes within the particle, and K is the intraparticular diffusion
constant. According to this model, the plot of ¢ versus /-3 should
be linear if intraparticle diffusion is involved in the adsorption
process and if these lines pass through the origin then intra-
particle diffusion is the only rate-controlling step. Otherwise,
some other mechanisms along with intraparticle diffusion are
also involved. A good correlation of rate data in this model
can justify the mechanism and K values can be obtained by
linearizing the curve g =f(1">) [44].

The plots of the amount of AB 161 dye per unit weight of
sorbent (g) against the square root of time () at all initial
AB 161 concentrations and at 25, 35 and 45 °C temperatures for
each sorbent (data not shown) revealed that all the plots have the
same general feature presenting multi-linearity, indicating that a
few steps took place. The first, sharper portion obtained in very
beginning period which extent is related to initial dye concentra-
tion and temperature, is attributed to the diffusion of adsorbate
through the solution to the external surface of adsorbent or the
boundary layer diffusion of solute molecules. The second linear
portion describes the gradual layer adsorption stage, where intra-
particle diffusion is rate limiting. The third portion is attributed
to the final equilibrium stage for which the intraparticle diffusion
started to slow down due to the extremely low dye concentra-
tion left in the solution. The linear plots of second portion at
each concentration and temperature did not pass through the
origin, this is indicative of some degree of boundary layer con-
trol and this shows further that the intraparticle diffusion is not
only rate-controlling step. The values of K evaluated from these
linear parts of plots are also tabulated in Table 5. These are
rate parameters with units mg g~! min~% and as such, are not a
direct quantification of the rates. Nevertheless, they can be inter-
preted in relative terms. Examined in this way, the data show that
the rate of diffusion increased with a raise in initial dye concen-
tration and temperature of solution for all sorbents. This may
be due to a greater driving force with increasing Cy resulted in
reducing the diffusion of dye anions in the boundary layer and
enhancing the diffusion in the solid. At all temperatures when
Cy is increased from 50 to 400 mg1~! for chitosan and PAC,
and from 50 to 200 mg 1-! for dried fungus, there is a marked
effect of concentration on the rate of intraparticular dye diffu-
sion. Above these concentrations the effect is small. As shown
in Table 5, increasing the temperature promoted the pore diffu-
sion in all sorbent particles and resulted in an enhancement in
the intraparticle diffusion rate. Weber and Morris [43] has also
stated that, since diffusion is an endothermic process, the rate of
sorption will increase with increased solution temperature when



Table 5

Effect of initial AB 161 dye concentration and temperature on the external mass transfer coefficients (k1) and intraparticle diffusion rate constants (K)

25°C 35°C 45°C

Co (mg1~1) ky (x10% cmmin~!) K (mgg~ Co (mgl™h) kL (x102 cmmin~ ") K (mgg~! min~ Co (mgl1~1) kp (x10% cmmin~!) K(mgg~

Dried T. versicolor
45.8 25.7 0.86 46.5 30.3 1.14 46.3 38.1 1.29
100.5 15.2 1.92 102.5 19.5 3.00 104.0 21.5 3.93
205.5 12.0 243 203.0 13.1 397 203.9 13.3 5.67
297.5 11.7 2.80 300.5 12.9 4.65 295.6 13.1 6.14
400.5 11.1 2.86 398.7 12.1 5.13 397.5 12.4 7.03
482.5 10.9 2.89 485.5 11.9 5.19 479.0 12.3 7.29

Chitosan
49.7 63.3 3.54 50.5 90.4 3.54 51.0 117.8 4.40
100.0 60.6 5.57 100.5 87.6 6.65 101.7 105.4 8.35
201.0 56.8 9.17 200.5 86.0 13.14 200.4 100.0 16.00
302.5 51.6 14.30 301.6 68.0 20.45 301.0 99.1 23.63
404.5 43.8 18.41 400.0 58.8 23.36 397.5 80.9 31.25
496.0 40.9 21.95 501.0 58.6 24.14 502.5 84.4 32.21

PAC
49.9 89.1 241 49.9 94.6 2.49 49.7 103.9 2.75
99.1 88.2 3.78 99.0 89.1 4.02 100.5 101.6 4.08
202.3 55.9 16.32 201.5 59.4 17.00 200.5 66.0 17.30
299.4 41.6 24.73 300.0 48.1 25.04 301.1 54.2 25.53
392.5 33.6 31.09 392.8 39.2 31.34 386.0 48.3 32.05
483.5 30.4 32.33 485.0 36.9 32.68 483.0 47.3 33.25
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Table 6

Comparison of the second-order rate constants and calculated and experimental geq values obtained at different initial AB 161 concentrations and at different

temperatures for dried T. versicolor

Temperature (°C) Co (mg 171) qeq,exp (mg gil) ko aa (X 10* g mg71 minil) qeq,calc (mg gil) R?
458 26.0 488 262 0.999
100.5 525 2.63 529 0.999
205.5 90.5 0.79 927 0.997
2 297.5 110.5 0.53 113.4 0.993
400.5 1255 0.45 1282 0.994
482.5 1355 0.4 1375 0.993
46.5 30.4 8.29 30.5 1.000
102.5 61.9 341 62.5 1.000
203.0 104.5 0.94 106.4 0.999
35 300.5 129.5 0.87 131.9 0.999
398.7 147.0 0.60 149.7 0.998
4855 153.8 0.59 156.0 0.998
463 34.1 8.34 343 1.000
104.0 725 3.59 73.0 1.000
203.9 123.0 0.98 125.0 0.999
4 295.6 150.5 091 152.7 1.000
3975 165.5 0.84 167.8 1.000
479.0 172.4 0.82 174.8 1.000

intraparticle transport is the rate-limiting step. The higher values
of K also indicate the more rapid uptake of AB 161 dye by PAC
and chitosan sorbents. As a result it could be said that the sorp-
tion of AB 161 dye onto dried T. versicolor, chitosan and PAC
particles was controlled due to film diffusion at earlier stages
and as the adsorbent particles were loaded with dye ions, the
sorption process was controlled due to intraparticle diffusion.
On the other hand pseudo-second-order kinetic model [45]
can be used to test the adsorption kinetics. This model basically
include all steps of adsorption such as external film diffusion,
adsorption, and internal particle diffusion, so it is pseudo-
model. The model is based on the sorption capacity of the solid

Table 7

phase and on the assumption that the sorption process involves
chemisorption mechanism and is expressed as

dg 2
E = k2,ad(‘]eq - q) (10)

where k3 44 is the rate constant of second-order biosorption. After
integration and applying the boundary conditions of =0 to r and
g =0 to g; the integrated form of Eq. (10) becomes

t 1 1
=t —t (11)

q kz,angq Geq

Comparison of the second-order rate constants and calculated and experimental geq values obtained at different initial AB161 concentrations and at different

temperatures for chitosan

Temperature (°C) Co (mgl™h) Gequexp (Mg ™) kaaa (x10* gmg=" min~") Geq.cale (mgg™") R?
49.7 48.5 8.64 48.6 1.000
100.0 975 2.45 98.4 1.000
201.0 194.0 0.84 196.5 1.000
25 302.5 285.5 0.55 289.8 1.000
4045 370.5 039 3755 1.000
496.0 407.4 035 4132 1.000
50.5 496 11.94 497 1.000
1005 98.8 5.44 99.1 1.000
200.5 195.5 2.08 196.6 1.000
35 301.6 289.0 1.16 290.7 1.000
400.0 3715 0.56 375.9 1.000
501.0 4224 0.51 455 1.000
510 50.3 18.06 50.3 1.000
1017 100.2 8.17 1003 1.000
200.4 196.3 491 196.7 1.000
4 301.0 2915 2.57 292.4 1.000
397.5 375.5 147 377.1 1.000
502.5 4323 133 4329 1.000
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If second-order kinetics are applicable, the plot of #/q against ¢
of Eq. (11) should give a linear relationship, from which geq and
k2 a4 can be determined from the slope and intercept of the plot
and there is no need to know any parameter beforehand. The
rate constant is also expressed as a function of temperature by
the following Arrhenius type relationship:

—Eqa
k2,ad = Ao exp <RT) (12)

where Ay is the frequency factor of sorption and Ej is the acti-
vation energy of sorption. When In k3 ,q is plotted versus 1/7, a
straight line with slope —Ea/R is obtained. The magnitude of
activation energy may give an idea about the type of sorption.

Using Eq. (11), t/q was plotted against t for all initial AB 161
concentrations at 25, 35 and 45 °C temperatures for each sorbent
and second-order adsorption rate constant (k2 ,4) and equilib-
rium uptake values (geq) were determined from the slope and
intercept of the plots (data not shown). The values of the parame-
ters k3 aq and geq and of correlation coefficients are also presented
in Tables 6-8 for each acid dye—sorbent system. As seen from
the tables, all the second-order rate constants diminished with
increasing initial dye concentration. As expected the rise in tem-
perature up to 45 °C enhanced the second-order rate constants of
AB 161 dye sorption to each sorbent. The results also show that
PAC particles adsorbed the dye anions much more rapidly than
that of other sorbents for all cases. The correlation coefficients
for the second-order kinetic model are obtained greater than
0.993 for all sorbents studied. The theoretical geq values also
agreed very well with the experimental geq values in the case
of pseudo-second-order kinetics. These suggest that each of the
sorption process may be best described by the pseudo-second
order with intraparticle diffusion as one of the rate determining
steps with fairly high correlation coefficients.

Dependence of adsorption rate constants on temperature
gives valuable information about the activation energy of adsorp-

Table 8

tion. Two main types of adsorption may occur: physical and
chemical adsorption. In physical adsorption equilibrium is usu-
ally rapidly attained and easily reversible, because the energy
requirements are small (usually no more than 4.2kJ mol™"),
since the forces involved in physical adsorption are weak. Chem-
ical adsorption is specific and involves forces much stronger
than in physical adsorption. So the activation energy for chemi-
cal adsorption is of the same magnitude as the heat of chemical
reactions (between 8.4 and 83.7 kJ mol~ ") in the Arrhenius equa-
tion. The activation energies of the sorption processes of AB
161 dye on dried T. versicolor, chitosan and PAC were found
as 24.5, 52.4 and 8.6 kJ mol !, respectively, from the slopes of
corresponding Inkj 54 versus 1/T plots (R*=0.997, 0.931 and
0.987, respectively) in the temperature range studied. The find-
ings showed that acid dye sorption process is endothermic and
involves chemical sorption for dried T. versicolor and chitosan
sorbents. For PAC this value is of the same magnitude as the
lower limit activation energy of chemical adsorption showing
both mainly chemical and partly physical sorption.

3.7. Thermodynamic modelling of adsorption

Thermodynamic parameters of free energy change, enthalpy
change and entropy change can be estimated using equilibrium
constants changing with temperature. The sorption process of
AB 161 dye can be summarized by the following reversible
process which represents a heterogeneous equilibrium:

dye in solution <> dye—sorbent (13)

The apparent equilibrium constant (K,) of the biosorption is
defined as

K/ _ Cad,eq

14
= Cug (14)

Comparison of the second-order rate constants and calculated and experimental geq values obtained at different initial AB161 concentrations and at different

temperatures for PAC

Temperature (°C) Co (mgl™h Gequexp (Mg ™)) ka0 (x10* gmg=" min~") Geq.cale (mgg™") R?
49.9 46.6 69.13 46.9 1.000
99.1 93.0 35.59 92.5 1.000
202.3 182.5 7.65 1855 1.000
25 299.4 263.9 3.71 258.1 1.000
392.5 306.0 2.76 3165 0.999
4835 325.1 251 335.6 0.999
49.9 4738 7525 48.1 1.000
99.0 95.1 36.64 95.4 1.000
. 201.5 188.0 8.83 190.8 1.000
: 300.0 270.0 3.95 277.0 1.000
392.8 3225 2.98 3311 1.000
485.0 3524 275 363.3 0.999
497 483 77.00 48.6 1.000
1005 97.4 4523 97.9 1.000
45 200.5 192.0 9.98 194.9 1.000
301.1 280.5 412 286.5 1.000
386.0 344.0 3.15 352.1 1.000
483.0 369.8 3.12 377.4 1.000
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where Cyg.eq is the concentration of dye on the sorbent at equi-
librium. When 1 g 1~! of sorbent is used, the value of Cad,eq Will
give the value of geq and the apparent equilibrium constant (K)
will be equal to

/ qad,eq
K === (15)
C Ceq

The standard thermodynamic equilibrium constant (K(c)) of
the sorption system can be obtained by calculating the apparent
equilibrium constants (K.) at different initial concentrations of
dye and extrapolating the data to zero. This value will be also
equal to the opposite of intercept value of Ceq/geq versus Ceq plot
(=bOmax) at 25 °C, which shows the linearized form of Lang-
muir equation. The K(C) value is used in the following equation
to determine the free energy change of the adsorption reaction
(Gibbs free energy) (AG®) at 25 °C:

AG®° = —RTInK? (16)

where R is the universal gas constant and 7T is the absolute
temperature. The free energy change indicates the degree of
spontaneity of the sorption process and the higher negative value
reflects a more energetically favorable adsorption. The equilib-
rium constant may be expressed in terms of enthalpy change
of sorption (AH®) and entropy change of sorption (AS°) as a
function of temperature. The relationship between the KS and
temperature is given by the van’t Hoff equation:

AS°  AH°
R RT

AH° and AS° can be obtained from the slope and intercept of a
van’t Hoff plot of In K versus 1/T.

The values of K 8 at 25 °C evaluated from the geq/Ceq ver-
sus Ceq plots for dried T versicolor, chitosan and PAC sorbents
(data not shown) as 1.54, 45.25 and 16.12, respectively, were
used to find the AG® values of each dye—sorbent system. Using
Eq. (16), the values of standard Gibbs free energy change (AG®)
were calculated for each sorbate—sorbent system and presented
in Table 9. The negative values of AG° confirm the feasibility
of the processes and spontaneous nature of adsorptions at 25 °C
with a high degree of affinity of the dye molecules for each sor-
bent surface. The standard enthalpy and entropy changes of each
adsorption process were determined from the In K, 8 versus 1/T
plots (data not shown) and are also presented in Table 9. The pos-
itive values of AH® for all the processes suggest the endothermic
nature of adsorption favorable at higher temperatures and possi-
ble strong bonding between dye and each sorbent while positive

InK? = (17)

Table 9
Comparison of the standard thermodynamic constants of AB 161 dye adsorption
on dried T. versicolor, chitosan and PAC sorbents

Sorbent AG°® AH® (kJmol™1) AS° (kJmol~! K~1)
(kI mol~1)

Dried T. versicolor —1.07 30.94 0.107

Chitosan —9.45 22.66 0.108

PAC —6.89 34.67 0.139

AS° values reflect the affinity of all sorbents to dye in solution
and some structural changes in sorbate and sorbents.

4. Conclusion

Dried white-rot fungus 7. versicolor and a fungal compo-
nent chitosan have been utilized as biosorbents for the removal
of Acid Blue 161 dye from aqueous solution and the results
were compared with those obtained with acid-washed pow-
dered activated carbon. Results show that a pH value of 3.0
is favorable for the adsorption of acid dye for the three sor-
bents. AB 161 dye removal is also temperature-dependent and
found to be maximum at 45 °C for each sorbent. It was seen
that sorption can be accomplished with a high uptake capac-
ity by increasing the dye concentration up to 500mgl~! for
all sorbents. For the three sorbents, the dye sorption occurred
rapidly initially and then proceeded gradually to equilibrium
in about 4-24 h suggesting very active surface phenomena of
each sorbent. Although experimental equilibrium data obtained
for all sorbent—sorbate systems were well described by Lang-
muir, Redlich-Peterson and Langmuir—Freundlich models, the
Langmuir equation provided a better fit than the others in the
temperature range studied. The Langmuir adsorption capaci-
ties of fungal biomass, chitosan and PAC for the dye were
determined as 206.8, 471.6 and 432.2mgg~! of the sorbent,
respectively, at 45 °C. Assuming the batch sorption as a single-
staged equilibrium operation, the separation process can be
mathematically defined using these isotherm constants to esti-
mate the residual concentration of dye or amount of sorbent
for the desired levels of purification. The isotherm constants
obtained could also be used to find the stage number in multi-
staged separation processes. Kinetic studies indicated that the
adsorption process mechanisms are mainly dependent on dif-
fusion and binding. Kinetic parameters of adsorption such
as the external and intraparticle diffusion rate constants and
pseudo-second-order constants obtained can be used to find
equilibrium sorption capacity, percent dye removal and initial
sorption rate to aid bioreactor design. Thermodynamic param-
eters such as change in free energy, enthalpy, and entropy were
also determined for each sorbent-acid dye system indicating
the spontaneous, endothermic and irregular nature of sorption
in each case.

The performance of different adsorbents for the removal of
miscellaneous acid blue dyes has been demonstrated and vary-
ing values of the Langmuir sorption capacity Omax have been
reported in the literature. Fu and Viraraghavan [24] investigated
the biosorption of Acid Blue 29 anionic dye by live, dead and pre-
treated A. niger fungus and they reported a biosorption capacity
changing from 6.6 to 13.8 mg g~! due to pretreatment method.
For the algae A. filiculoides and A. rongpong, the reported Acid
Blue 15 sorption capacities were 116.3 and 66.2 mg g~ !, respec-
tively [46,47]. Ozer et al. [48] determined the Qpax values as
1356.6 and 367.0mg g~ for the uptake of Acid Blue 290 and
Acid Blue 324 by S. rhizopus alga, respectively. Choy et al. [44]
used granular activated carbon type F400 for the adsorption of
Acid Blue 80 dye and they determined the sorption capacity as
171.0mg g~ !. Attia et al. [13] studied with a commercial acti-
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vated carbon for the removal of Acid Blue 74 and they found a
230.0mg g~ ! adsorption capacity. Hoda et al. [12] investigated
the removal of some acid dyes; Acid Blue 45, Acid Blue 92, Acid
Blue 120 and Acid Blue 129 and they found 65.5, 49.5, 28.0 and
61.7mg g " adsorption capacity values with activated carbon
cloth, respectively. The adsorption capacity of granular acti-
vated carbon was determined as 57.47 mg Acid Blue 40 dye g~
of sorbent by Ozacar and Sengil [11].

The results indicated that for the removal of Acid Blue 161,
the Omax values obtained by fungal biomass T. versicolor and
fungal component chitosan are comparable with those reported
in the literature and although the adsorption rate and capacity
of dried T. versicolor was lower than that of chitosan and PAC,
the fungal biosorbent could be an attractive adsorbent for the
removal of acidic dye. As a result all these sorbents undoubtedly
have the potential to rapidly, efficiently and effectively remove
AB 161 dye to very low concentrations and to accumulate large
amounts of dye. It may be concluded that white-rot fungus and
chitosan can be efficiently used in wastewater treatment for the
removal of acid dyes as abundant, renewable and biodegrad-
able resources and low cost alternatives compared to commercial
activated carbon and other adsorbents reported.
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