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ABSTRACT

The biosorption of Acid Red 18 from aqueous solutions using nitric acid-treated mycelia pellets of
Penicillium janthinellum as an adsorbent was studied in a batch system. The effect of solution pH,
initial dye concentration, contact time and temperature on biosorption of the dye was carried out.
The kinetic data of dye biosorption were analyzed by the pseudo first-order, pseudo second-order,
intraparticle diffusion, external diffusion and Boyd models. The nitric acid-treated mycelia pellets of
Penicillium janthinellum exhibited higher biosorption capacity than the native biomass. The biosorp-
tion capacity decreased with increasing pH from 2 to 10 and the maximum biosorption capacity for
the dye was 46.45 mg g™ at pH 3 at dye concentration of 50 mg L. The dye uptake of the acid-treated
biomass increased with increasing the initial dye concentration in the studied concentration range.
The kinetic process followed the pseudo second-order with higher correlation coefficients (R*>0.998).
Based on kinetic models analysis, external diffusion and intraparticle diffusion played important
roles in biosorption process and the biosorption rate of the whole biosorption process was mainly
controlled by the external diffusion process. The Langmuir isotherm model could well describe the
biosorption data. According to the thermodynamic analysis, the biosorption of AR 18 onto the fungal
pellets was a spontaneous and endothermic process. The results suggest that the acid-treated mycelia
pellets of Penicillium janthinellum can be used as an effective biosorbent to remove Acid Red 18 from

aqueous solution.
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1. Introduction

Many dyes are used extensively in industrial products
such as fabrics, food, carpet, rubber, paper, plastic and cos-
metics [1,2]. Most commercial dyes are chemically stable
and difficult to be removed from wastewaters [3,4]. The dis-
charge of dye-containing effluents from various indus-
tries into aquatic environment adversely affects the natural
esthetic quality of water bodies and has a negative impact
on aquatic ecosystem by impeding the transmission of
sunlight, which can decrease photosynthesis of organisms
[5,6]. Furthermore, some synthetic dyes are highly toxic and
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potentially carcinogenic, mutagenic or allergenic to humans
[7-9]. Therefore, it is very important to remove these toxic
dyes from the wastewaters before entering the water bodies.

The traditional methods for dye removal include adsorp-
tion, biodegradation, photo-catalytic degradation, reverse
osmosis, ozonation, flocculation and coagulation. However,
those conventional methods are limited by the excessive
usage of chemicals, expensive plant requirements or high
operational costs [10-13]. It is essential to develop envi-
ronmentally friendly and highly efficient technologies to
remove dyes from wastewater.
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In recent decades, more and more focuses have been made
on biosorption technology due to its low cost, eco-friendliness
and effectiveness. As a promising alternative technology,
biosorption is based on non-living microorganisms, plants or
agriculture wastes, etc. to remove pollutants such as synthetic
dyes, heavy metals and other organic matters from waste-
waters [14-16]. The prominent advantages using biomateri-
als as biosorbents are free of nutrient supply, high selectivity,
cost effectiveness and high efficiency [17].

Many microbial organisms including bacteria [18,19],
yeast [20], fungus [21,22] and algae [23,24] have been used
as biosorbents for dye removal. At present, the biosorbents
prepared from microorganisms in single-cell or powdered
form, usually have the characteristics of small particle size
and low strength, which could increase separation difficul-
ties after adsorption, clogging problems and operation
costs. The immobilized microorganisms or other biomate-
rials by using matrices, such as sodium alginate [20], poly-
vinyl alcohol [25] and carboxylmethylcellulose (CMC) [26],
as supporting materials were also reported to overcome the
shortcomings of unimmobilized biomass to remove dyes or
heavy metals. However, the immobilization media based
on the polymeric gels can increase costs and mass transfer
resistance restricting dye diffusion [27]. The use of those
biosorbents could be impracticable for the later large-scale
application [17,20].

Fungi are filamentous microorganisms, which are
widespread in the terrestrial environment. In this study,
Penicillium janthinellum obtained from the air was used as
a biosorbent to remove Acid Red 18(AR 18) from aqueous
solution. Penicillium janthinellum can form compact myce-
lia pellets in liquid medium under appropriate growth
conditions. The formation of fungal pellets can solve the
clogging and afford efficient solid-liquid separation by
self-immobilizing without additional supporting materials
[22,28]. The mycelia pellets of Penicillium janthinellum which
have high dye uptake would show promising applications.

The kinetics and mass transfer of biosorption of dye
onto the microorganisms with or without the supporting
materials have been intensively investigated in recent years,
while few literatures were reported on the diffusion and
mass transfer kinetics of dye onto the self-immobilizing
myecelia pellets. The aim of the present study was to evaluate
the characteristics, kinetic mechanism and mass transfer of
biosorption of AR 18 from aqueous solution onto the myce-
lia pellets of Penicillium janthinellum. In order to improve
the biosorption of AR 18, the mycelia pellets of Penicillium
janthinellum were treated by 0.1 M nitric acid solution.
The biosorption capacity of the nitric acid-treated biomass
for AR 18 was explored at different dye concentrations. The
various parameters such as pH, initial dye concentration,
contact time and temperature were investigated in a batch
system. The characteristics of fungal pellets were investi-
gated by SEM, FTIR, zeta potential and alkali titration anal-
ysis. The kinetic mechanism in the dye biosorption process
was also explored by using the pseudo first-order, pseudo
second-order, intraparticle diffusion, external diffusion
and Boyd models. The Langmuir and Freundlich isotherm
models were used to fit the equilibrium data. The thermo-
dynamics of dye biosorption onto fungal pellets was also
investigated.

2. Materials and methods
2.1. Preparation of mycelia pellets of Penicillium janthinellum

The Penicillium janthinellum isolated from the air had
exhibited the highest dye uptake of AR 18 among the sev-
eral fungi species, which isolated from the air and soil in
earlier study. It was cultivated in liquid medium using the
shake flask method. 3 mL (1% inoculation quantity) of spore
suspension (3.58 x 107 spores per milliliter distilled water)
of Penicillium janthinellum was inoculated into 500 mL ster-
ilized conical flask containing 300 mL sterile medium and
grew at 150 rpm at 30°C. The growth medium consisted of
(g L™ of distilled water): glucose 10, (NH,),SO, 5, KH,PO, 1,
MgSO,7H,0 0.5. After incubation for 3 d, the mycelia pellets
of Penicillium janthinellum were harvested from the medium,
washed with distilled water several times, then autoclaved
at 121°C for 30 min, and stored at 4°C as native biomass.

2 g of native biomass was suspended in 200 mL of 0.1 M
HNO, and shaken at 120 rpm on a rotary shaker at room
temperature for 2 h. After being filtered from the mixture,
the biomass was washed several times with distilled water
and then stored at 4°C in refrigerator as acid-treated bio-
mass. The moisture content of biomass was determined
by drying the desired wet native and acid-treated mycelia
pellets in an oven at 65°C for 12 h.

2.2. Biosorption experiments

Acid Red 18 (C.I. 16255, MW 604.48, chemical formula
C,,H;;N,0,5.-3Na and A__ 505 nm) obtained from Tianjin
Tianshun Corporation, China, was used without further
purification in this study. The chemical structure of Acid
Red 18 is shown in Fig. 1. A stock solution of 1,000 mg L™ of
Acid Red 18 (AR 18) was obtained by dissolving 0.5 g of the
dye in the 500 mL distilled water. All working solutions in
the study were prepared by diluting the dye stock solution
with distilled water.

The batch biosorption experiments were investigated
by varying pH from 2 to 9, contact time from 0 to 240 min,
initial dye concentration from 50 to 500 mg L™ and tem-
perature from 25°C to 40°C with 50 mL AR 18 solution in
150 mL conical flasks in a rotary shaker. The solution pH
was adjusted with 0.1 M HCI or NaOH solution. After shak-
ing, the mixture was filtered and the supernatant liquid was
analyzed for the remaining dye concentration using a spec-
trophotometer (721E, Shanghai Spectrum Instrument Co.
Ltd., Shanghai, China)atA__ for the dye. All the batch biosorp-
tion experiments were carried out in triplicate. The amount
of biosorbed dye per unit fungal biomass, g, (mg g™), was
obtained by using the following expression:

(¢, -c)v

q="—"—"" @
m

where g, is the amount of dye biosorbed onto the unit
amount of the biomass (mg g™). C,and C, represent the
concentration of AR 18 in initial solution and after biosor-
pion (mg L), respectively. V is the volume of solution and
m is the amount of biosorbent (g, dry weight). The zeta
potential measurement of biomass was conducted by using
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Fig. 1. Chemical structure of Acid Red 18.

zeta potential meter (JS94H2, Shanghai Zhongchen Digital
Technique & Equipment Co. Ltd., China).

2.3. Alkali titration experiment

The native and nitric acid-treated biomass samples with
wet weight of 0.1 g were suspended in 50 mL distilled water
at pH 2 at room temperature, respectively. The mixtures
were continuously stirred during the alkali titration exper-
iment with the magnetic stirrer. 0.01 M NaOH solution
was added drop by drop into the mixtures and recorded
the resulting pH value for each additional 1 mL NaOH
solution added.

3. Results and discussion
3.1. Morphology of Penicillium janthinellum

The photo of mycelia pellets of Penicillium janthinellum
growing for 3 d in the liquid medium is presented in Fig. 2.
The figure shows that the mycelia pellets are pale yellow-
ish white with the diameter of about 2-3 mm. The surface
morphology of the native and acid-treated mycelia pellets
was observed by using the scanning electron micrograph
(Fig. 3). As seen from Fig. 3a, it is observed that the myce-
lia pellet has a network structure composed of fungal
mycelia. This network structure means that the mycelia
pellet has high specific surface area, which benefits the
biosorption of AR 18. In comparison with the native fungal
mycelia with even and smooth surface (Fig. 3b), the sur-
face of acid-treated fungal mycelia has rough and uneven
surface (Fig. 3c). This may be attributed that nitric acid
could remove a slight amount of organic matter from cell

Fig. 2. Photograph of mycelia pellets of Penicillium janthinellum.

wall, leading to inhomogeneous surface of fungal mycelia.
The surface property of acid-treated fungal pellets should
be considered as a factor providing an increase in the total
dye-binding sites.

3.2. FTIR analysis

The cell surface of fungal biomass usually contains poly-
saccharide, protein and chitin. Those components are com-
posed of varied characteristic functional groups. The FTIR
spectra of the mycelium pellets of Penicillium janthinellum
were carried out to obtain the information of functional
groups. It is observed from Fig. 4 that the broad and intense
band in the region of 3,500-3,200 cm™ is attributed to N-H
asymmetrical stretching vibrations and O-H stretching
vibrations. The peaks at 2,928; 2,854; 1,657 and 1,545 cm™!
for the biomass are attributed to the symmetric stretching
vibration of CH,, the amide and the amide II, respectively.
The adsorption peak in the vicinity of 1,385 cm™ may be dis-
tinctive of the amide oscillation as well as the carboxyl group.
The vibrational peaks of P = O and P-OH are near at 1,155
and 1,078 cm™, respectively [29-31]. The results indicate
that the mycelium pellets of Penicillium sp. contain abun-
dant functional groups such as hydroxyl, carboxyl, amino

Fig. 3. Scanning electron micrograph of mycelia pellet of Penicillium janthinellum (a) native biomass (x300), (b) native biomass (x5,000)

and (c) nitric acid-treated biomass (x5,000).
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Fig. 4. FTIR spectra of mycelia pellets of Penicillium janthinellum.

and phosphate groups, which might be involved in binding
AR 18 onto fungal pellets.

3.3. Alkali titration curve analysis

It is important to explore the proton binding active sites
of mycelia pellets. Alkali titration plots for the biomass sus-
pensions of the blank (without biomass), native and nitric
treated mycelia pellets, respectively, are given in Fig. 5.
The alkali titration curves for the three samples show the
similar trends with the lower inflection points at pH 2-4
and the upper inflection points at pH 10-12, respectively. As
shown in Fig. 5, the values of pH in the systems increased
with the increase of the amount of sodium hydroxide added.
When the value of pH increased from 2 to 4, the values of
sodium hydroxide consumption by the biomass suspen-
sions of the blank, native and acid-treated mycelia pellets
were about 3.71, 1.70 and 0.72 mmol, respectively. The values
of pH increased sharply to 10 with the increase amount of
alkali up to about 1.01 mmol for the blank, 2.09 mmol for the
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Fig. 5. Alkali titration curves for the native and acid-treated
biomass.

native biomass and 4.07 mmol for acid-treated biomass sus-
pension, respectively, and then the pH slowly increased until
the equilibrium trends with further increasing the amount
of alkali. It is observed that the values of alkali consump-
tion by the native and acid-treated biomass suspensions at
pH 4 and 10 were less than that of the blank, which could be
attributed to that the functional groups on surface of fungal
pellets could adsorb protons in the systems, resulting in the
decreasing consumption of alkali.

The ionization constant pK,, values of functional groups
such as amino, carboxyl and phosphoric groups on the sur-
face of the fungal biomass are usually greater than 2 [32].
In strong acid solution, some kind of functional groups could
accept protons in the system, leading to the decreased alkali
consumption. Fig. 5 also showed that the alkali consump-
tion of the acid-treated biomass suspension was lower than
that of the native, suggesting that the adsorption sites on the
biomass increased significantly after nitric acid treatment.
Therefore, the biosorption capacity of the nitric acid—treated
biomass for AR 18 should be higher than that of the native.

3.4. Effect of initial dye concentration

In order to investigate the adsorption capacity of the
native and acid-treated mycelia pellets, the effect of initial
dye concentration was carried out and the results are pre-
sented in Fig. 6. The dye uptake of the native and acid-
treated biomass both rapidly increased with increasing the
dye concentration from 50 to 300 mg L™ and then increased
slowly at dye concentration ranging from 300 to 500 mg L.
The increase of biosorption capacity with increasing the ini-
tial dye concentration is attributed to the increasing driving
force to overcome the mass transfer resistances of the dye
anions from liquid phases to solid phases. However, all kind
of sorbents have a fixed number of adsorption sites, which
can reach saturation at a certain adsorbate concentration
[14]. Thus, the biosorption of AR 18 onto the fungal pellets
showed a saturation trend at higher initial concentration.
Meanwhile, the acid-treated fungal biomass had larger bio-
sorption capacity than the native in the dye concentration
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Fig. 6. Effect of initial concentration (biosorbent dosage 0.75 g dry
biomass per liter; pH 3; temperature 30°C; contact time 120 min).
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range of 50-500 mg L. The increased biosorption capacity
of acid-treated fungal pellets at all studied dye concentra-
tions can be attributed to the surface modification of biomass
by the nitric acid. This further confirms that the acid-treated
fungal pellets of Penicillium janthinellum gained more new
binding sites on the surface.

3.5. Effect of pH

In adsorption process, the initial pH of solution is an
important parameter, which affects not only the biosorption
capacity but also the ionization of functional groups on the
biosorbent [14,16]. Fig. 7 presents the biosorption capacity of
the acid-treated biomass for AR 18 as a function of pH. It can
be seen that solution pH value has a significant influence on
adsorption of the dye by acid-treated biomass. At pH 2-3,
the adsorption capacity of acid-treated biomass was higher
and the removal rate of the dye reached more than 90%.
The adsorption capacity and the removal rate at pH 3 in the
studied pH range reached the maximum value, 46.45 mg g
and 96%, respectively. As dye solution pH increased to 4,
the dye uptake of the biomass sharply decreased to only
9.84 mg g with a drop of nearly 80% and then the biosorp-
tion capacity decreased slightly with the further increase of
pH value from 4 to 9. The observation of biosorption of AR
18 at studied pH range could be ascribed to the dissociation
of functional groups, such as amino and carboxyl, on the fun-
gal pellets and the AR 18 chemistry. The molecule of AR 18
with azo-based chromophore and three sulfonates can easily
dissociate in aqueous solution and release a dye anion and
three sodium ions. As the solution pH increased from 2 to
9, the hydroxyl ions also increased, which could compete
with the dye anions for the limited binding sites on the fun-
gal pellets, resulting in the decrease in biosorption capacity
of the acid-treated fungal pellets [33].

The fungal cell wall is mainly composed of polysaccha-
ride, protein and chitin, which usually contain a large num-
ber of functional groups, such as -NH,, -OH, -COOH and
-PO, groups. Those groups can adsorb or release hydrogen
ions under certain pH value and protonate or deproton-
ate. As solution pH changes, thus, the surface functional
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Fig. 7. Effect of pH on biosorption (biosorbent dosage 0.75 g
dry biomass per liter; dye concentration 50 mg L; temperature
30°C; contact time 120 min).

sites of Penicillium janthinellum may be positively or nega-
tively charged by adsorbing or releasing a certain amount
of H"ions. Zeta potential measurement of the acid-treated
Penicillium janthinellum was performed in the pH range
of 2-10. As seen from Fig. 8, the value of zeta potential of
Penicillium janthinellum rapidly dropped with an increase
of solution pH from 2 to 4. The isoelectric point of the acid-
treated biomass is observed at about pH 3.7. Below pH 3.7,
the fungal pellets carried net positive charges, which bene-
fited the biosorption of dye anions onto mycelia pellets due
to electrostatic attraction between the negatively charged
dye anions and the positively charged biosorbent. Above
the value, however, the biomass was negatively charged,
which inhibited the dye biosorption by electrostatic repul-
sion between the dye anion and surface of biomass, leading
to the decreased biosorption capacity for AR 18 [6,8]. The
high biosorption capacity of fungal biomass at pH 2-3 can
be explained by the larger electrostatic attraction force due
to the high positive charge density on the surface of biomass.
The poor biosorption capacity at pH 4-9 may be due to not
only the larger electrostatic repulsion caused by the higher
negative charge density on the biosorbent but also the com-
petition between hydroxyl ions and dye anions for binding
sites on the biomass surface. A rapid decline of biosorption
of dye at pH 4 may be partly attributed to strong negative
electricity caused by three sulfonates on the dye anion which
retard the dye anions toward the negatively charged surface
of biomass.

3.6. Biosorption kinetics

The adsorption kinetics process can illustrate the
relationship between adsorption material structure and
adsorption properties by changing adsorption capacity
with time. Fig. 9 shows that biosorption of AR 18 by nitric
treated fungal pellets was carried out as a function of con-
tact time at pH 3 and at initial concentration of 50, 100 and
200 mg L7, respectively. As seen from Fig. 9, the rate of
adsorption of dye on the acid-treated biomass increased
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Fig. 8. Zeta potential of acid-treated mycelia pellets of Penicillium
janthinellum.
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Fig. 9. Effect of time on biosorption (biosorbent dosage 0.75 g
dry biomass per liter; pH 3; temperature 30°C).

rapidly within the first 10 min, then slowly deceased with
increasing contact time from 10 to 90 min and finally reached
the equilibrium at about 60 min for initial dye concentra-
tion of 50 and 100 mg L7, and about 90 min for 200 mg L,
respectively. The equilibrium time established depended on
the initial dye concentration. The decrease of biosorption
rate with an increase in contact time may be attributed to
the decrease in driving force of dye concentration.

In order to determine the kinetic characteristics and
mechanism in the biosorption process, the pseudo first-order,
pseudo second-order, intraparticle diffusion, mass transfer
and Boyd models were used to analyze the kinetic data in
this study.

3.6.1. Pseudo first-order model

The pseudo first-order kinetic model proposed by Lager-
gren can be expressed as follows [34]:

kl
t 2
2303 @

log(q, —q,)=1ogq, —

where g, and g, are the amount of dye adsorbed at equilib-
rium and at time f (mg g™) and k, is the pseudo first-order
adsorption rate constant (min™). The pseudo first-order
kinetic parameters calculated from the slope and intercept of
the plots of log(q, — q,) vs. time t at different dye concentra-
tions are presented in Table 1.
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As Table 1 shows, the values of linear correlation coef-
ficients (R?) for pseudo first-order model were in the range
of 0.8801-0.9420 and lower than 0.95 at studied dye concen-
trations. This suggested the pseudo first-order model could
not well describe the biosorption data. In addition, the val-
ues of calculated equilibrium capacity (q_,), 13.58, 25.60 and
82.15 mg g for dye concentration of 50, 100 and 200 mg L7,
respectively, obtained from the equation of pseudo first-order
model were obviously lower than the values of experimen-
tal equilibrium capacity (q,), 46.78, 85.03 and 136.44 mg g
for dye concentration of 50, 100 and 200 mg L, respectively.
The lower theoretical equilibrium capacities (q_,) further
confirms that the biosorption process in the present case
does not well follow the pseudo first-order model.

3.6.2. Pseudo second-order model

The pseudo second-order kinetic equation is derived
from the adsorption data of divalent metal ions. The specific
linear equation can be written as follows [34]:

t 1 t
-1 . f 3
q9, ka4, ®

where k, in the equation is rate constant of pseudo second-
order model (g mg™ min™). The k,and q_, can be calculated
from the slope and the intercept of the plots of t/g, vs. t.

The rate constant k, does not denote the initial biosorption
rate. At t — 0, the initial biosorption rate can be obtained as
h, (mg min™ g™) [35]:

hy = kﬂf 4)

The theoretical equilibrium capacity (q_,), the initial
biosorption rate (k,), the rate constant k, and the correlation
coefficient R? are given in Table 1. For the pseudo second-
order model, the results show the higher correlation coef-
ficients, all greater than 0.99, at all studied concentrations,
suggesting that the biosorption of dye onto acid-treated
fungal pellets followed the pseudo second-order model
more effectively. Meanwhile, the values of theoretical equi-
librium capacity, q_, obtained from the linear plots of pseudo
second-order kinetic were a lot closer to the experimental g,
values. It is evident that the biosorption of AR 18 onto the
acid-treated fungal pellets well obeys the pseudo second-
order kinetics, implying that the chemisorption could be
involved in the biosorption process [14]. The values of initial
biosorption rate (k) increased from 6.96 to 14.25 mg min™' g™
as the dye concentration increased from 50 to 200 mg L7,

Table 1
Kinetic parameters for pseudo first-order and pseudo second-order kinetic models
C Pseudo first-order kinetic model Pseudo second-order kinetic model
0
(mg L) k (min™) g (mgg’) gq,mgg") K k,(gmg min™)  h (mgmin“gh gq,(mgg’) R
50 0.0276 46.78 13.58 0.8801  0.00561 6.96 48.08 0.9996
100 0.0385 85.03 25.60 0.9420  0.00164 12.86 88.49 0.9992
200 0.0267 136.44 82.15 0.8745 0.00070 14.25 142.86 0.9986
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indicating that the dye concentration in the studied range
was significant positive correlation with the initial biosorp-
tion rate, that is, the higher studied dye concentration in
the studied range increased, the faster the initial adsorption
rate became. In addition, Table 1 shows that the values of
k, decreases with an increase in dye concentration and the
theoretical dye uptake. Higher dye uptake indicates that
high competition of dye anions onto the limited binding sites
of myecelia pellets, resulting in a lower dye diffusion rate [5].

3.6.3. Intraparticle diffusion model

Since the fungal pellets used in the experiment shows
a network structure composed of fungal mycelium, it is
necessary to analyze the internal diffusion of AR 18 on the
mycelia pellets. The intraparticle diffusion of dye adsorption
onto biosorbent can be described by Weber-Morris model.
The equation can be given as follows [6,7,16]:

q,=kt*>+C )
where k; is the dye intraparticle diffusion rate constant
(mg g min™®?) and C is the constant (mg g™) and provides
an information about the thickness of boundary layer [5,35].
The adsorption dynamics process generally comprises three
consecutive steps, including film diffusion, that is, trans-
port of dye molecules from the bulk solution to the external
surface of absorbent through the boundary layer diffusion,
intraparticle diffusion, that is, diffusion of the dye molecules
from the external surface into the adsorbent pores and the
dye molecules onto the binding sites of the internal surface of
the adsorbent pores [35,36]. The last step is usually faster than
the two others and the whole rate of dye adsorption process
will be controlled by film diffusion or/and intraparticle diffu-
sion [15]. If the plots gained by Eq. (5) based on adsorption
data are straight lines and pass through the origin, it can be
concluded that the adsorption process is governed by the
intraparticle diffusion. The intraparticle diffusion rate con-
stant, k, can be obtained from the linear slopes of the plots
of g, vs. t*.The plots and parameters of the intraparticle
diffusion model are given in Fig. 10 and Table 2, respectively.

As shown in Fig. 10, the intraparticle diffusion kinetic
plots at all dye concentrations (50, 100, 200 mg L) showed
multilinearity, comprising of three-stage straight line por-
tions. The first sharper portions within initial 10 min were
related to the boundary layer diffusion (film diffusion), sug-
gesting the rapid surface loading. The second straight line
portions were attributed to the intraparticle diffusion during
the contact time from 10 to 60 min for 50 and 100 mg L™ and

Table 2
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Fig. 10. Intraparticle diffusion kinetic model for dye biosorption.

from 10 to 90 min for 200 mg L, respectively, and the last
portions described the final equilibrium stage. The intercept
of second-step straight line indicates the thickness of boundary
layer. This shows that the larger the value of intercept is,
the greater the contribution of the surface sorption in the
rate-controlling step is [5,30]. The value of intercept of the
second portion increased from 21.01 to 43.17 mg g™ (Table 2)
with increasing dye concentration from 50 to 100 mg L7,
indicating that the boundary layer effect was not negligible
during the biosorption of AR 18 onto the acid-treated fungal
pellets. The greater the value of intraparticle diffusion rate
k, the faster the adsorbate diffuses from the external surface
into the adsorbent pores. The increase of k, value from the
second portion intraparticle diffusion with increasing AR 18
concentration suggested that the dye anions easily diffused
from the surface of fungal pellets to the interior under higher
initial dye concentration. It is attributed to the reason that
the increase of dye concentration results in an increase of
the driving force, which can increase the diffusion rate of
AR 18. Thus, the higher initial dye concentration provides
the higher diffusion coefficient, resulting in higher biosorp-
tion capacity for AR 18. The multi-stage plots mean that
the intraparticle diffusion is not only limiting step in the dye
biosorption process.

3.6.4. External diffusion model

According to the adsorption theory, in most cases, the
adsorption rate is mainly controlled by the external diffu-
sion process or the intraparticle diffusion process or both.

Parameters obtained from the intraparticle and the external diffusion models

Intraparticle diffusion

External diffusion

C,(mgL™) k,(mg g™ min=?) C(mggh) R? B,S (min™) R?

50 3.35 21.04 0.9797 0.0339 0.9871
100 7.533 27.67 0.9835 0.0248 0.9777
200 10.23 43.17 0.9779 0.0092 0.9515
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The diffusion coefficient of external diffusion can be obtained
by Mathews-Weber model. The Mathews-Weber model is
expressed as [26,37,38]:

= ©

—‘L=e
CO

where C, is the dye concentration at time ¢, C, is the initial
dye concentration, 3, is the mass transfer coefficient, and
S is the external surface area of the adsorbent. Since the S
value in the model is difficult to determine, the rate of mass
transfer of external diffusion is estimated by the value of 3, S
in the adsorption process.

The external diffusion curves can be obtained by plot-
ting C/C, vs. t at different dye concentrations (Fig. 11).
As shown in Fig. 11, C,/C0 decreased with the increase of
contact time until biosorption equilibrium and increased
with the increase of the initial dye concentration. The val-
ues of (3,S calculated from the slope of linear plots of In
(C/C,) against time t are presented in Table 2. When the
initial dye concentration increased from 50 to 200 mg L™,
the 3,5 value decreased from 0.0339 to 0.0092 min™. It is
indicated that the higher the dye concentration, the slower
the mass transfer rate of dye from liquid to solid phase is.
The decrease of (3,5 value with the increase in the initial
AR 18 concentration may be due to the increase in bound-
ary layer thickness (C), which is obtained from the inter-
cept of the second straight portion in intraparticle diffusion
plot. The results are also in agreement with k, obtained
from pseudo second-order kinetic equation. However, the
increasing dye concentration does favor the intraparticle
diffusion of AR 18. The larger (3,S values for the dye con-
centration of 50 and 100 mg L result in equilibrium faster
for biosorption of AR 18 onto fungal pellets.

3.6.5. Boyd model

The Boyd model is usually used to determine the rate
control step of the adsorption process, and its expression can
be given as [39,40] follows:

Bt =—0.498 -In(1-F) @)

p=t ®)
q(’

where F is the biosorption separation coefficient at time ¢
and Bt is a function of F.

It is generally believed that if the plot of Bt vs. f shows a
good linearity and passes through the origin, the intrapar-
ticle diffusion is the rate limiting step of dye biosorption,
otherwise the film diffusion is the rate limiting step [39].
In order to further determine the rate limiting step of dye
biosorption, Boyd model plots are shown in Fig. 12. The
plots for dye concentration of 50 and 100 mg L™ showed
good linearity, but did not pass through the origin. While the
concentration of dye was 200 mg L7, the linearity of the plot
was poor and the plot also did not pass through the origin.
This indicated that the film diffusion process was mainly

1.2
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A = 50mgL
0.8 e 100mgL’
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% 0.6- _:“A g
o4l o s,
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Fig. 11. Plots of C,/C- t at different initial dye concentrations.

6

¢ (min)

Fig. 12. Boyd plots of biosorption.

rate limiting step for AR 18 biosorption onto acid-treated
fungal pellets. The similar results were reported for basic
Violet 3 and Acid Black 1 adsorption onto unburned carbon
[39], the basic yellow dye onto green alga Caulerpa scalpel-
liformis [41], and the hexavalent chromium by dead fungal
biomass of marine Aspergillus niger [40], respectively.

3.7. Biosorption isotherms

The equilibrium adsorption isotherm is fundamentally
important in the practical design of adsorption systems
[42]. Adsorption isotherms also can describe the relation-
ship between the adsorbate and sorbent [5]. In this study,
biosorption isotherms were investigated at different tem-
peratures (25°C—40°C) by varying the initial concentration of
AR 18 from 50 to 500 mg L. The Langmuir and Freundlich
isotherm models were used to fit the equilibrium adsorption
data at 25°C, 30°C, 35°C and 40°C.

The linear equation of the Langmuir and Freundlich
isotherm models, respectively, is given by [5,15]:

C, C 1
—£=—t4
9. 4, bxq,

©)
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log g, = (1j log C, + logK, (10)
n

where C, is concentration of dye at equilibrium (mg L™), b is
Langmuir constant (L mg™), g, is the monolayer adsorp-
tion capacity (mg g”') and g, represents amounts of dye
adsorbed on biosorbent at equilibrium (mg g). K, and n
are indicative isotherm parameters of adsorption capacity
and intensity, respectively. The Langmuir and Freundlich
constants can be determined from slope and intercept of
the linear plots of C/q, vs. C, (Fig. 13) and log g, vs. log C,
(Fig. 14), respectively. The parameters of both isotherm
models are given in Table 3. The values of correlation coef-
ficients (R?) for Langmuir isotherm model were found to
be all greater than 0.98 at temperature ranging from 25°C
to 40°C, respectively. The higher correlation coefficients at
studied temperature showed that the biosorption of AR 18
onto the acid-treated mycelium pellets of Penicillium janthi-
nellum followed the Langmuir better than the Freundlich
isotherm model. The values of 1/n were all between 0 and
1, suggesting that the biosorption of AR 18 onto the acid-
treated mycelia pellets is favorable at studied temperature
range [6,43,44]. Furthermore, the maximum adsorption
capacities (g, ) of the acid-treated biomass were determined
as 250.0, 312.5, 333.3 and 357.1 mg g at 25°C, 30°C, 35°C
and 40°C, respectively. An increase in the equilibrium
monolayer capacity with increasing the temperature from
25°C to 40°C shows that the biosorption process was endo-
thermic in the studied temperature range.

3.8. Thermodynamic analysis

The temperature-dependent biosorption process is
associated with thermodynamic parameters, which reflect
the feasibility and spontaneous nature of the biosorption
process [15]. The Gibbs free energy change (AG®), enthalpy
(AH®) and entropy (AS°) can be determined from the
following equations [8,45]:

AG®=-RTInK, (11)
AS®  AH®

InK, == — 12

=R T RT (12)

where K is the distribution constant and T is absolute tem-
perature. The values of AG°, AH® and AS° for the biosorp-
tion of AR 18 onto the acid-treated Penicillium janthinellum

Table 3
Langmuir and Freundlich isotherm parameters for biosorption
of AR 18

Langmuir isotherm Freundlich isotherm

T(°C) R* g,(mgg?) B(Lmg') R K, 1/n

25 0.992  250.0 0.0124 0984 144 0.469
30 0.984 3125 0.0137 0.993 16.0 0.506
35 0.997 3333 0.0199 0960 24.8 0451
40 0.998 357.1 0.0273 0930 333 0426

16 = 25C
. 30C
12F + 35C

40°C

08t
U o
04}
0.0f
0 100 200 300 400
C(mgL")

Fig. 13. Linear plots of Langmuir isotherm for biosorption of AR
18 (biosorbent dosage 0.75 g dry biomass per liter; pH 3; contact
time 120 min).
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Fig. 14. Linear plots of Freundlich isotherm for biosorption of
AR 18 (biosorbent dosage 0.75 g dry biomass per liter; pH 3;
contact time 120 min).

Table 4
Thermodynamic parameters for biosorption of AR 18

T(C) AG (K mol")  AS(molK')  AH (k] mol?)
25 -1.10

30 159 109.45 31.53

35 221 ' '

40 272

at different temperatures are presented in Table 4. The neg-
ative values of AG® indicated the biosorption of AR 18 was a
spontaneous in nature at different temperatures (25°C—40°C).
The value of enthalpy change was positive, suggesting
the adsorption process was endothermic. The adsorption
capacity increased with a rise in temperature. The positive
value of AS° suggested increasing randomness at the solid—
liquid interface during the biosorption of AR 18 onto acid-
treated Penicillium janthinellum.
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4. Conclusion

The mycelia pellets of Penicillium janthinellum treated
with nitric acid had higher adsorption capacity for AR 18
than the native. Based on the alkali titration curves anal-
ysis, it was indicated that the nitric acid treatment could
increase the new active site on the biomass. The biosorption
process followed pseudo second-order kinetic model with
higher correlation coefficient. According to the kinetic anal-
ysis, the external diffusion and intraparticle diffusion were
involved in the dye biosorpton process. The biosorption rate
of the whole adsorption process was mainly controlled by the
external diffusion process. The biosorption of AR 18 followed
the Langmuir better than the Freundlich isotherm model.
The thermodynamic analysis suggested that the biosorption
process was spontaneous and endothermic in nature.
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