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ABSTRACT

Biosorption performances of raw and chemically modified biomasses (treated with (i) lipid
removal, (ii) phosphate esterification, (iii) amine methylation, and (iv) amine propylamina-
tion) from white rot fungus Perenniporia subacida were investigated for heterocycle dye Neu-
tral Red removal. Better dye uptake was obtained at constant temperature and agitation
speed with the optimum variables like initial pH at 3.0, initial dye concentration at 50 mg/L,
surfactant Tween 80 at 2.5% (V/V), inorganic salt NaCl at 0.1 M, and first 60 min of reaction
time. A comparison of the different isotherm models indicated that the biosorption process
by the fungal biomass followed the Langmuir isotherm model. The kinetic data could be well
described by the pseudo-second-order model. Calculated thermodynamic parameters of
biosorption indicated the exothermic and spontaneous process. Additionally, the modifica-
tion of biomass with amine propylamination increased the biosorption capability of Neutral
Red dye about 1.36-fold of the raw fungal biomass. These observations were characterized
by FT-IR, SEM, and X-ray diffraction, respectively.

Keywords: Perenniporia subacida biomass; Biosorption; Chemical modification; Isotherms;

Kinetics

1. Introduction

Extensive use of synthetic dyes in many industrial
processes such as textile, paint, solvent, paper, pulp,
printing, food and cosmetic results in large quantities of
colored effluents [1]. Over a hundred thousand com-
mercially available dyes exist and more than 7 x10°
tons are produced annually [2]. Consequently, large
quantities of dyes are emitted into effluents from
various industries, for example, the textile and food
industries [3]. Contamination of water sources with
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synthetic dyes as a consequence of various industrial
activities has become a serious problem. Discharge of
dye-contaminated wastewaters into aquatic environ-
ment without treatment can lead to adverse effects on
the esthetic quality of water bodies and impact the
ecosystem by reducing the sunlight penetration and gas
solubility in water [4]. Moreover, some dyes as well as
their breakdown products are highly toxic and
potentially carcinogenic, mutagenic, or allergenic to
aquatic life. Therefore, treatment of dye-contaminated
aquatic systems and improvement of water quality
are important topics in the field of environmental
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technologies [5]. The traditional methods for color
removal, including photooxidation, electrocoagulation,
adsorption, reverse osmosis, membrane filtration, floc-
culation, oxidation (ozonation, hydrogen peroxide, and
chlorine), deep-well injection, ionic exchange, incinera-
tion, solvent extraction, Fenton agents and irradiation,
are limited because of the excessive usage of chemicals,
accumulation of concentrated sludge, expensive plant
requirements, and high operational costs [6].

Biosorption is found to be an alternative low cost
and eco-friendly technology based on the biomate-
rial-pollutant interaction. As sometimes the tested
sorbent materials do not possess good biosorption
capabilities or need long biosorption equilibrium
times, there is a need to search for more effective
adsorbents. Activated carbon has been widely
utilized as an adsorbent for the removal of textile
dyes from wastewater. However, this technique is
ineffective due to its cost and poor regeneration [7].
Low-cost materials have also been extensively stud-
ied as alternative adsorbents for dyes, recent studies
showed that waste biomasses, shells, rice husk ashes,
and fungi can be used as effective adsorbents in
biosorption [4,8,9].

White rot fungi have been proved to possess high
dye binding capabilities due to the presence of
polysaccharides, proteins, or lipid on the cell wall sur-
face containing various functional groups such as
amino, hydroxyl, carboxyl, phosphate, and sulfate,
which can act as binding sites for dye molecules
[10,11]. The efficiency of the biosorption process
depends on various factors including the type of bio-
mass, solution pH, temperature, and the type of pollu-
tant [11]. One method for improving the biosorption
capacities of adsorbents is through modification of
biomass using various chemical agents, or by oven
heating or autoclaving, or by genetic modification of
the cells to change their biosorption properties [12].
Moreover, current researches demonstrate that differ-
ent kinds of biomaterials interact with dye molecules,
chlorides, heavy metals, and other organic substances
and they successfully remove these contaminants from
aqueous media [3,13,14].

Perenniporia subacida is a common white rot fungus
in China [15], and it is also recorded as a forest patho-
gen [16] and medicinal fungus [17]. Recent study
showed it has the ability to decolorize several kinds of
dyes including Neutral Red, Congo Red, Methylene
Blue, and Chromazurine [18]. In this work, the bio-
mass prepared from P. subacida was chemically modi-
fied by lipid removal (LR), phosphate esterification
(PE), amine methylation (AM), and amine propylam-
ination (AP) in order to prepare a novel, effective, and
alternative material for uptake of heterocycle dye Neu-
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tral Red. The biosorption properties of the modified
biomasses were explored as a function of batch
operating conditions including pH, initial dye concen-
tration, surfactant, ionic strength, and reaction time.
Isotherm and kinetic analysis of the biosorption
process was performed in terms of the Langmuir,
Freundlich, and Temkin isotherm models, as well
as the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion kinetic models. Additionally,
Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscope (SEM), and X-ray
diffraction (XRD) were employed to evaluated the
possible dye-biosorbent interactions.

2. Materials and methods
2.1. Chemical reagents and adsorbate

Table 1 presents the heterocycle dye Neutral Red
used in this study and its color index number,
chemical class, and wavelength. A stock solution
(1,000 mg/L) of the dye was prepared by dissolving
an approximate amount of it in deionized water and
being filtered through a 0.22-pm membrane to
remove bacteria. The solutions for all experiments
were prepared through dilutions of stock solution.
The desired solution pH was adjusted with diluted
1M NaOH and 1M HCI. All the reagents used were
of analytical grade.

2.2. Fungal strain and raw biomass preparation

P. subacida IFP 003942 was isolated from Changbai
Mountain of Jilin Province in China. This strain was
maintained through periodic (monthly) transfer on
yeast extract glucose agar (YGA) at 4°C. The YGA
medium used for the experiment contained (g/L of
distilled water): yeast extract 5.0, glucose 20.0, agar
20.0, KH,PO,4 1.0, MgSO,-7H,0O 0.5, ZnSO,4-7H,O 0.05
and vitamin B1 0.01, and the pH value of the medium
was adjusted to 5.0 before sterilization. Prior to use,
the stored fungal strain was activated in 100 mL of
yeast extract glucose medium (YG, identical to YGA
without agar) and cultured on a rotary shaker at 28°C
with a speed of 150 rpm. After six days, mycelia were
homogenized using an Ace Homogenizer (Hengao
Co., Tianjin, China) at 5,000 rpm for 30s, and the
pellet suspensions were later prepared as inocula for
the next experiment.

An aliquot of 10mL of inocula (0.087 g, dry
weight) was inoculated into a 250-mL Erlenmeyer
flask containing 100 mL of YG medium, and incubated
at 28°C and 150 rpm. After five days, the cells were
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Characteristics of heterocycle dye Neutral Red used in the present study

Chemical structure

Color index number
Color index name
Chromophore

Molecular weight (g/mol)
Wavelength (nm)

H,C N
X
:@: ;@\ /CH3
H,N N N
50040
Basic Red 5
Heterocycle

288.78
553

then harvested by filtration, rinsed several times with
generous amounts of deionized water, and then oven-
dried at 75°C to constant weight. For the biosorption
studies, the raw biomass was ground to powder in a
disintegrator and sieved through a 75pm ASTM
Standard sieve to obtain uniform particle size.

2.3. Chemical modification of raw biomass
2.3.1. Lipid removal

One gram of raw biomass was added to 75 mL of
acetone in a 250-mL Erlenmeyer flask. The reaction
mixture was agitated on a rotary shaker for 6 h with a
shaking speed of 150 rpm at 50°C, and then kept with-
out shaking for 24 h. This treatment results in the
removal of surface lipids of fungal biomass. After-
ward, the biomass was washed several times with
deionized water and oven-dried at 75°C to constant
weight.

2.3.2. Phosphate esterification

Forty milliliters of triethyl phosphate and 30 mL of
nitromethane were added to 1.0 g of raw biomass in a
250-mL Erlenmeyer flask and the reaction mixture
was shaken on a rotary shaker for 6 h with agitation
speed of 150 rpm at 50°C. Afterward, the biomass was
washed several times with deionized water and oven-
dried at 75°C to constant weight.

2.3.3. Amine methylation

Another aliquot of 1.0 g of raw biomass was inocu-
lated into a 250-mL Erlenmeyer flask containing
20 mL of pure methanal and 40 mL of methanoic acid.
The reaction mixture was shaken on a rotary shaker
for 6 h with agitation speed of 150 rpm at 50°C. This
treatment results in methylation of amine and the
general reaction scheme is:

HCHO-+HCOOH
—

RCH,NH, RCH,(CH3), + CO, + H,O (1)
Afterward, the chemically treated biomass was
washed several times with deionized water and
oven-dried at 75°C to constant weight.

2.3.4. Amine propylamination

Fifty milliliters of 0.1 M propylamine was added to
1.0 g of raw biomass in a 250-mL Erlenmeyer flask.
The reaction mixture was shaken on a rotary shaker
for 3 h with a speed of 150 rpm at 50°C; subsequently
the biomass was washed several times with deionized
water and oven-dried at 75°C to constant weight. The
modification leads to the conversion of carboxylic acid
groups to amine groups by the following reaction:

CH3CH,CH,;NH,
—

RCOOH RCOONH; + C3Hs 2

2.4. Batch biosorption studies

The bath dye biosorption experiments were con-
ducted in a 250-mL Erlenmeyer flask containing
100 mL of dye solution. A weighed amount of 100 mg
of raw or chemically modified biomasses was added
to the dye solution. The reaction mixtures were
shaken with agitation speed of 150 rpm at 28°C in the
dark to avoid dye polymerization by light. The
influences of pH (1.0-10.0), initial dye concentration
(5200 mg/L), surfactant (Polyoxyethylene sorbitol
monooleate 80, Tween 80; 0.5-5.0%, V/V), ionic
strength (NaCl, 0-1.0 M), and reaction time (0-80 min)
were evaluated to optimize the impact factors for the
dye biosorption by varying the factor under study and
keeping other factors constant. The levels used were
determined empirically. Uninoculated (without dry
powders) flasks and inoculated (with fresh biomass)



J. Si et al. | Desalination and Water Treatment 57 (2016) 8454-8469

flasks with media YGA addition were selected as
controls under identical conditions. Experiments were
all performed in triplicate and the results obtained
were expressed in terms of means and standard error
means.

Once the biosorption equilibrium was achieved,
the mixtures were centrifuged at 12,000 rpm for
15 min and the pure (without dye biosorption experi-
ment) and dye-loaded (after dye biosorption experi-
ment) biomasses were oven-dried at 75°C to constant
weight for FT-IR, SEM, and XRD analysis. The super-
natant’'s UV-Visible spectra before and after dye
biosorption were recorded between 200 and 800 nm
with a UV-Visible spectrophotometer (UNICO 4802,
Younike Co., Shanghai, China). The dye removal effi-
ciency (%) and the amount of dye adsorbed on the
biomass (g.) were calculated by Egs. (3) and (4)
respectively as follows:

° % 100 3)

Dye removal efficiency (%) =

qe — V(Cl - Ce) (4)

m

where C; and C. are the initial and equilibrium
concentrations (mg/L) of heterocycle dye Neutral Red,
ge is the dye uptake (mg/g), V is the solution volume
(L), and m is the mass of biomass (g).

Biosorption data were subject to equilibrium
modeling to have a better understanding of mecha-
nism of heterocycle dye biosorption using three
parameter isotherms such as Langmuir, Freundlich,
and Temkin. Kinetic rate constants were determined
using pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models.

3. Results and discussion

3.1. Influences of impact factors on dye biosorption
capability

3.1.1. Initial pH

In this study, the influence of initial pH on the
biosorption of heterocycle dye Neutral Red onto
untreated and treated biomasses was studied by vary-
ing pH from 1.0 to 10.0, while the initial dye concen-
tration and reaction time were kept constant at
15mg/L and 60 min, respectively. As shown in
Fig. 1(a), lower biosorption capability was observed as
the initial pH from 7.0 to 10.0 after 60 min. Dye
uptake of Neutral Red displayed a typical bell-shaped
pH profile, which exhibited stronger capability over a
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broad pH range of 1.0-6.0, with an optimum pH at 3.0
for all the treated and untreated P. subacida biomasses.
This result was consistent with the previous study [19]
which showed lower pH was available for anionic
dyes biosorption. Higher dye uptake obtained at
relatively lower pH might be due to the electrostatic
interaction between negatively charged dye molecules
and positively charged fungal cell surface [20]. Since
the peak value of Neutral Red dye biosorption for
untreated and treated biomasses was detected at pH
3.0, further experiments were carried out at initial pH
3.0.

3.1.2. Initial dye concentration

Influences of various initial concentration of
Neutral Red dye (5-200 mg/L) on the biosorption
capabilities of raw and chemically modified biomasses
from P. subacida are demonstrated in Fig. 1(b). Results
showed that the uptake of dye at different concentra-
tions of 5-50 mg/L gradually increased in the initial
stages and then decreased as the reaction time until
the equilibrium reached at the initial concentrations of
140 mg/L. Initial dye concentration provides an
important driving force to overcome all mass transfer
resistance of dye between the aqueous and solid
phases [21]. Afterward, decline in dye removal may
be due to the insufficient production of biomass for
biosorption of higher concentrations of dyes [22].

The dye biosorption capability of AP-treated bio-
mass was 53.64 mg/g after 60 min with the initial dye
concentration at 50 mg/L, which was 1.15 times than
that of raw biomass. With the increase in initial dye
concentration, the biosorption capability of AP-treated
biomass was dramatically increased compared to
untreated or other treated biomasses. The higher dye
removal of AP-treated biomass could be possibly
attributed to the increase in amine functional groups
on the biomass surface, demonstrating that this treat-
ment stimulates the electrostatic force between the bio-
mass and negatively charged dyes [23].

3.1.3. Surfactant Tween 80

It is well known that the surfactant has the
capability to increase aqueous concentrations of low
solubility compounds, thus leading to enhance their
availability to micro-organisms. But in some cases,
surfactant with higher concentrations has been
reported to inhibit the biodegradation of organic com-
pounds [24]. Thus, it is necessary to explore the influ-
ence of surfactant Tween 80 on the Neutral Red dye
uptake of P. subacida biomass.
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Fig. 1. Influences of (a) initial pH, (b) initial dye concentration, (c) surfactant Tween 80, (d) ionic strength, and (e) reaction
time on the biosorption of heterocycle dye Neutral Red by raw and chemically modified biomasses from P. subacida.
Chemically modification: LR, lipid removal; PE, phosphate esterification, AM, amine methylation; AP, amine
propylamination.
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The plot of dye uptake vs. the concentration of
Tween 80 is shown in Fig. 1(c). As can be seen from
this figure, maximums of dye uptakes were obtained
in the presence of Tween 80 with concentration at
2.5% (V/V) for raw and chemically modified bio-
masses, which were approximately 1.08-, 1.17-, 1.17-,
1.02-, and 1.18-fold, respectively, than those of all
treatments without Tween 80 after 60 min, indicating
that the surfactant at relatively lower concentrations
could enhance the dye uptake by formation of micelles
in the dye solution [25]. However, the dye removal
was restrained with Tween 80 over a range of concen-
tration from 3.5 to 5.0% (V/V). It was concluded that
high concentration surfactant has an inhibitive effect
on the dye biosorption capability of fungal biomass.
Thereby, a suitable surfactant with a reasonable con-
centration is crucially important for retaining the high
dye uptake of fungal biomass [26].

3.1.4. Ionic strength

High amounts of chlorides were generally used in
dyebath to ensure the maximum fixation of dye to the
cellulose fiber, which may lead to high ionic strength
and afect the biosorption of dyes onto biomass [27]. In
order to investigate the influence of inorganic salts in
dye biosorption process, the experiments were carried
out using 100 mL of dye solution with an initial dye
concentration of 50 mg/L containing various NaCl
concentrations ranging from 0 to 1.0 M.

As depicted in Fig. 1(d), the dye uptakes were
enhanced by 4.04, 4.03, 3.97, 0.98, and 4.90 mg/g for
raw as well as LR, PE, AM, and AP-treated biomasses,
respectively, in the presence of NaCl at 0.1 M, suggest-
ing that the chloride at relatively low concentrations
could enhance the electrostatic force of biomass to
dyes, thereby stimulating dye removal. Thereafter, the
biosorption capabilities returned to their original
levels at 0.4 M and decreased as the chloride increased
from 0.5 to 1.0 M. This could be explained by the com-
petition between chloride anions (Cl") (present in salt
used to change the ionic strength of solution) and
negatively charged Neutral Red dye species for the
same binding sites on the biosorbent surface [14,28].

3.1.5. Reaction time

To determine the optimum reaction time for the
Neutral Red dye removal, the raw and chemically
modified biomasses (100 mg) were equilibrated with
100 mL of 50 mg/L dye solution at pH 3.0 with 2.5%
(V/V) Tween 80 and 0.1 M inorganic salt NaCl,
respectively. As displayed in Fig. 1(e), it is clear that
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initial biosorption of dye occurred much more rapidly
and the majority of dye uptake took place within the
first 60 min of contact time. As a result of filling some
binding sites with dye molecules, the availability of
these sites and so the rate of the biosorption decreased
by the time passes [12].

3.2. Biosorption isotherm studies

In the present investigation, the isotherm study of
heterocycle dye Neutral Red was conducted with raw
and chemically modified biomasses by changing the
initial dye concentration in the range of 5-200 mg/L.
The Langmuir, Freundlich, and Temkin isotherm mod-
els were used to describe the equilibrium biosorption
data (Table 2).

3.2.1. Langmuir model

The Langmuir isotherm model assumes that the
biosorption takes place in the monolayer form at
specific homogeneous sites within the biomass, mean-
ing that once a dye molecule occupies a site, no fur-
ther biosorption can occur at this site. The linear form
of the Langmuir equation is expressed as follows [29]:

1 1 1 1
i_t 1 5)
e Jmax (qmax KL) Cc

where g. and gmax are the equilibrium and monolayer
biosorption capabilities of the biomass (mg/g), respec-
tively. The C, represents the dye concentration in solu-
tion at equilibrium (mg/L), and the Langmuir constant
Ky is related to the energy of biosorption (L/mg).

As shown in Table 2, it is evident from the
corresponding linear regression correlation coefficient
values R”> that Langmuir model was suitable for
describing the biosorption of heterocycle dye Neutral
Red; further demonstrating that monolayer biosorp-
tion onto cell surface is the mechanism for the raw
and chemically modified P. subacida biomasses to
remove the dye. As a result, once an adsorbate
occupies a site no further biosorption can occur at this
site [29].

3.2.2. Freundlich model

The Freundlich isotherm model involves heteroge-
neous biosorption over the surface of the biosorbent
and it can be presented by the following linearized
equation [30]:
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Isotherms of the biosorption of heterocycle dye Neutral Red by raw and chemically modified biomasses from P. subacida

in the optimal conditions

Biomass

Biosorption isotherm Raw Lipid removal Phosphate esterification ~Amine methylation Amine propylamination
Langmuir model
Jmax (Mg/g) 58.4795  58.8235 57.1429 42.0168 75.7576
K, (L/mg) 0.0458 0.0483 0.0452 0.0731 0.0765
R? 0.9985 0.9975 0.9977 0.9980 0.9992
Freundlich model
Kr (mg/g) 8.5122 9.7757 8.8004 11.8734 20.4054
n 2.7108 2.9317 2.8161 4.1597 3.9557
rR? 0.9346 0.9480 0.9564 0.9458 0.9582
Temkin model
Kr (L/mg) 0.6256 0.7287 0.6431 2.4390 1.9175
br (J/mol) 2212194 226.6462 229.0095 381.8746 200.4131
rR? 0.9895 0.9851 0.9892 0.9868 0.9802

1 model, the kinetic data could not be well described by
Inge = InKp + Eln Ce (6) the Temkin isotherm model.

where g, is the equilibrium biosorption capability of
the biomass (mg/g), Kg is the Freundlich constant
(mg/g), and 1/n is the empirical parameter relating
the biosorption intensity, which varies with the hetero-
geneity of the material. In Table 2, it is demonstrated
that the Freundlich model does not fit well with the
studied biosorption processes because R* has lower
values than those in the Langmuir isotherm model.

3.2.3. Temkin model

Temkin isotherm was also applied to evaluate the
experimental data. Unlike the Langmuir and
Freundlich models, the Temkin isotherm model takes
into consideration the interactions between biomass
and dye to be adsorbed and is based on the assump-
tion that the free energy of biosorption is a function of
the surface coverage [31]:

RT
Ge = B In(KrCe) (7)

where g, is the equilibrium biosorption capability of
the biomass (mg/g), br is the Temkin constant related
to heat of biosorption (J/mol), Kr is the Temkin iso-
therm constant (L/mg), T is the temperature (K), and
R is the ideal gas constant (8.134 ]/mol'K). As demon-
strated in Table 2, the highest Ar indicated a stronger
interaction between the dye and the biomass surface.
Since the R* values were less than those of Langmuir

3.3. Biosorption kinetic studies

Batch biosorption kinetics of heterocycle dye
Neutral Red uptake was examined using the pseudo-
first-order, pseudo-second-order, and intraparticle
diffusion kinetic models with raw and chemically
modified P. subacida biomasses (Fig. 2 and Table 3).

3.3.1. Pseudo-first-order model

When Dbiosorption is processed by diffusion
through a boundary, the kinetics in most cases follows
the pseudo-first-order rate equation [32]:

d
d—it =ki(ge — 490 ®

where g. and g, are the amounts of dye adsorbed
(mg/g) at equilibrium and at time ¢ (min), respec-
tively, and k; is the rate constant of pseudo-first-order
kinetics (min~"!). Integrating this for the boundary
conditions ¢,=0 at t=0 and g,=q; at f =1, gives

In(ge — 1) = Inge — kit )

A straight line of In (g.— gy vs. t suggests the applica-
bility of this kinetic model and g. and k; can be
determined from the intercept and slope of the plot,
respectively.
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Fig. 2. Batch biosorption kinetics of (a) raw, (b) lipid removal treated, (c) PE-treated, (d) AM-treated, and (e) AP-treated
P. subacida biomasses for heterocycle dye Neutral Red uptake.

8461



8462

Table 3
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Kinetics parameters obtained from pseudo-first-order, pseudo-second-order and intraparticle diffusion models for the
biosorption of heterocycle dye Neutral Red by raw and chemically modified biomasses from P. subacida in the optimal

conditions

Biomass

Kinetic model Raw Lipid removal

Phosphate esterification ~Amine methylation Amine propylamination

Pseudo-first-order model

ki (min™") 0.0559  0.0421 0.0638 0.0631 0.0520
g1 (mg/g) 37.7241 42.1233 49.3975 39.3108 48.2213
R? 0.9813  0.9763 0.9657 0.9722 0.9787
Pseudo-second-order model
k, x 107° (g/mg min) 1.8008  0.9485 1.4508 1.4622 1.4322
g» (mg/g) 57.8035 58.8235 58.8235 43.1034 76.9231
R? 09916  0.9911 0.9959 0.9932 0.9944
Intraparticle diffusion model
ky (mg/g min’?) 44549  5.6112 4.9839 3.9821 5.9133
C (mg/g) 17.5380 4.4196 13.1510 5.1014 24.0400
R? 0.9560  0.9898 0.9778 0.9835 0.9729
It is worth noting that the experimental g. must be
known for the application of this model [33,34]. &2 = k,dt (11)
According to the pseudo-first-order constants and R*>  (4e — 1)

values, it can be obviously seen that the calculated
Je ce values were not in good agreement with the
experimental data of g. exp and the constants k; of
pseudo-first-order model were found in the range
from 0.0421 to 0.0638, which were relatively low. As
shown in Fig. 2, there was a deviation from the
straight line of In(g.—gqy) vs. t after the first 60 min for
raw and chemically modified biomasses, indicating
that the pseudo-first-order model could not explain
the Neutral Red dye removal process adequately [35].

3.3.2. Pseudo-second-order model

The pseudo-second-order model is based on a cer-
tain assumption that the rate-limiting step is chemical
sorption or chemisorption involving valance forces
through sharing or exchange of electrons between
adsorbent and adsorbate as covalent forces [36]. The
model may be expressed as [31]:

dg,

= =@ —q)° (10)

where k; is the rate constant for the pseudo-second-
order kinetics (g/mg min); g, (mg/g) is the maximum
biosorption capacity; and g (mg/g) is the amount of
dye adsorbed at time f (min). Separating the variables
in Eq. (10) gives:

Integrating this for the boundary conditions 4,=0 at ¢
=0 and g;=q; at t =1, gives

1 1
= — +k2f

— (12)
(e —q)* Ao
which is the integrated rate law for a pseudo-second-
order reaction. Eq. (12) can be rearranged to obtain:

1
= (13)
" k) + (/40)
which has a linear form of:
1 1 1
— + (14)

q B thog?  qe

If pseudo-second-order kinetics is applicable, the plot
of 1/g; against 1/t should give a straight, from which
ge and k, can be obtained from the slope and intercept
of the plot, respectively [34,37]. Fig. 2 depicts the
pseudo-second-order plots for biosorption of heterocy-
cle dye Neutral Red onto raw and all-treated P. suba-
cida  biomasses. The pseudo-second-order rate
constants k,, the calculated g, values, and the corre-
sponding linear regression correlation coefficient val-
ues R? are given in Table 3. From Table 3, it was
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noticed that the R*® values of pseudo-second-order
model exceeded 0.99 and the g. ca calculated from
pseudo-second-order model were more consistent
with the experimental g. p than those calculated
from the pseudo-first-order model. Thus, the results
suggested that the pseudo-second-order mechanism is
predominant for the biosorption of Neutral Red dye
onto raw and modified P. subacida biomasses, and it is
considered that the overall rate of the dye biosorption
process appeared to be controlled by the chemisorp-
tion process [38,39].

3.3.3. Intraparticle diffusion model

To establish the exact diffusion mechanism and to
determine the rate-limiting step, the biosorption
kinetic data were further processed. In general, any
dye adsorption process involves the following four
main successive transport steps which are (i) migra-
tion of dye molecules through bulk of the solution to
the adsorbent surface (bulk diffusion); (ii) transport of
dye molecules from the boundary layer to the surface
of adsorbent (film diffusion); (iii) diffusion of dye
molecules from the surface to the interior pores of
particle (intraparticle diffusion or pore diffusion); (iv)
adsorption of dye molecules at an active site on the
material surface (chemical reaction via ion-exchange,
complexation and/or chelation) [40].

Since the particles are vigorously agitated during
the biosorption period, it is assumed that the rate is
not limited by mass transfer from bulk of the solution
to the particle external surface [35]. Weber and Morris
stated that if intraparticle diffusion is the rate-control-
ling factor, uptake of the adsorbate varies with the
square root of time [41]. Hence, rates of adsorption
are usually measured by determining the biosorption
capacity of the adsorbent as a function of the square
root of time [42]. The intraparticle diffusion model
equation can be written as [41]:

g =hkt'* +C (15)
where g, (mg/g) is the amount of dye adsorbed at time
t (min), C is the intercept, and kp is the intraparticle
diffusion rate constant (mg/g min®’), which can be
evaluated from the slope of the linear plot of uptake,
g, vs. the square root of time (t°°) (Fig. 2 and Table 3).
Based on this model, the plot of g, vs. t*° should result
in a linear relationship if intraparticle diffusion is
involved in the adsorption process and if these lines
pass through the origin then intraparticle diffusion is
the rate-controlling step. When the plots do not pass
through the origin, this is indicative of some degree of
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boundary layer control which further demonstrates
that the intraparticle diffusion is not the only rate-con-
trolling step, but other processes are also controlling
the rate of adsorption, all of which may be operating
simultaneously [43]. As displayed in Fig. 2, the lines
do not pass through the origin indicating that the
intraparticle diffusion model is not the only rate-limit-
ing mechanism. Therefore, it can be concluded that
biosorption of heterocycle dye Neutral Red onto raw
and chemically modified P. subacida biomasses is a
complex process and both intraparticle diffusion and
surface biosorption contribute to the rate-limiting step
[44]. Moreover, the values of intercept give an idea
about the boundary layer thickness such as the larger
the intercept, the greater the boundary layer effect [35].

3.4. Thermodynamic analysis of biosorption process

The influence of temperature on the biosorption
capabilities was studied by carrying out a series of
experiments at 28, 38, and 48°C for all the systems. It is
observed that the biosorption amounts decreased from
53.16 to 4948 mg/g, 51.24 to 47.65mg/g, 56.62 to
52.85mg/g, 3756 to 34.74mg/g, and 71.64 to
67.05 mg/g for raw, LR, PE, AM and AP-treated bio-
masses, respectively, as the reaction temperature
increased from 28°C to 48°C, indicating that the biosorp-
tion process is exothermic in nature. The decrease in the
equilibrium biosorption of dyes with increase in
temperature suggested that the dyes biosorption onto
biomass is favorable at relatively lower temperature.

To evaluate the thermodynamic feasibility and to
confirm the nature of the dye removal process by raw
and chemically modified biomasses, thermodynamic
parameters such as changes in Gibbs free energy

(AG"), enthalpy (AH®), and entropy (AS°) were
determined using Egs. (16) and (17).

AS°  AH°
InK; = R " RT (16)
AG® = AH® — TAS® (17)

where R is the universal gas constant (8.314 J/mol'K),
T is the temperature (K), and Ky is the Langmuir con-
stant (L/mg) obtained from the plot of 1/g. vs. 1/Ce.
The estimated data are presented in Table 4. The nega-
tive values of AH’ changes suggested the exothermic
nature of the biosorption process, so raising tempera-
ture leads to a lower affinity and weak dye binding
potential at equilibrium. The negative values of AS®
changes described the decrease in randomness at the
adsorbent—solution interface during the biosorption,
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Table 4

Thermodynamic parameters for the biosorption of heterocycle dye Neutral Red by raw and chemically modified

biomasses from P. subacida

AG® (k] /mol)

Biomass AH® (kJ/mol) AS° (J/mol'K) 28°C 38°C 48°C

Raw -7.6128 —4.6561 —6.2113 —6.1648 -6.1182
Lipid removal -7.8914 —5.0670 —6.3663 —6.3156 —6.2649
Phosphate esterification —7.4694 —4.8319 —6.0150 —5.9667 —5.9184
Amine methylation —5.8363 —5.4916 —4.1833 —4.1284 —4.0735
Amine propylamination —9.5469 —3.7427 —8.4204 —8.3829 —8.3455

indicating that Neutral Red dye is more stable on the
biomass surface. Moreover, the negative values of AG®
changes demonstrated that the biosorption process is
spontaneous in nature.

3.5. Characterization of biosorption

The results of the present study showed that block-
ing of amine groups by methylation dramatically
decreased the biosorption of heterocycle dye Neutral
Red, indicating that especially amine functional group
plays an important role during this process. To further
evaluate the possible dye-biosorbent interactions, the
raw and chemically modified P. subacida biomasses
before and after dye biosorption were characterized
by FT-IR, SEM, and X-ray diffraction, respectively.

3.5.1. FT-IR analysis

A FT-IR examination of the adsorbent surface
before and after dye biosorption reaction possibly pro-
vides information regarding the surface groups or the
surface site(s) where the biosorption has taken place
[45]. In this study, the spectra of raw and chemically
modified P. subacida biomasses before and after dye
loading are shown in Fig. 3 representing the complex
nature of the adsorbent.

In the raw P. subacida biomass, the broad and
strong vibration around 3,000-3,600 cm ! is indicative
of the presence of -OH and -NH groups on fungal
biomass. The peak at 2,922.59 cm ™" is due to the asym-
metric and symmetric -CH stretching of aliphatic
groups. The strong peaks at 1,646.84 and 1,538.25 cm™"
are attributed to the stretching vibration of -NH, car-
boxyl (-C=0), or -C=N (amide I and II) groups. A
peak at 1,453.84cm ' is due to the —-CH bending
vibrations. The band observed at 994.89 cm™' is
assigned to the —C-O stretching vibration of alcohols
and carboxylic acids. Comparison of dye-loaded bio-
mass with FT-IR spectrum of pure biomass displayed

significant changes in some of the peaks. As can be
seen in Fig. 3(a), the shift and reduction in the peak at
3,246.55 cm ™" suggest the major role of -OH and -NH
groups for biosorption of Neutral Red dye onto fungal
biomass. Furthermore, the obvious decline in the peak
at 1,621.15 cm ™" reflects the effect of carboxyl groups
on the binding of Neutral Red dye. The band at
994.89 cm ™' was remarkably shifted to 1,022.10 cm™
after dye biosorption, indicating the strong interac-
tions of the dye molecules with carboxylic acid func-
tional groups of the biomass surface.

In the lipid removal-treated P. subacida biomass,
the bands observed at 1,632.42 and 1,338.50 cm ! shift-
ing to 1,647.63 and 1,315.37 cm ™! indicate that the -CH
bending, -CHj stretch, or -COO symmetric stretch of
carboxylic acids on treated fungal biomass play a key
role in biosorption of heterocycle dye Neutral Red
(Fig. 3(b)). In Fig. 3(c) it is demonstrated that the
FT-IR spectrum of the PE-treated P. subacida biomass
exposed to Neutral Red dye displayed a new peak at
1,455.06 cm ™!, which is due to the -CH deformations
of -CH, or -CHj; groups in aliphatics. The spectrum
also exhibited the intensity increase in the adsorption
peak from 1,361.81 to 1,372.68 cm’ Y, corresponding to
the -CH bending vibration of carboxylic acids.

In the AM-treated P. subacida biomass, there was a
significant shift and reduction at peak 3,311.93-
3,281.44 cm™'. This may be explained by the blockage
of -NH functional groups to the biomass surface
following modification with methanal and methanoic
acid. The peak at 2,360.54 cm™' remained unchanged.
The strong peak at 1,638.92cm™' was shifted to
1,649.16 cm ™!, which can be attributed to a -C=O or
—C-O stretching vibration of carboxylic acids. Shifting
and intensification of a strong peak from 1,307.12 to
1,315.26 cm ™! is relative to a —C-N stretch of amide or
amine (Fig. 3(d)). While in the case of AP-treated P.
subacida biomass, an apparent reduction in the adsorp-
tion peak from 3,445.03 to 3,420.78 cm ! was observed,
which is ascribed to the presence and high interaction
of -NH and -OH groups on fungal biomass with
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Fig. 3. FT-IR spectra of (a) raw, (b) lipid removal treated, (c) PE-treated, (d) AM-treated, and (e) AP-treated P. subacida

biomasses before and after dye biosorption.

Neutral Red dye. Additionally, the broad and strong
vibration around 900-1,650 cm™' in FT-IR spectra of
the propylaminated biomass after dye loading is more
significant than that in the other chemically modified
fungal biomasses. A sharp peak at 1,638.75 cm™' was
significantly shifted to 1,603.97 cm™’, indicating the

effect of -C=0 groups in the biosorption process. It is
also noteworthy that several new peaks at 1,508.72,
1,454.88, and 1,207.32 cm™! for modified biomass
appeared, which may be due to the role of the asym-
metric and symmetric -CH stretching of aliphatic
groups in biosorption of Neutral Red dye (Fig. 3(e)).



8466 J. Si et al. | Desalination and Water Treatment 57 (2016) 8454-8469

(a)

(b)

Fig. 4. SEM photomicrographs of (a) raw, (b) lipid removal treated, (c) PE-treated, (d) AM-treated, and (e) AP-treated
P. subacida biomasses before and after dye biosorption.
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These observations indicate that several func-
tional groups on the cell surface of the P. subacida
biomass are responsible for binding of Neutral Red
dye ions during the biosorption process. Moreover,
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different biosorption capabilities of heterocycle dye
Neutral Red may be attributed to different interac-
tions among dye molecules and fungal biomasses
[21].

(b) 800 - Lipid removal-treated biomass
700
600
500
2 4 1 Lipid removal-treated biomass
£ 400 4 | .
E | after dyg loading
© 300
200
100 -
0 -
0 10 20 30 40 50 60 70 80 90
2Theta
(d) 700 ~ Amine methylation-treated biomass
600
500 4
8 400 + Amine methylation-treated biomass
g 1 after dye loading
2 300
U <
200 +
100
04
T % T = T L T T T T 1

. r—— v . v
0 10 20 30 40 50 60 70 80 2
2Theta

Amine propylamination-treated biomass

(ﬁ) 500 - Raw biomass
400
300
P Raw biomass after dye loading
=
3 200 -
100 -
u -
0 10 20 30 40 50 60 70 80 90
2Theta
(C] 800 - Phosphate esterification-treated biomass
T00 +
600 -
500 -
2 400 . ate esterification-treated
g biomass after dye loading
© 300
200 -
100 - s li “ L
0 -
T T L T T T T T v T T T 1
0 10 20 30 40 50 60 70 80 20
2Theta
(e) 700 -
600
500
400
z ]
2 300
U 4
200
100 4
04
0

Amine propylamination-treated
bigmass after dye loading

10 20 30 40 50 60 70 80 2
2Theta

Fig. 5. X-ray diffractograms of (a) raw, (b) lipid removal treated, (c) PE-treated, (d) AM-treated, and (e) AP-treated
P. subacida biomasses before and after dye biosorption.
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3.5.2. SEM analysis

SEM has been proved as a primary and effective
tool for characterizing the surface morphology of the
adsorbent [3]. As can be seen from Fig. 4, SEM pho-
tomicrographs of raw and chemically modified P. sub-
acida biomasses obtained before and after Neutral Red
dye loading indicated surface alterations in the biosor-
bent after biosorption. Porous nature of the biomass
before dye biosorption with a grooved structure is
clearly visible in the SEM photomicrograph. The large
surface area of the biosorbent is thus ideal for binding
the solute. After occupied by Neutral Red dye,
biomass pores were not visible.

3.5.3. XRD study

Crystalline nature of the compounds was deter-
mined through an efficient technique known as X-ray
diffraction [45]. In this analysis, sharp and well-de-
fined peaks were obtained for crystalline substance
and diffused peaks were observed for amorphous
compound. As shown in Fig. 5, the XRD patterns of
raw and chemically modified P. subacida biomasses
indicate shapes of typical crystalline in nature and
show sharp peaks corresponding to 20=19.88, 19.36,
19.62, 19.26, and 19.50, respectively. On the contrary,
the XRD patterns of the biomasses after dye loading
demonstrate that the sharp peaks changed into dif-
fused ones and the crystalline nature of biomass chan-
ged into amorphous one, but some crystalline zones
were still observed. It is suggested that the structure
of P. subacida biomass was modified with coverage of
dyes during the biosorption process.

4. Conclusions

P. subacida biomass was modified with chemical
methods by a simple procedure and the biosorption
properties of these modified biomasses for heterocycle
dye Neutral Red were characterized. The results
showed that the developed biomasses exhibited good
potentials for dye biosorption process. Dye uptake
was dependent on initial pH, initial dye concentration,
surfactant Tween 80, ionic strength, and reaction time.
Kinetic and equilibrium data were explained ade-
quately by the pseudo-second-order kinetics and
Langmuir isotherm model, further suggesting that
monolayer biosorption onto cell surface is the mecha-
nism for the P. subacida biomass to remove dye mole-
cules. Negative values of AH® and AG" indicated that
the biosorption process is spontaneous, feasible, and
exothermic in nature. Additionally, propylaminated
treatment obviously increased the biosorption perfor-
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mances of the biomass, implying that amine functional
groups play a major role in this process at optimum
pH. As a conclusion, the suggested biomass may be
an alternative to existing costly biosorbent material for
heterocycle dye removal.
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