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ABSTRACT

Cone biomass of Pinus brutia, a novel low-cost adsorbent prepared from forest waste has
been utilized as an adsorbent for the removal of Congo red (CR) dye from an aqueous solu-
tion. The adsorbate concentration, pH, time, and temperature were examined in batch tests.
Maximum biosorption capacity was 102.8 mg/g, showing that cone biomass of P. brutia was
more efficient than most of the other adsorbents. Experimental data were analyzed by
Langmuir, Freundlich, and Sips adsorption isotherms models and showed that the adsorp-
tion process followed a Sips model. Pseudo-first-order, pseudo-second-order, and intraparti-
cle diffusion models were used to fit experimental data, showing that the adsorption of CR
could be described by a pseudo-second-order equation and that intraparticle diffusion was
not the only rate-limiting mechanism for the biosorption of CR. Thermodynamic parameters
such as AG®, AH®, and AS°® were also evaluated and it was found that the sorption process
was feasible, spontaneous, and endothermic in nature. These results indicated that cone bio-
mass of P. brutia is promising as a low-cost alternative compared to other commercial adsor-
bents for the removal of dyes from wastewater.

Keywords: Biosorption; Azo dye; Wastewater treatment; Isotherm models; Kinetics;
Thermodynamic parameters

1. Introduction

Textile industries rank first in the usage of dyes
when compared to other industries like food, paper,
cosmetics, and carpet industries. Effluents of these
industries may therefore contain undesired quantities

*Corresponding author.

of these pollutants and need to be treated. It is
reported that there are around 100,000 commercially
available dyes with a production of over 7 x 10°> metric
tons per year. Dyeing industry effluents constitute one
of the most problematic wastewaters to be treated, not
only for their high chemical and biological oxygen
demands, suspended solids, and content in toxic
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compounds but also for color, causing an esthetic pol-
lution, since a very small amount of dye in water is
highly visible [1]. Dyes may significantly affect photo-
synthetic activity in aquatic life. The presence of color-
ing material in water system also reduces light
penetration and photosynthetic activity due to their
content in aromatics, metals, chlorides, etc. Therefore,
the treatment of aquatic systems contaminated with
dyes and improvement of water quality are important
topics in the field of environmental technologies [1-3].

Many physical, chemical, and biological methods
have been developed to remove dyes, such as coagula-
tion/flocculation, electroflocculation, advanced oxida-
tion, ozonation, membrane filtration, liquid-liquid
extraction, electrochemical destruction, ion-exchange,
and irradiation [4-7]. However, all these processes
have their own limitations; they can appear expensive
and not adaptable to a wide range of dye wastewaters
[8]. Adsorption is a very effective separation technique
and now it is considered to be more efficient than
other techniques for water treatment in terms of
investment cost, simplicity of design, ease of opera-
tion, and insensitiveness to toxic substances [5,6,9,10].
In this process, the dye species are transferred from
the water effluent to a solid phase, leading to decreas-
ing polluted water volume [11]. A commonly used
adsorbent, activated carbon, has a high capacity for
the removal of dyes/organics [12,13]; but some of its
disadvantages are its high price and the difficulty to
be regenerated inducing an increase of the wastewater
treatment cost.

There is therefore an increasing demand for other
adsorbents, especially made up of inexpensive mate-
rial and locally available to allow adsorption processes
to become economically viable. Biosorption has
emerged as an alternative eco-friendly technology to
dye removal from aqueous solutions. This technology
has several advantages, such as simplicity of design,
ease of operation, insensitivity to toxic substances, and
complete removal of pollutants [1,6,14]. Biosorption
refers to the ability of certain biomaterials to bind and
concentrate toxic pollutants from even the most dilute
aqueous solutions [1]. In the case of dyes removal,
many biosorbents have been reported in the literature,
such as chitosan [15], fungi [16,17], algae [14,18], bac-
teria [19-21], and Stipa tonacissima fibers [22].

CR is a water-soluble azo dye, which is widely
used in the textile, paper manufacturing, printing,
pharmaceutical, and food industries, as well as in
research laboratories. It is an anionic dye which is
known to cause an allergic reaction and can be metab-
olized to benzidine, a human carcinogen [23,24].
Therefore, an increasing interest has been focused on
the removing of such dye from wastewater. There are
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several natural adsorbents including clay minerals that
have been used for the removal of anionic dyes
including CR from aqueous solutions; they have been
recently reviewed by Abd El-Latif et al. [6] and Salleh
et al. [25].

Cone biomass of Pinus brutia is a waste and almost
readily available biosorbent. The mature cones are ses-
sile or shortly stalkless, not reflected to the base of the
branch, perpendicular or upright on the twig, dark
brown in color. Their shape is conical or oval, 5x11
x 4, 5cm dimensions. For more details see the paper
of Nahal [26].

There are only few studies dealing with such bio-
sorbent; Pinus sylvestris have been used to remove
chromium (VI) [27] and reactive red dye [28] from
aqueous solutions. The removal of copper (II) from
aqueous solutions by pine cone powder as biosorbent
has also been reported by Ofomaja et al. [29]. Pine
cone has also been used as efficient adsorbent in the
removal of textile dye [30] and phosphate ions [31].
Pinus species has also been used for the removal of
phenol [32].

In this study, local and widely available cone bio-
mass, P. brutia, was therefore tested as an adsorbent
for the removal of dye from aqueous solutions; and an
anionic dye, CR, was selected for this purpose since
cone biomass, Pinus radiata, was previously promis-
ingly tested for its removal [2]. The management of
this important waste as a biosorbent was optimized.
Improving the knowledge regarding the interactions
of CR with Cone biomass of P. brutia and to examine
the adsorption mechanism of CR on this adsorbent
was also the purpose of this paper.

2. Materials and methods
2.1. Preparation of the biosorbent

Cones biomass of P. brutia was used in this investi-
gation. Cones were collected from forest (Ain Oulm-
ene, North-East of Algeria). They were washed with
distilled water to remove the surface-adhered particle
and were dried at 80°C for 24 h to a constant weight;
ground in a mortar to a very fine powder and stored
in a desiccator for further use.

2.2. Dye preparation and determination

CR, a typical anionic dye (Fig. 1), was selected as an
adsorbent. CR dye is a sodium salt, 3,3°~([1, 10-biphe-
nyl]-4,40-diyl) bis(4-aminonaphthalene-1-sulfonic acid),
namely with the following formula, C3,H2N¢NayOgS,.
CR has a molecular weight of 696.66 g/mol and was
obtained from Sigma Aldrich with 99.99% purity. A



1958

NaSQ; SONa

Q NH, H,N

Fig. 1. Molecular structure of CR.

stock solution of 50 mg/l was prepared by dissolving
an appropriate amount (50 mg) of CR in a liter of dis-
tilled water. The working solutions were prepared by
dilution of the stock solution with distilled water to
yield the appropriate concentrations. The pH of the
solutions was adjusted by addition of either 0.1 M HCl
or 0.1 M NaOH solutions, respectively. Before use, all
bottles and glassware were beforehand cleaned and
then rinsed with distilled water and oven-dried at 60°C.
A SP-8001 UV/VIS Spectrophotometer of Axiom
(Germany, Shimadzu) was used to determine the resid-
ual dye concentrations in solution. After withdrawing
samples at fixed time intervals and centrifugation, the
supernatant was analyzed for residual CR at Amax
corresponding to the maximum adsorption for the dye
solution (Amax=496 nm). Calibration curve was plotted
between absorbance and concentration of the dye
solution to obtain the absorbance concentration profile.

2.3. Biosorption studies
2.3.1. Kinetic experiments

Batch experiments were performed in a series of
250ml conical flasks containing a given amount of
adsorbent in 50 ml of dye solution of a known concen-
tration.

The amount of dye adsorbed onto cone biomass of
P. brutia at time f, Q; (mg/g), was calculated by means
of the following mass balance relationship:

(Co—C)V
m

Q= 1)

and dye removal efficiency ie. % of adsorption was
calculated according to:

(Co—C)

1 2
Ce x 100 2

Yoadsorption =

where Cj is the initial dye concentration (mg/1), C; is
the concentration of dye at any time ¢, V is the volume
of solution, and m is the mass of cone biomass of
P. brutia.
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2.3.2. Equilibrium modeling

Equilibrium data, commonly known as adsorption
isotherms, describe how adsorbates interact with
adsorbents and hence, are critical in optimizing the
use of adsorbents and provide information on the type
and capacity of the adsorbent. To analyze cone bio-
mass interaction with CR, experimental data points
were fitted to the Langmuir [33], Freundlich [34], and
Sips [35] empirical models, which are the most fre-
quently used two- and three-parameter equations in
the literature to describe the non-linear equilibrium
between adsorbed pollutant onto the cells (Q,) and
pollutant in solution (C,) at a constant temperature.

The Langmuir isotherm model assumes uniform
adsorption energy onto the adsorbent surface. Further-
more, the Langmuir equation is based on the assump-
tion of the existence of monolayer coverage of the
adsorbate at the outer surface of the adsorbent where
all sorption sites are identical. The Langmuir equation
[33] is given as follows:

9 _ ke o
Qm 1+ KLCe
where Q, is the equilibrium dye concentration on the
adsorbent (mg/g); C,, the equilibrium dye concentra-
tion in solution (mg/1); Q,, the monolayer capacity of
the adsorbent (mg/g); and K is the Langmuir con-
stant. A non-linear fit was performed by means of the
Origin Software in order to obtain the Langmuir
model parameters. The parameter statistic “adjusted
R-square” was also determined to identify the most
accurate model to describe experimental results.

The Freundlich isotherm model assumes neither
homogeneous site energies nor limited levels of sorp-
tion. The Freundlich model is the earliest known
empirical equation and is shown to be consistent with
exponential distribution of active centers, characteristic
of heterogeneous surfaces [34]:

Q. = KeCV/" )

where Q. is the equilibrium dye concentration on the
adsorbent (mg/g); C,, the equilibrium dye concentra-
tion in solution (mg/1); Kr and 1/n are empirical con-
stants indicative of sorption capacity and sorption
intensity, respectively. The Freundlich parameters
were obtained by performing a non-linear fit (Origin
software).

The Sips isotherm is a combination of the
Langmuir and Freundlich isotherms [34]:
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Q. (ksC)"
Qu 1+ (ksC)" ®)

where Q,, is the maximum monolayer biosorption
(mg/g), ks is the Sips constant solution (L/mg), and m
the exponent of the Sips model.

2.4. Kinetic modeling

The study of adsorption dynamics described the
solute adsorption rate. This rate controlled the resi-
dence time of adsorption at the solid-solution inter-
face. Several kinetic models such as pseudo-first-order,
pseudo-second-order, and intraparticle diffusion mod-
els can be applied to fit experimental data.

2.4.1. Pseudo-first-order equation

The pseudo-first-order kinetic model is the first
equation for the adsorption of solid/liquid system
based on the adsorption capacity. The linear form of
the pseudo-first-order equation is given by Eq. (6):

In (Q.— Q1) =InQ, — kit 6)

where Q, (mg/g) and Q; (mg/g) refer to the amount
of dye adsorbed at equilibrium and at time ¢ (min),
respectively, k; (1/min) is the equilibrium rate con-
stant of pseudo-first-order equation. The rate constants
are obtained from the straight line plots of In (Q.,—Qp
against f.

2.4.2. Pseudo-second-order equation

The pseudo-second-order model is based on the
assumption of chemisorption of the adsorbate on the
adsorbent [36]. This model is given by Eq. (7):

t 1 1
= ¢ @)
Qt kZQ? Qe
where k; (g/(mgmin)) is the equilibrium rate constant
of the pseudo-second-order equation. The straight line
plot of t/Q; against t was considered to obtain rate
parameters.

2.4.3. Intraparticle diffusion model

Intraparticle diffusion model is commonly used to
identify the adsorption mechanism for design pur-
pose. According to Weber and Morris [37], for most

1959

adsorption processes, the uptake varies almost propor-
tionately with t)2 rather than with the contact time
and can be represented as follows:

Qi = Kigt* +C 8

where Q; is the amount adsorbed at time t and °° is
the square root of the time, C is the intercept, and Kj,
(mg/g min’) is the rate constant of intraparticle diffu-
sion.

2.5. Scanning electron microscopy

Scanning electron microscopy of P. brutia before
adsorption was visualized by using Hitachi S-3000N
scanning electron microscope (SEM) at 7kV, and 100,
1,000, and 5,000 magnification.

3. Results and discussion
3.1. Influence of the pH

Fig. 2 shows the effect of pH on the adsorption of
CR onto cone biomass of P. brutia. As shown and irre-
spective of the initial CR concentration (in the range
50-300mg/1) and pH in the range 3-11, equilibrium
sorption capacity was maximum at pH 4 and
decreased sharply for increasing pH before remaining
nearly constant in the range 7-11; experiments were
not performed at more acidic pH owing to dye precip-
itation. The surface of cone biomass of P. brutia con-
tains cellulose, hemicelluloses, and lignin, and hence
contain polar functional groups in their cell walls such
as alcohols, aldehydes, ketones, carboxylic, phenolic,

30

ol /

20

Q,(mglg)
&

Fig. 2. Effect of pH on the biosorption capacity of CR onto
cone biomass of P. brutia at various dye concentrations.
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and other groups [9,29]. This results in a strong pro-
tonation at acidic pH, which induces an overall posi-
tive charge of the cell wall biopolymers, leading to a
high attraction of an anionic dye like CR and hence,
accounting for the high efficiency found at pH 4.

3.2. Effect of the temperature on dye adsorption

In order to understand the effect of temperature on
the removal of CR by cone biomass of P. brutia, exper-
iments were carried out at 295, 313, and 333K, and
pH 4.0. As shown in Fig. 3, the removal efficiency
slightly increased with a rise in temperature from 295
to 333K, indicating that a high temperature favored
dye removal. The enhancement of the adsorption
could be also due to a decrease of the thickness of the
boundary layer surrounding the sorbent with the rise
in temperature ¢, so that the mass transfer resistance
of the adsorbate in the boundary layer decreases [38].
This may also be a result of an increase in the mobility
of the dye molecule with an increase in their kinetic
energy, as well as an enhanced rate of intraparticle
diffusion of sorbate with the rise in temperature. It is
clear that the sorption of CR on the sorbent is an
endothermic process, in agreement with other findings
dealing with CR removal by low-cost materials
[22,24,25,39,40].

3.3. Effect of the contact time

Contact time is among the main parameters to be
examined for successful implementation of biosorbents

-
[;Hi] T(K)

_ 30+ —-0— 333
2 —~313
E —&— 205
I

()

(]

T T T T T T T T 1
0 20 4 60 8 100 120 140 160 180 200

t(min)

Fig. 3. Effect of the temperature on the removal of CR by
cone biomass of P. brutia (pH 4).
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Fig. 4. Effect of contact time on the biosorption capacity of
CR onto cone biomass of P. brutia at various concentrations
(T=22+2°C, pH 4).

for practical application [2]. The effect of the contact
time on the biosorption of CRonto cone biomass of
P. brutia is presented in Fig. 4. CR showed a fast rate
of biosorption during the first 50 min and equilibrium
was achieved within 120min. Beyond equilibrium
time, the amount of biosorbed dye did not show sig-
nificant change. It is therefore clear that dye removal
was dependent on its initial concentration.

3.4. Isotherm analysis

Within any given system, an accurate mathematical
description of equilibrium adsorption capacity is
essential for reliable prediction of adsorption parame-
ters and quantitative comparison of adsorption behav-
ior for different adsorbent systems (or for varied
experimental conditions). In order to optimize the
design of an adsorption system, it is important to
establish the most appropriate correlation describing
the equilibrium curve. Several equilibrium adsorption
isotherm models are available, and the most common
ones are the mono-layer adsorption developed by
Langmuir [33], the multi-layer adsorption of Freund-
lich [34], and the Sips isotherm [35]. Experimental data
of CR on the cone biomass of P. brutia were fitted to
the isotherm models using Origin software and the
graphical representations of these models are pre-
sented in Fig. 5. All of the constants, as well as the R
values resulting from the non-linear fitting of experi-
mental data, are collected in Table 1.
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Fig. 5. Experimental (symbols) and calculated isotherm data
(lines) for CR adsorption onto cone biomass of P. brutia at
various concentrations (T'=22+2°C, pH 4), Langmuir;
Freundlich; and Sips models.

Table 1

Langmuir, Freundlich, and Sips constants for the biosorp-
tion of CR onto cone biomass of P. brutia (I'=22+2°C,
pH 4)

Langmuir Q (mg/g) 329.6
K; (L/mg) x 10° 22
R? 0.91
Freundlich nr 1.2
1/np 0.83
Kr (mg/g) (L/mg)""" 1.17
R? 0.89
Sips Qn (mg/g) 107.65
Kir (L/mg) 0.012
mrr 2.96
R? 0.996
Table 2

Comparison of maximum adsorption (Q,,) of CR onto vari-
ous adsorbents

Adsorbents Qn (mg/g) Refs.
Cashew nut shell 5.18 [41]
Activated carbon (LR) 1.88 [42]
Coir pith 6.70 [43]
Kolin 5.44 [44]
S. tonacissima fiber 3.7-5.35 [22]
Cone pine 40.19 [2]
Tamarind fruit shell 10.48 [45]
NaBentonite 35.84 [8]
Chitosan hydrobeads 92.59 [46]
Cone biomass of P. brutia 102.80 This work
Activated carbon 52-189 [47]
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The Sips model appeared to be the most accurate
to represent experimental equilibrium data. The
maximum biosorption capacity (Q,,) obtained from the
Sips model was 107.65mg/g, namely close to that
found experimentally. The comparison of maximum
adsorption capacity of some dyes onto various adsor-
bents is displayed in Table 2, showing that cone bio-
mass of P. brutia was more efficient than most of the
other adsorbents; its maximum adsorption capacity
appeared in the range of values given for the most
used class of adsorbents, activated carbon.

3.5. Biosorption kinetics

The prediction of batch adsorption kinetics is nec-
essary for the design of industrial adsorption columns.
The nature of the adsorption process depends on
physical and chemical characteristics of the adsorbent
and on the system conditions. In the present study,
the applicability of the pseudo-first-order [48], the
pseudo-second-order [36], and the intraparticle diffu-
sion [37] models have been tested for CR adsorption
onto cone biomass of P. brutia. Biosorption kinetics
appeared to be accurately fitted by pseudo-second-
order and intraparticle diffusion models (Table 3),
while pseudo-first-order (results not shown) did not
results in an accurate description of experimental data,
since it yield to correlation coefficients (R?) below 0.95
(Table 3).

In addition to the high R* values (>0.99 for all the
tested conditions), the Q, values estimated from the
pseudo-second-order kinetic model were also in agree-
ment with experimental data (Table 3) for all tested
dye concentrations (Fig. 6). The results suggested that
boundary layer resistance was not the rate-limiting
step since dye biosorption followed pseudo-second-
order kinetics [49].

The effect of intraparticle diffusion resistance on
adsorption was evaluated by intraparticle diffusion
model to identify the adsorption mechanism [50] as
expressed in Eq. (8). A plot of g against t° should
give a linear line whose slope is Kj; (Fig. 7), whose
values are listed in Table 3. The plot of Q; vs. t*° was
linear within a certain extent but not linear over the
whole time range; it can be separated into two or
more linear regions. The first straight portion could be
attributed to macropore diffusion (Step 1), namely the
transport of dye molecules from the bulk solution to
the surface of the adsorbent, and the second linear
portion could be attributed to micropore diffusion
(Step 2), namely the binding of the dye molecules on
the active sites of biosorption. From the above results,
it is clear that intraparticle diffusion was not the only
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Table 3
Kinetics parameters for CR biosorption onto cone biomass of P. brutia at different concentrations (T'=22+2°C, pH 4)
Kinetic models Parameters 30 (mg/g) 50 (mg/g) 100 (mg/g) 150 (mg/g)
Qexp (mg/g) 8.1 9.6 35.3 91.8
Qeq cal (Mg/g) 7.38 9.81 14.60 57.43
Pseudo-first-order ky (1/min) 0.038 0.031 0.063 0.053
Ry 0.94 0.952 0.954 0.950
Qe ca (mg/g) 9.67 11.03 35.85 95.4
Pseudo-second-order K>x10° (g/mg min) 3.79 4.29 13.1 1.57
Ry’ 0.997 0.983 0.999 0.998
Intraparticle diffusion
Step 1 Kis (mg/g min’®) 1.09 2.02 2.29 8.18
C (mg/g) 1.11 1.53 19.89 29.03
Rif 0.953 0.914 0.967 0.988
Step 2 Kigx 10% (mg/g min"?) 2.3 3.2 6.7 2.1
C (mg/g) 7.87 9.37 35.3 75.75
Rif 0.999 0.999 0.999 0.999
25 100
C (mg/l)
B 30 %07
0O s0 80 -
271 % 100 70 ]
© 150
S . 60 |
E 15 4 o
= > 50
£ 2
E; o 40
g 10 30 -
20 -
5. 10 -
0 4
0
0 T L I EL LI L B p | t0.5(min0.5)
0 20 40 60 80 100 120 140 160 180 200
{(min) Fig. 7. Experimental (symbols) and calculated data (contin-

uous lines) by means intraparticle diffusion model for CR
biosorption cone biomass of P. brutia at various concentra-

Fig. 6. Experimental (symbols) and calculated data (contin- ~ ° €
tions (T'=22+2°C, pH 4).

uous lines) by means of pseudo-second-order kinetic
model for CR biosorption onto cone biomass of P. brutia at
various concentrations (T'=22+2°C, pH 4).

3.6. SEM micrographs

It can be observed from the SEM image in Fig. 8
that the surface of the P. brutin biomass was heteroge-
neous, smooth, and porous. It is clear from this figure
that P. brutin biomass has a large surface area for dye
interaction and a great capacity for dye holding.

rate-limiting mechanism for the biosorption of CR
onto cone biomass of P. brutia. Similar trend has been
reported for the biosorption of CR and rhodamine B
onto jute stick power [51] and CR onto S. tonacissima
powder [22].
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Fig. 8. Image of P. brutia biomass.

3.7. Thermodynamic analysis

The thermodynamic parameters reflect the feasibil-
ity and the spontaneous nature of a biosorption pro-
cess. Parameters such as the free energy change (AG),
the enthalpy change (AH), and the entropy change
(AS) can be estimated using equilibrium constants
varying with temperature. The free energy change of
the adsorption reaction is given using Eq. (9) as
reported by Milonjic [52]:

AG® = —RTIn (pKc) 9

where AG" is the free energy change (kJmol™"), R the
universal gas constant (8.314]mol_1 K™Y, T the abso-
lute temperature (K), K¢ is the thermodynamic
equilibrium constant (L/g), and p is the water density
(g/L). AH® and AS® values of the biosorption process
were also calculated from the Van’t Hoff Eq. (10):

AH AS

In(pKc) = _ﬁ+ R (10)

AH and AS can be then deduced from the slope
(AH/R) and the intercept (AS/R) of the plot of InK¢
vs. 1/T. The calculated thermodynamic parameters
are given in Table 4.
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Table 4
Thermodynamic parameters for the adsorption of CR on
cone biomass of P. brutia

AH® AS° AG®
Temperature (K) (kJ/mol) (J/mol K) (kJ/mol)
293 -37.73
313 44.61 281.0 —43.35
333 —48.96

The negative values of AG® irrespective of the
considered temperature illustrated the spontaneous
nature of biosorption; the positive value of AH sug-
gested its endothermic nature and the positive value
of AS suggested an increasing randomness at the
solid-solution interface during biosorption.

4. Conclusion

From the above results, adsorption dynamic analy-
sis indicates that pseudo-second-order equation fitted
accurately the adsorption of CR onto cone biomass of
P. brutia (R*>0.99). Intraparticle diffusion was not the
only rate-limiting mechanism for the biosorption of
CR onto cone biomass of P. brutia. The adsorption
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process was accurately described by the Sips model
(R*>0.98), leading to a value of the maximum adsorp-
tion capacity of CR onto cone biomass of P. brutia
close to the experimental one, 102.80 mg/g at room
temperature. Thermodynamic analysis revealed that
the removal of CR was a spontaneous and endother-
mic process. In the light of these results it can be con-
cluded that cone biomass of P. brutia is a promising
low-cost adsorbent for dye removal from industrial
wastewater.
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