Chemical Engineering Journal 155 (2009) 627-636

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Contents lists available at ScienceDirect

Application of carbon adsorbents prepared from the Brazilian pine-fruit-shell for
the removal of Procion Red MX 3B from aqueous solution—Kinetic, equilibrium,
and thermodynamic studies

Tatiana Calvete?, Eder C. Lima?*, Natali F. Cardoso?, Silvio L.P. Dias?, Flavio A. Pavan®

2 Institute of Chemistry, Federal University of Rio Grande do Sul, UFRGS, Av. Bento Gongalves 9500, Postal Box 15003, ZIP 91501-970, Porto Alegre, RS, Brazil
b Federal University of Pampa, UNIPAMPA, Bagé, RS, Brazil

ARTICLE INFO

Article history:

Received 8 April 2009

Received in revised form 20 August 2009
Accepted 22 August 2009

Keywords:

Adsorption

Brazilian pine-fruit-shell
Activated carbon

Procion Red MX 3B dye
Simulated dyehouse effluent

ABSTRACT

Activated (AC-PW) and non-activated (C-PW) carbonaceous materials were prepared from the Brazilian
pine-fruit-shell (Araucaria angustifolia) and tested as adsorbents for the removal of Procion Red MX 3B
dye (PR-3B) from aqueous effluents. The activation process lead to increase in the specific surface area,
average porous volume, and average porous diameter of the adsorbent AC-PW when compared to C-PW.
The effects of shaking time, adsorbent dosage and pH on adsorption capacity were studied. PR-3B uptake
was favorable at pHs ranging from 2.0 to 3.0 for C-PW and 2.0 to 7.0 for AC-PW. The contact time required
to obtain the equilibrium using C-PW and AC-PW as adsorbents was 6 and 4 h at 298 K, respectively. The
values of the function error (Ferror) Of fractionary-order kinetic model was at least 15 times lower than
the values obtained with pseudo-first-order, pseudo-second order and Elovich kinetic models, indicating
that this kinetic model was better fitted to the experimental results. For equilibrium data the Fe;ror Values
of the Sips isotherm model were at least 4.0 lower than the values of Langmuir, Freundlich, and Redlich-
Peterson isotherm models using C-PW and AC-PW as adsorbents. The enthalpy and entropy of adsorption
of PR-3B were obtained from adsorption experiments ranging from 298 to 323 K. Simulated dyehouse

effluents were used to check the applicability of the proposed carbons for effluent treatment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Industrial activity is responsible for generating large volumes
of effluents containing hazardous species. Color is one of the most
important hazardous species found in industrial effluents which
needs to be treated, because the presence of dyes in water reduces
light penetration, precluding the photosynthesis of aqueous flora
[1,2]. Also, dyes can cause allergy, dermatitis, skin irritation and
cancer in humans. There are reports that some dyes may cause
mutagenicity in humans [3]. Colored waters are aesthetically objec-
tionable for drinking and other purposes. Therefore, industrial
effluents containing dyes need to be treated before being released
into the environment.

The most efficient procedure for the removal of synthetic dyes
from industrial effluents is the adsorption procedure. This process
transfers the dye species from the water effluent to a solid phase
thereby keeping the effluent volume to a minimum [4-6]. Subse-
quently, the adsorbent can be regenerated or stored in a dry place
without direct contact with the environment [7-9].
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Activated carbon is the most employed adsorbent for toxic
specie removal from aqueous effluents because of well-developed
pore structures and high internal surface area that lead to its
excellent adsorption properties [10]. Besides these physical charac-
teristics, the adsorption capacity is also dependent on the source of
the organic material employed for the production of the activated
carbon [11], as well as the experimental conditions employed in
the activation processes [11].

Activated carbon can be prepared by a variety of chemical [12]
and physical [13] activation methods and in some cases by a com-
bination of both types of methods [14]. Chemical activation is the
process where the carbon precursor material is firstly treated with
aqueous solutions of dehydrating agents (i.e. H3POyg4, ZnCly, HSOy4,
KOH). Subsequently the carbon material is dried at 373-393K to
eliminate the water. In a subsequent step the chemically treated
carbon material is heated between 673 and 1073 K under nitro-
gen atmosphere [11,12]. Physical activation consists of a thermal
treatment of previously carbonized material with suitable oxidiz-
ing gases, such as air at temperatures in the 623-823 K range or
1073-1373 K using steam and/or carbon dioxide [11,13].

Although activated carbon is one of the best adsorbents for dye
removal from aqueous solutions, the extensive use of high quality
activated carbon for dye removal from industrial effluents is very
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Scheme 1. Structural formulae of Procion Red MX 3B.

expensive, limiting its large application for wastewater treatment
[15]. On the other hand, agricultural wastes have low economic
value due to their large abundance; additionally, their current
deposition creates significant environmental degradation problem.
Agricultural waste is a rich source for the activation of carbon pro-
duction due to its low ash content and reasonable hardness [15];
therefore, conversion of agricultural wastes into activated carbon is
a promising alternative to solve environmental problems and also
to reduce the costs of activation carbon preparation [15].

There are currently a large number of studies regarding the use
of several agricultural wastes to produce activated carbons. Most of
them focus on the use of waste materials of considerable rigidity,
such as the shells and/or stones of fruits like nuts, peanuts, olives,
dates, almonds, apricots and cherries [15]; however, wastes result-
ing from the production of cereals such as rice, coffee, soybean,
maize and corn as well as olive cakes, sugar cane and sugar beat
bagasse, coirpith, oil-palm shell (from oil-palm processing mills)
and various seed wastes were already used with success [15].

Alternatively to activated carbon, non-activated carbonized
materials also present some ability for the removal of dyes from
aqueous solutions [16,17] and also presenting the advantage that
these materials does not require an activation process at higher
temperatures in the presence of special gases.

In the present work, the use of Brazilian pine-fruit-shell (Arau-
caria angustifolia syn. Araucaria brasiliensis), is proposed as a
precursor for preparation of non-activated carbonaceous materi-
als (C-PW) [17], as well as the activated carbonaceous materials
(AC-PW). These adsorbents were successfully used to remove the
Procion Red MX 3B dye (PR-3B) from aqueous solutions. The equi-
librium, kinetic and thermodynamic data of the adsorption process
of the dye onto the adsorbents was investigated.

2. Materials and methods
2.1. Solutions and reagents

De-ionized water was used throughout for solution
preparations. Procion Red MX 3B dye (PR-3B) (CI. 292775;
C44H24Cl;N14050S¢Nag, 1469.98 gmol~1, see Scheme 1) was
obtained from Cotton Quimica (Novo Hamburgo-RS, Brazil), as
a commercially available textile dye, with 70% dye content, and
it was used without further purification. The stock solution was
prepared by dissolving dye in distilled water to the concentration
of 5.00gL-1. The working solutions were obtained by diluting the
dye stock solution to the required concentrations. To adjust the
pH solutions, 0.10mol L-! sodium hydroxide or hydrochloric acid

solutions were used. The pH of the solutions was measured using
a Hanna (HI 255) pH meter.

2.2. Adsorbents preparation

The Brazilian pine-fruit (pifion) shell was dried and milled as
previously reported [18,19]. The carbonization of the Brazilian
pine-fruit-shell was achieved as previously reported [17], obtaining
the carbonized material assigned as C-PW.

To prepare the activated carbon adsorbent, 10.0 g of previously
carbonized material (C-PW)was placed in a quartz reactor provided
with a gas inlet and outlet, which was then placed in a vertical
cylindrical furnace. In the first step, the sample was heated from
room temperature to 1123 K, at a heating rate of 7 Kmin~! under N,
atmosphere (flow rate: 100 mLmin~1). In step 2, the temperature
was kept isothermal for 1.5h and the gas flow was switched to
CO, (flow rate: 150 mL min~1!). Afterwards, the system was cooled
down to room temperature, and the gas was again switched to N,.
The activated carbon obtained was assigned as AC-PW.

2.3. Adsorbent characterization

The N, adsorption/desorption isotherms of the adsorbents were
obtained at the liquid nitrogen boiling point, in a homemade
volumetric apparatus [20], with a vacuum line system employ-
ing a turbo molecular Edwards vacuum pump. The pressure
measurements were made using a capillary Hg barometer. The
apparatus was frequently checked with an alumina (Aldrich) stan-
dard reference (150 mesh, 5.8nm and 155m2g-1). Prior to the
measurements, the adsorbent samples were degassed at 250°C, in
vacuum, for 3 h. The specific surface areas were determined from
the Brunauer, Emmett and Teller (BET) [21] multipoint method and
the pore size distribution were obtained using Barret, Joyner, and
Halenda (BJH) method [22].

The points of zero charge (pHpz) of the adsorbents were
determined by adding 20.00 mL of 0.050 molL~! NaCl to several
Erlenmeyer flasks. A range of initial pH (pH;) values of the NaCl solu-
tions were adjusted from 2.0 to 10.0 by adding either 0.1 molL~! of
HCl and NaOH. The total volume of the solution in each flask was
brought to exactly 30.0 mL by further addition of 0.050 mol L~ NaCl
solution. The pH; values of the solutions were then accurately noted
and 50.0 mg of C-PW and AC-PW were added to each flask, which
were securely capped immediately. The suspensions were shaken
in a shaker at 25 °C and allowed to equilibrate for 48 h. The suspen-
sions were then centrifuged at 3600 rpm for 10 min and the final
pH (pHg) values of the supernatant liquid were recorded. The value
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Table 1
Kinetic adsorption models.

Table 3
Chemical composition of the simulated dyehouse effluents.

Kinetic model Non-linear equation

Avrami
Pseudo-first-order

qr = qe{1 — exp[—kavt]"V}
e =qe[1 — exp(—kst)]

kgqgt

Pseudo-second order Gt = Trgekst

ho — ksqg
Initial sorption rate
Elovich qr = % In(aB) + % In(t)

Intra-particle diffusion qr = kigVE+C

of pHpzc is the point where the curve of ApH (pHf — pH;) versus pH;
crosses the line equal to zero [23].

2.4. Adsorption studies

The adsorption studies for evaluation of the C-PW and AC-PW
adsorbents for the removal of PR-3B dye from aqueous solutions
were carried-out in triplicate using the batch contact adsorption.
For these experiments, fixed amount of adsorbents (20.0-200.0 mg)
were placed in a 50 mL glass Erlenmeyer flasks containing 20.0 mL
of dye solutions (20.00-1500.0mgL-!), which were agitated for
a suitable time (0.25-8 h) at 298-323 K. The pH of the dye solu-
tions ranged from 2.0 to 10.0. Subsequently, in order to separate
the adsorbents from the aqueous solutions, the flasks were cen-
trifuged for 10 min. The final concentrations of the dye remaining
in the solutions were determined by visible spectrophotometry.
Absorbance measurements were made at the maximum wave-
length of PR-3B which was 535 nm. The PR-3B detection limit using
the spectrophotometric method, determined according to IUPAC
[24], was 0.20mgL1.

The amount of the dye uptake and percentage of removal of
dye by the adsorbents were calculated by applying Egs. (1) and (2),
respectively:

Co—C
g= =GV M)

m
100(C, — Cf)

%removal = C
0

(2)
where q is the amount of dye taken up by the adsorbents (mgg~1),
C, is the initial PR-3B concentration put in contact with the adsor-
bent (mgL-1), Cr is the dye concentration (mg L-1) after the batch
adsorption procedure, V is the volume of dye solution (L) put in
contact with the adsorbent and m is the mass (g) of adsorbent.

2.5. Kinetic and equilibrium models

The Avrami, pseudo-first-order, pseudo-second-order, Elovich
and the intra-particle diffusion model kinetic equations are given
in Table 1 [25].

The Langmuir, the Freundlich, the Sips and the Redlich-Peterson
isotherm equations are given in Table 2 [26].

Table 2
Isotherm models.
Isotherm model Equation
. K C
Langmuir Qe = Q'l“jéléee
Freundlich qe = KpClImF
. QmaxksC/™s
Sips = ol
P t 14KsCL ™S
ey __KgpCe .
Redlich-Peterson ge = TrogeCE where0 <g <1

Dye A (nm) Concentration (mgL-")
Reactive dyes
Procion Red MX 3B 535 100 100
Celmazol Black B 598 20 20
Remazol Brilliant Orange 3B 493 20 20
Reactive Red 194 515 20 20
Direct dyes
Direct Yellow 4 403 20 20
Direct Blue 53 607 5 5
Auxiliary chemical
Na; S04 200 200
Nacl 200 200
Na,COs 50 50
CH3COONa 100 100
CH5COOH 52,450 800
pH 2.5 5.0

2.6. Statistical evaluation of the kinetic and isotherm parameters

The kinetic and equilibrium models were fitted employing the
non-linear fitting method, using the non-linear fitting facilities of
the software Microcal Origin® 7.0. In addition, the models were also
evaluated by an error function [27], which measures the differences
in the amount of dye taken up by the adsorbent predicted by the
models and the actual g measured experimentally.

n 2
Ferror(z) = 100x Z (q"exp — ql,model) (n 1 p) 3)
i

qi,exp

where gj moqel is the value of g predicted by the fitted model and
Qi exp is the value of g measured experimentally, and n is the number
of experiments performed, and p is the number of parameter of the
fitted model.

2.7. Simulated dyehouse effluent

Two synthetic dyehouse effluents containing four representa-
tive reactive dyes plus two direct dyes used for coloring fibers
and their corresponding auxiliary chemicals were prepared in two
different pH values, using a mixture of different dyes most often
applied to textile fibers industries. According to the practical infor-
mation obtained from a dyehouse, typically 20% of the reactive dyes
and 100% of the dyebath auxiliaries remain in the spent dyebath,
and its composition suffer a 5-30-fold dilution during subsequent
washing and rinsing stages. The concentrations of the dyes and aux-
iliary chemicals selected to imitate the exhausted dyebath are given
in Table 3.

3. Results and discussion
3.1. Characterization of the adsorbents

The physical and chemical properties of C-PW and AC-PW are
presented in Table 4. The textural properties of activated carbon
prepared from Brazilian pine-fruit-shell (AC-PW) were remarkably
changed with the activation process using CO,. The specific sur-
face area increased more than 2.0-fold, the average pore volume
increased by 2.4-fold and the average pore diameter increased
by 2.0-fold. These textural parameters suggest that AC-PW could
present a better performance compared with C-PW, as adsorbent
to remove dyes from aqueous solutions, as reported earlier [1,17].
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Table 4
Physical and chemical properties of the adsorbents.

Specific surface area—BET (m2g~1)

C-PW 701
AC-PW 1436
Average pore volume (cm3g~1)

C-PW 0.22
AC-PW 0.56
BJH average pore diameter (nm)

C-PW 3.95
AC-PW 7.76
Point of zero charge (pHpzc)

C-PW 3.86
AC-PW 7.86

3.2. Effects of acidity on adsorption

One of the most important factors in adsorption studies is the
effect of the acidity of the medium [25,26]. Different species will
present divergent ranges of suitable pH depending on which adsor-
bent is used. The effects of initial pH on percentage of removal of
PR-3B dye using C-PW and AC-PW were evaluated within the pH
range between 2 and 10 (Fig. 1A and B, respectively). For C-PW as
adsorbent, the percentage of removal of PR-3B dye was kept prac-
tically constant with variations <2.0% in the pH range of 2.0-3.0.
When the pH was taken from 3.5 to 10.0 the percentage of dye
removal decreased by 36.6%. For AC-PW, the percentage of dye
removal was constant for pH solutions ranging from 2.0 up to 7.2. In
the pH interval between 8.0 and 10.0, a 19.0% decrease in the per-
centage of removal was observed. The AC-PW adsorbent shows a
larger optimal pH interval for adsorption of PR-3B when compared
with C-PW.

C-PW

60
(A)
50
40+

30

% Removal

204

pH initial
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The pHpzc for both adsorbents confirm the ranges of optimal
pH values for PR-3B removal from aqueous solutions (see Fig. 1).
The point of zero charge (pHpyc) for C-PW and AC-PW were 3.86
and 7.86, respectively (see Fig. 1C and D, respectively). For pH
values lower than pHpzc the adsorbent presents a positive sur-
face charge [17]. The dissolved PR-3B dye is negatively charged
in water solutions. The adsorption of the PR-3B dye takes place
when the adsorbent present a positive surface charge. For C-PW,
the electrostatic interaction occurs for pH < 3.86, and for AC-PW this
interaction occurs for pH < 7.86. The initial pHs of the dye solutions
were fixed at 2.5 and 6.0, for C-PW and AC-PW, respectively.

3.3. Adsorbent dosage

The study of adsorbent dosages for the removal of the dye from
aqueous solution was carried-out using quantities of C-PW and
AC-PW adsorbents ranging from 20.0 to 200.0 mg and fixing the
volume and initial dye concentration at 20.0 mL and 100.0mgL!,
respectively, for both adsorbents. It was observed that highest
amount of dye removal was attained for adsorbent masses of at
least 50.0mg of each adsorbent (see Fig. 2A and B). For adsor-
bent quantities higher than these values, the dye removal remained
almost constant. Increases in the percentage of dye removal with
adsorbent masses could be attributed to increases in the adsorbent
surface areas, augmenting the number of adsorption sites avail-
able for adsorption, as already reported in several papers [25,27].
On the other hand, the increase in the adsorbent mass promotes
a remarkable decrease in the amount of dye uptake per gram of
adsorbent (gq), as shown in Fig. 2, an effect that can be mathemati-
cally explained by combining Eqs. (1) and (2):

_ %removal C,V

100m @
AC-PW
0
(B)
55
50-

% Removal
B
o
L

(D)

pH initial

Fig. 1. Effect of pH on the removal of PR-3B from aqueous solution. C-PW (A); AC-PW (B). Points of zero charge for C-PW (C) and AC-PW (D). The initial PR-3B concentrations
and adsorbent masses were fixed at 100.0 mgL~! and 30.0 mg for both adsorbents. The contact time between adsorbent and adsorbate was fixed at 4.0 h. The symbols + and
— means positive and negative surface charges at the adsorbent surface.
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Fig. 2. Adsorbent dosage. C-PW (A) and AC-PW (B).

As observed from Eq. (4), the amount of dye uptake (q) and
the mass of adsorbent (m) are inversely proportional. For a fixed
dye percentage removal, the increase of adsorbent mass leads to
a decrease in g values, since the volume (V) and initial dye con-
centrations (C,) are always fixed. These values clearly indicate that
the adsorbent mass must be fixed at 50.0 mg, the mass that corre-
sponds to the minimum amount of adsorbent that leads to constant
dye removal. The adsorbent masses were therefore fixed at 50.0 mg
for both C-PW and AC-PW adsorbents, the minimum amount of
adsorbent which leads to a constant removal of PR-3B dye.

3.4. Kinetic studies

Adsorption kinetic studies are important in treatment of aque-
ous effluents because they provide valuable information on the
mechanism of the adsorption process [27].

To study the mechanism of dye adsorption, the kinetic data was
fitted using the four kinetic models depicted in Table 1 (Fig. 3A-D).

As can be seen, only the Avrami fractionary kinetic model pre-
sented the best fit, presenting low error function values and also
high R? values, for the two initial concentration levels of the dye
with both adsorbents. For clarity, only the Avrami fractionary
kinetic order is depicted in Table 5. All other kinetic models are
not shown in this table because they presented Ferror Values at
least 15 times higher than the Avrami fractionary kinetic model.
The lower the error function is, the lower will be the difference of
the g calculated by the model from the experimentally measured q
[26,27]. Additionally, it was verified that the g, values found in the
fractionary-order were closer to the experimental g, values, when
compared with all other kinetic models. These results indicate that

the fractionary-order kinetic model should explain the adsorption
process of PR-3B taken up by the C-PW and AC-PW adsorbents.

The Avrami kinetic equation has been successfully employed
to explain several kinetic processes of different adsorbents and
adsorbates [1,9,17,25,27-33]. The Avrami exponent (nay) is a
fractionary number related with the possible changes of adsorp-
tion mechanism that take place during the adsorption process
[1,9,17,25,27-33]. Instead of the mechanism of adsorption follows
only an integer-kinetic order, the adsorption could follow multiple
kinetic orders that are changed during the contact of the adsorbate
with the adsorbent [27-33]. The nay is a resultant of the multiple
kinetic order of the adsorption procedure.

Because the kinetic results fitted very well to the fractionary
kinetic model (Avrami model) for the PR-3B dye using C-PW
and AC-PW adsorbents (see Table 5 and Fig. 3), the intra-particle
diffusion model [26] was used to verify the influence of mass trans-
fer resistance on the binding of PR-3B to both adsorbents (see
Table 5 and Fig. 3E-H). The intra-particle diffusion constant, k;q
(mgg—1h95, see Table 1), can be obtained from the slope of the
plot of g; (uptake at any time, mg g~ 1) versus the square root of time.
Fig. 3E-H shows the plots of g; versus t!/2, with multi-linearity for
the PR-3B dye using C-PW and AC-PW adsorbents. These results
imply that the adsorption processes involve more than one single
kinetic stage (or adsorption rate) [27]. For instance, the adsorption
process exhibits two stages, which can be attributed to two lin-
ear parts (see Fig. 3E-H). The first linear part can be attributed to
intra-particle diffusion, which causes a delay in the process [27].
The second stage is the diffusion through smaller pores, which is
followed by the establishment of equilibrium [27].

It was observed in Fig. 3A-D, that the minimum contact time of
the PR-3B with the adsorbents to reach the equilibration was about
6.0 and 4.0 h, using C-PW and AC-PW as adsorbents, respectively
(see Fig. 3A-D). The longer required contact time to reach the equi-
librium for C-PW, in comparison with AC-PW, could be attributed
to the textural characteristics of the non-activated carbon such as
lower average pore volume and average pore diameter (see Table 4)
as already reported in the literature [1,17]. The diagonal lengths of
PR-3B dye are 2.11 and 2.09 nm, respectively (see Fig. 4); while the
BJH average pore diameters of the adsorbents are 3.95 and 7.76 nm
for C-PW and AC-PW, respectively. The ratios of average pore diam-
eter of the adsorbents to the maximum diagonal length of PR-3B
dye are 1.87 and 3.68, for C-PW and AC-PW, respectively. Therefore
the diffusion of PR-3B dye from the bulk adsorbate solution to the
pores of C-PW adsorbent may have been limited, thereby delay-
ing the adsorption process. The average pore diameter of the C-PW
adsorbent could accommodate only one PR-3B molecule which was
diffused from the bulk of adsorbate solution to the pores of the
adsorbent. When the AC-PW adsorbent was used, up to three PR-
3B molecules could be accommodated by each adsorbent pore. This
interpretation is also corroborated by the intra-particle diffusion
constant (k;q) reported in Table 5, where the obtained values of
kiq for AC-PW were at least 52.7% higher than those obtained with
C-PW [17].

3.5. Equilibrium studies

An adsorption isotherm describes the relationship between the
amount of adsorbate taken up by the adsorbent and the adsorbate
concentration remaining in solution. There are many equations for
analyzing experimental adsorption equilibrium data. The equation
parameters of these equilibrium models often provide some insight
into the adsorption mechanism, the surface properties and affinity
of the adsorbent [26]. In this work, the Langmuir, the Freundlich,
the Sips and the Redlich-Peterson isotherm models were tested (see
Fig. 5).
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Fig. 3. Kinetic models for the adsorption of PR-3B. (®) C-PW; (®) AC-PW. (A) C-PW 100 mgL-'; (B) C-PW 200mgL-"'; (C) AC-PW 100mgL-'; (D) AC-PW 200mgL-'; (E)

C-PW 100 mgL-'; (F) C-PW 200 mgL-'; (G) AC-PW 100 mgL-1; (H) AC-PW 200 mg

The isotherms of adsorption carried-out from 298 to 323K,
of PR-3B on the two adsorbents were performed, using the
best experimental conditions described previously (see Table 6).
Considering that for a good fitting of a non-linear model, the
Ferror Values should be <3.0% [25-27]. Based on this confident
limit value for Ferror, for C-PW adsorbent, the isotherm parame-
ters obtained for Langmuir (298-313 K), Freundlich (298-323 K),
Redlich-Peterson (298-313 K) have no physical meaning, because
the amount adsorbed (q) fitted by the models present an average
difference higher than 3.0% of the actual ¢ measured. For AC-PW
adsorbent, the isotherm parameters of Langmuir (303-323 K) and
Freundlich (298-318 K) are not confident. Based on the Feror Values
analysis the only isotherm model that was well fitted for all tem-
peratures (298-323 K) and both adsorbent was the Sips isotherm

|

model. It should also be stressed that the Redlich-Peterson isotherm
model was well fitted for all temperatures using AC-PW adsor-
bent.

The maximum amounts of PR-3B uptake were 197 and
328 mgg~! (based on the Sips model) for C-PW and AC-PW, respec-
tively, at 323 K. These values indicate that these adsorbents are
good adsorbents for PR-3B removal from aqueous solutions.

3.6. Thermodynamic studies
Thermodynamic parameters related to the adsorption process,

i.e., Gibb’s free energy change (AG°, k] mol-1), enthalpy change
(AH°, kJmol-1), and entropy change (AS°, Jmol~1K-1) are deter-
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Table 5 mined by the following equations:
Kinetic parameters for PR-3B removal using C-PW and AC-PW as adsorbents. Con-
ditions: temperature was fixed at 298 K; pH 2.5 for C-PW and pH 6.0 for AC-PW; AG®° = AH®° — T AS° (5)
adsorbent mass 50.0 mg.
AG° = —RT In(K) (6)
C-PW AC-PW
The combination of Egs. (5) and (6), gives:
100mgL-! 200 mgL-! 100 mgL-! 200mgL-!
Fractionary-order In(K) = Ais _ Aixl (7)
kay (h~1) 0.416 0.421 0.727 0.712 R R T
—1 . . .
ZE (mgg™) 3?'26 7‘11’2] 3?'22 7?'25 where R is the universal gas constant (8.314JK~1 mol~!), T is the
e 0.9998 0.9999 0.9999 0.9999 absolute temperature (Kelvin) and K represents that adsorption
Ferror (%) 1.73 0.914 1.45 0.448 constants of the isotherm fits (Ks—Sips equilibrium constant, which
) e must be converted to SI units, by using the molecular mass of the
Intra-particle diffusion A N
ki (mgg-1h-057 203 391 31.0 623 dye) obtained from the isotherm plots. The AH° and AS° values can
) be calculated from the slope and intercept of the linear plot of In(K)
2 First stage.
versus 1/T.

The thermodynamic results are depicted in Table 7. Taking into
account that the Langmuir isotherm parameters were not confident
at 3% level for temperature range (298-323 K) using both the adsor-
bents (C-PW and AC-PW), the thermodynamic parameters were
only obtained using the values of Sips equilibrium constant (Ks).
The R? values of the linear fit were at least 0.99, indicating that the
values of enthalpy and entropy calculated for both adsorbents are
fairly confident.

The magnitude of enthalpy is consistent with a physical inter-
action of an adsorbent with an adsorbate as already reported in
the literature [34,35]. The enthalpy changes (AH°) indicate that
adsorption followed endothermic processes. Negative values of AG
indicated that the PR-3B reactive dye adsorption by C-PW and AC-
PW adsorbents were spontaneous and favorable processes for all
studied temperatures. The positive values of AS° confirm a high
preference of PR-3B molecules for the carbon surface of C-PW and
AC-PW and also suggest the possibility of some structural changes
or readjustments in the dye—carbon adsorption complex [35], and
also is consistent with the dehydration of dye molecule before

Fig. 4. Optimized three-dimensional structural formulae of PR-3B. The dimensions its adsorption to carbon surface, and the releases of these water
of the chemical molecule were calculated using ChemBio 3D® version 11.0.1. molecules to the bulk solution.

The increase in adsorption capacities of C-PW and AC-PW at
higher temperatures may be attributed to the enhanced mobil-
ity and penetration of dye molecules within the adsorbent porous

Table 6
Isotherm parameters for PR-3B adsorption, using C-PW and AC-PW as adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 2.5 and 6.0 for C-PW and AC-PW,
respectively; and using a contact time of 6 and 4 h for C-PW and AC-PW, respectively.

C-PW AC-PW

298K 303K 308K 313K 318K 323K 298K 303K 308K 313K 318K 323K

Langmuir

Qmax (Mgg) 195 196 196 197 198 198 268 275 267 265 244 240

K (Lg™") 0.0937 0.0878 0.0861 0.0808 0.0758 0.0741 0.138 0.147 0.161 0.180 0.210 0.229
R? 0.9858 0.9917 0.9953 0.9982 0.9996 1.000 0.9956 0.9921 0.9826 0.9759 0.9581 0.9294
Ferror (%) 31.1 8.25 491 491 1.86 0.249 2.96 4.85 3.27 3.74 4.67 4.29
Freudlich

K (mgg*1(mgL’1)71/nF) 434 41.8 43.1 41.8 40.0 393 75.0 81.5 86.4 90.5 90.3 97.7

ng 3.15 3.13 3.19 3.12 3.03 3.01 3.57 3.72 3.90 4.16 4.51 5.00
R? 0.8496 0.8937 0.9074 0.9212 0.9340 0.9430 0.9521 0.9498 0.9564 0.9660 0.9810 0.9798
Ferror (%) 97.3 235 16.65 25.7 19.2 194 7.53 8.83 4.77 4.25 3.14 2.33
Sips

Qmax (Mgg~ 176 180 183 188 193 197 292 306 312 317 323 328

Ks ((gL™! )_] ”5) 0.0417 0.0477 0.0528 0.0595 0.0671 0.0735 0.173 0.195 0.221 0.251 0.283 0.318
ns 0.695 0.744 0.790 0.861 0.937 0.995 1.25 1.33 1.46 1.59 1.93 2.15
R? 1.000 1.000 1.000 1.000 0.9999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Ferror (%) 0.751 0.331 0.284 0.367 0.343 0.225 0.159 0.119 0.125 0.145 0.119 0.0953
Redlich-Peterson

Krp (Lg™1) 183 17.2 16.9 15.9 15.0 14.7 48.7 60.3 78.1 98.8 138 188

agp (mgL~1)8 0.0937 0.0878 0.0861 0.0808 0.0758 0.0741 0.261 0.341 0.503 0.674 1.10 1.50

g 1.00 1.00 1.00 1.00 1.00 1.00 0.919 0.902 0.876 0.867 0.850 0.855
R? 0.9859 0.9917 0.9953 0.9982 0.9996 1.000 0.9994 0.9990 0.9987 0.9985 0.9987 0.9989

Ferror (%) B2AS 8.62 5,12 5.13 1.94 0.235 0.639 0.883 1.07 1.20 1.07 0.915
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Table 7
Thermodynamic parameters of the adsorption of PR-3B on C-PW and AC-PW adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 2.5 and 6.0 for C-PW and AC-PW,
respectively; and using a contact time of 6 and 4 h for C-PW and AC-PW, respectively.

Sips Temperature (K)
298 303 308 313 318 323
C-PW
Ks ((molL™") /™) 6.13 x 104 7.00 x 10 7.76 x 10* 8.75 x 10* 9.87 x 10 1.08 x 10°
AG (k] mol-1) —27.3 —28.1 —28.8 -29.6 -30.4 -31.1
AH° (kJmol~!) 18.2 - - - - -
AS° (JK-Tmol1) 153 - - - - -
R? 0.9988 - - - - -
AC-PW
Ks ((molL™1) /™) 2.54 % 10° 2.86 x 10° 3.25x10° 3.69 x 10° 416x10° 467 x10°
AG (kJ mol~!) —-30.8 -31.6 -32.5 -334 —34.2 —-35.1
AH° (kJmol~1) 19.6 - - - - -
AS° (JK-'mol ') 169 - - - - -
R? 0.9996 - - - - -

— .
160 S 160 1] s C-PW
& 320 ® Experimental o 129 * Experimental & 120 e Experimental
=] Langmuir =) —— Langmuir =2 —— Langmuir
é 80 —— Freundlich é 80 —— Freundlich é . —— Freundlich
@ —— Sips @ —— Sips o ~——— Sips
= 49 — Redlich Peterson & 40 —— Redlich Peterson c 40 —— Redlich Peterson
0 0 0
0 20 40 60 80 100120 140 0 20 40 60 80 100 120 0 40 80 120
Ce (mg L) Ce(mg L") Ce(mg L)
200 200 200
313K C-PW
160 160 160
g 120 o Ewperinenial & 120 ®  Experimental g 120 * Experimental
o gg —— Langmuir g’ 80 Langmuir 2 g Langmuir
£ —— Freundlich = —— Freundlich £ —— Freundlich
= — Sips & 0 R Slps‘ @ 40 Sips
g —— Redlich Peterson — Redlich Peterson = —— Redlich Peterson
0 0 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100120140
Ce (mg L) Ce(mg L Ce(mg L
300
250{ 298 K ——r 56 250 AC-PW
= 20 = 200 . 200
o 150 = Experimental = = Experimental T = Experimental
o Langmuir E’ 150 Langmuir g 150 Langmuir
£ 100 —— Freundlich = 100 ~— Freundlich E 100 = Freundllch
& —— Sips o —— Sips - —_— Slps_
50 —— Redlich Peterson 50 — Redlich Peterson o 50 —— Redlich Peterson
0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 120 0 20 40 60 80 100
Ce (mg L) Ce(mg LT Ce(mg L)
250 <4 = AC-PW
__ 200 = 200 —~ 200 .
& = Experimental 2 150 = Experimental o 150 = Experimental
g: 159 Langmuir g2 Langmuir 2 Langmuir
£ 100 —— Freundlich = 100 —— Freundlich < 100 — Freundlich
S —— Sips o —— Sips &2 — Slps_
o 50 —— Redlich Peterson 50 ——— Redlich Peterson 50 —— Redlich Peterson
0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Ce(mg L) Ce(mg L) Ce (mg L)

Fig. 5. The equilibrium isotherm for PR-3B adsorption on C-PW and AC-PW adsorbents, using batch contact adsorption procedure. Conditions adsorbent mass of 50.0 mg;
pH fixed at 2.5 and 6.0 for C-PW and AC-PW, respectively; and using a contact time of 6 and 5 h for C-PW and AC-PW, respectively.
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Fig. 6. UV-vis spectra of simulated dye effluents before and after adsorption treatments.

structures by overcoming the activation energy barrier and enhanc-
ing the rate of intra-particle diffusion [34,35].

3.7. Treatment of a simulated dyehouse effluent

In order to verify the efficiency of the Brazilian pine-fruit-shell
in natural (PW), carbonized form (C-PW) and activated carbon
(AC-PW) as adsorbents for the removal of dyes from textile efflu-
ents, simulated dyehouse effluents were prepared (see Table 3).
The UV-vis spectra of the untreated effluents (pH 2.5 and 5.0)
and treated with PW, C-PW and AC-PW were recorded from 200
to 800 nm (Fig. 6). The absorption bands at 293, 389, 511, 535
and 623 nm were utilized to monitor the percentage of dyes mix-
ture removed from the simulated dye effluents. The PW adsorbent
removed 26.1% of the dye mixture at pH 2.0 and only 3.9% at pH
5.0. The untreated Brazilian pine-fruit-shell (PW), included in this
part of the work, shows the lowest sorption capacity and perfor-
mance for the removal of dyes from industrial effluents (see Fig. 6A
and D) when compared with the two other adsorbents. Its low
sorption capacity could be related with this fibrous and compact
structure with low specific surface area and low average pore vol-
ume and pore diameter, as reported earlier [1]. The C-PW material
presents an intermediate performance for the treatment of sim-
ulated dye effluents. At pH 2.5, C-PW removed 64.7% of the dye
mixture (Fig. 6B), but its value was decreased to 37.7% for dye
effluent at pH 5.0. These removal data are consistent with the pH
effects on the sorption capacity, and also with the pHpzc describe
above for C-PW. On the other hand, AC-PW material was efficient
for the treatment of simulated dye effluents at pH values of 2.5
(99.2% removal) as well as 5.0 (98.8% removal). Taking into account
that in real applications the pH of effluent for being released to the
environment should be close to the natural waters (pH 5.0-6.0),
the AC-PW adsorbent is a very good adsorbent for treatment of
industrial effluents contaminated with dyes.

The better characteristics of AC-PW such as, higher value of
pHpzc, higher specific surface area, higher average pore volume,
higher average pore diameter (see Table 4) when compared to C-

PW are responsible for its better performance for treatment of dye
effluents.

4. Conclusion

The carbonized Brazilian pine-fruit-shell (C-PW) and the acti-
vated carbon prepared from Brazilian pine-fruit-shell (AC-PW) are
good alternative adsorbents to remove Procion Red MX 3B (PR-3B)
from aqueous solutions. Both adsorbents interact with the dye at
the solid/liquid interface when suspended in water. The best con-
ditions were established with respect to pH and contact time to
saturate the available sites located on the adsorbent surface. Five
kinetic models were used to adjust the adsorption and the bet-
ter fit was the Avrami (fractionary-order) kinetic model, however,
the intra-particle diffusion model gave two linear regions, which
suggested that the adsorption could be also followed by multiple
adsorption rates. The maximum adsorption capacities were 197
and 328 mgg~! for C-PW and AC-PW, respectively. The increased
adsorption capacity of AC-PW could be the related to the improve-
ments on the textural characteristics (specific surface area, average
pore volume, average pore diameter) of the material after the acti-
vation process with CO,.

The thermodynamic parameters of adsorption (AH°; AS° and
AG) were calculated and it was observed that increases on the
adsorption temperature lead to increases on the amount adsorbed,
indicating that the adsorption of PR-3B on C-PW and AC-PW fol-
lowed endothermic processes.

For treatment of simulated industrial textile effluents, the AC-
PW adsorbent presented very good performance for removing at
least 98% of the mixture of dyes in a medium containing high saline
concentrations.

Notations

agp the Redlich-Peterson constants (mgL-1)-8

C constant related with the thickness of boundary layer
(mgg~1)
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G dye concentration at ending of the adsorption (mgL-1)

Ce dye concentration at the equilibrium (mgL-1)

Co initial dye concentration put in contact with the adsor-
bent (mgL-1)

g dimensionless exponent of Redlich-Peterson equation

ho the initial sorption rate (mgg~1h-1) of pseudo-second
order equation

kav is the Avrami kinetic constant (h=1)

ks the pseudo-first-order rate constant (h~1)

Kr the Freundlich equilibrium constant
(mgg'(mgL™")" ™)

kig the intra-particle diffusion rate constant (mgg~1 h-0-3)

Ky the Langmuir equilibrium constant (Lmg~1)

Kgrp the Redlich-Peterson equilibrium consta?} (Lg™1)

Ks the Sips equilibrium constant ((mgL~')" ns)

ks the pseudo-second order rate constant (gmg-'h-1)

m mass of adsorbent (g)

nav is a fractionary reaction order (Avrami) which can be
related, to the adsorption mechanism

ng dimensionless exponent of the Freundlich equation

ng dimensionless exponent of the Sips equation

q amount adsorbed of the dye by the adsorbent (mgg=1)

Qe amount adsorbate adsorbed at the equilibrium (mgg=1)

Qmax the maximum adsorption capacity of the adsorbent
(mgg™1)

qr amount of adsorbate adsorbed at time (mgg=1)

t time of contact (h)

174 volume of dye solution put in contact with the adsorbent
(L)

Greek letters

o the initial adsorption rate (mgg~!h-1) of the Elovich
Equation

B Elovich constant related to the extent of surface coverage

and also to the activation energy involved in chemisorp-
tion (gmg-1)
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