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ABSTRACT: The use of native Jatropha curcas (JN) and Jatropha curcas treated by non-
thermal plasma (JP) as biosorbents for the removal of Reactive Red 120 (RR-120) dye from
aqueous solutions was proposed in this work. Jatropha curcas is an abundant residue in the
biocombustible industry. These biosorbents were characterized by infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and by nitrogen adsorption/desorption curves.
The effects of pH, shaking time and temperature on adsorption capacity were studied. In the
acidic pH region (pH 2.0), the adsorption of the dye was favorable on JN and JP biosorbents.
The maximum sorption capacity for adsorption of the dye occurred at 323 K attaining values of
40.94 and 65.63 mg g~ for JN and JP, respectively. Simulated dyehouse effluents were used to
check the applicability of the proposed biosorbents for effluent treatment (removed 68.2 and
94.6%, for JN and JP, respectively) in a medium with high salt concentration.
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1. INTRODUCTION

The process of adsorption transfers the dyes
from the aqueous effluent to a solid phase,
significantly decreasing bioavailability of the dye
to living organisms (Wang and Li, 2013). The
decontaminated effluent can then be released to the
environment (Machado et al., 2011, 2012).

Activated carbon is one of the most
employed adsorbents for dye removal from
aqueous solution because of its excellent
adsorption properties (Calvete et al., 2009, 2010;
Cardoso et al., 2011c). However, the extensive use
of activated carbon for dye removal from industrial
effluents is expensive (Alencar et al., 2012a,b;
Machado et al., 2012), due to its high initial and
regeneration costs (Machado et al., 2011), thus
limiting more extensive application in wastewater
treatment. There is therefore a growing interest in
finding alternative low cost adsorbents for removal
of dyes from aqueous solution.

Although unmodified biosorbent could show
good adsorption capacity, some chemical
modifications on the biomass have been proposed
recently to improve the maximum sorption
capacity of biosorbents.

In the work was used biomass material using
Gliding arc plasma type. Jatropha curcas was used
as biosorbent in native form (JN) and also
chemically modified by non-thermal plasma (JP) to
removal of Reactive Red 120 textile dye from
aqueous effluents.

Jatropha curcas is a multipurpose plant with
many attributes and considerable potential,
functional groups that are considerably different to
those of activated materials, which may lead to
greater adsorption potential of activated samples
(Sricharoenchaikul, 2007).

Gliding arc plasma is a technique that takes
its advantage to the presence of auto-generated
reactive species like HOe and NOe radicals. The
gliding electric discharge is obtained by blowing
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an electric arc burning between diverging
electrodes by axial gas flow (Czernichowski et al.,
1996).

The plasma device has been used for the
abatement of gaseous or liquid chemical pollutants
(Burlica et al., 2004; Brisset et al., 2008; Laminsi
et al.,, 2012). When humid air is selected as the
ambient gas for discharges at atmospheric
pressure, the resulting plasma was highly efficient
for oxidizing because the resulting non-thermal
plasma formed involves HOe as a result of electron
(or/fand photon) impact dissociation of water
molecules present in the ambient gas at the liquid
surface (Hnatiuc, 2002). In the present study, the
use of non-thermal plasma for chemical
modification of biosorbent is proposed.

2. MATERIAL AND METHODS

2.1 Solutions and reagents

Deionized water was used throughout the
experiments for solution preparations. The
Reactive Red 120 dye (RR-120) (C.l. 25810;
C44H24 CI2N14020S6Na6, 1469.98 g mol ™, was
obtained from Sigma (Switzerland), as a
commercially available textile dye, with 70% dye
content, and it was wused without fur-ther
purification. RR-120 has six sulphonate groups.
These groups have negative charges even in highly
acidic solutions due to their pK, values being lower
than zero (Roberts and Caserio, 1977). The stock
solution of 5.00 g L™* was prepared by dissolving
dye in distilled water to the concentration. The
working solutions were obtained by diluting the
dye stock solution to the required concentrations.
The pH was adjusted using 0.10 mol L™ sodium
hydroxide and/or 0.10 mol L™ hydrochloric acid
solutions. The pH of the solutions was measured
using a Schott Lab 850 set pH meter.

2.2 Biosorbent

characterization

The J. curcas shell (JN) utilized in this work
was provided by SADA Bioenergy and Agriculture
Company Ltd., a unit of Jaiba, MG, Brazil. The
Brazilian production of J. curcas is about 400,000
ton/year (50,000 ha with productivity of 8 ton/ha)
(Gusméo, 2010).

About 32% of J. curcas correspond to the
shell (128,000 ton/year of JN) (Gusmao, 2010). JN

preparation and
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was washed with tap water to remove dust, and
then with deionized water. It was then dried at
70°C in an air-supplied oven for 8 h (Cardoso et
al., 2011a,b). After this procedure, the JN was
ground in a disk-mill and subsequently sieved. J.
curcas of < 106 um diameter was used. This J.
curcas shell seed was assigned as JN.

In order to increase the amount of RR-120
dye adsorbed by the JN biosorbent, the biomaterial
was treated according to the procedure: a 50.0 g of
JN was suspended in a 500.0 mL deionized water
that was disposed normally to the axis of the water
cooled glass reactor at a distance of about 50 mm
from the electrodes tips. The solution was
magnetically stirred and exposed to the plasma for
30 min. The gliding arc plasma forms when a suit-
able potential difference (10 kV; 160 mA) is
applied between two (or more) diverging
conductors.

The arc forms at the narrowest electrode gap
by applying a suitable alternate or continuous
potential difference between the conductors. The
electrodes are laid out symmetrically around a
gaseous jet (gas flow rate: 800 L h™"). The arc is
pushed by the gas flow along the knife shaped
electrodes to their tips: thus its length increases and
its temperature decreases until it is short-circuited
by a new arc and bursts in a quenched cold plasma
cloud. The arc is thermal plasma, which favours
the formation of active species and free radicals,
which confer on plasma its particular chemical
properties.

The plume of quenched plasma licks a target
and its species react at the target-plasma interface.
For this work, a half-open plasma reactor of the
first generation reactor was used. After the
discharge was switched off, the exposed mixture
was centrifuged at 3600 rpm for 10 min, and the
resulting biomass (JP) was washed several times

with deionized water and dried at 70°C in the oven
until constant weight. Afterwards, JP was kept in
glass bottle for further use.

The particle sizes of the biosorbents were
determined by sieve analysis. The JN and JP
biosorbents were characterized using vibrational
spectroscopy in the infrared region with Fourier
Transform (FTIR) using a Spectrometer Shimadzu
model IR Prestige 21 (Japan). The JN and JP

samples and KBr were previously dried at 120°C
for 8 h, and then they were stored in capped flasks

and kept in a desiccator before the analysis. The
spectra were obtained with a resolution of 4 cm™
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using 100 cumulative scans (Cardoso et al.,
2011a,b).

The surface analyses and porosity were
carried out with a volumetric adsorption analyzer,
Nova 1000 (Quantachrome Instru-ments, USA), at
77 K (the boiling point of nitrogen). The samples
were pre-treated at 473 K for 24 h under a nitrogen
atmosphere in order to eliminate the moisture
adsorbed on the surface of the solid sample. The
samples were then submitted to conditions of 298
K in a vacuum, reaching the residual pressure of
10 Pa. For area and pore calculations, the multi-
point BET (Brunauer, Emmett and Teller) (Jacques
et al., 2007a) and BJH (Barret, Joyner and
Halenda) (Vaghetti et al., 2003) methods were
used. The biosorbent samples were also analyzed
with scanning elec-tron microscopy (SEM; Jeol
microscope, model JSM 6060) using an
acceleration voltage of 10 kV and magnification
ranging from 200x to 5000x (Jacques et al.,
2007b).

The point of zero charge (pHpzc) of the
biosorbent was determined by adding a 20.00 mL
of 0.050 mol L™* NaCl with a previously adjusted
initial pH (the initial pH (pH;) values of the
solutions were adjusted from 2.0 to 10.0 by adding
0.10 mol L™ of HCI and NaOH) to several 50.0
mL cylindrical high-density polystyrene flasks
containing 50.0 mg of the biosorbent, which were
immediately securely capped.

The suspensions were shaken in an
acclimatized shaker at 298 K and allowed to
equilibrate for 48 h. The suspensions were then
centrifuged at 10,000 rpm for 10 min to separate
the biosorbent from the aqueous solution. The pH;
of the solutions were accurately measured using
the solutions that had no contact with the solid
biosorbent and the final pH (pH;) values of the
supernatant after contact with the solid were
recorded. The value of pHpzc is the point where
the curve of ApH (pH: — pH;) versus pH; crosses a
line equal to zero (Calvete et al., 2009).

2.3. Batch biosorption studies

The batch biosorption studies for evaluation
of the ability of JN and JP biosorbents to remove
RR-120 dye from aqueous solutions were carried
out in triplicate, using the batch contact biosorption
method.

For these experiments, a 50.0 mg of biosorb-
ent were placed in 50 mL cylindrical
polypropylene flasks containing 20.0 mL of dye
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solution (40-100.0 mg L ™), which were agitated
for an appropriate time (0.0833-24.00 h) using an
acclimatized shaker at 298 K. pH of solution
varied from 2.0 to 10.0. Subsequently, in order to
separate the biosorbent from the aqueous solutions,
the flasks were centrifuged at 10,000 rpm for 5 min
using a Unicen M Herolab centrifuge (Stuttgart,
Germany), and aliquots of the supernatant were
properly diluted with an aqueous solution fixed at
pH 2.0.

The final concentrations of the dyes
remaining in the solution were quantified using a
visible  spectrophotometer  (T90+  UV-VIS
spectrophotometer; PG Instruments, London,
England) fitted with quartz optical cells.
Absorbance measurements were made at 534 nm,
the maximum wavelength of RR-120 dye. The
amount of dye taken up and the percentage of the
dye removed by the biosorbents were calculated by
using Equations (1) and (2), respectively:

C, -C
qe=—(°x ) @

(¢ - C)
% Removal = Er-— 2100 (2)

0

In which g is the amount of dye adsorbed by
the biosorbent (mg g™), C, is the initial dye
concentration placed in contact with the biosorbent
(mg L™), Cyis the dye concentration (mg L™) after
the batch biosorption procedure, m is the mass of
biosorbent (g) and V is the volume of dye solution
(L).

The experiments of desorption were carried
out according to the procedure: a 50.0 mg L—1 of
RR-120 dye was shaken with 50.0 mg of JN and JP
adsorbents for 1 h, then the loaded biosorbent was
filtered using 0.2 pm cellulose acetate and firstly
washed with water to remove non-adsorbed dyes.
Then, the dye adsorbed on the adsorbent was
agitated with a 20.0 mL of: NaCl aqueous
solutions (0.05-0.5 mol L™%); acetone (10-50%) +
water (90-50%), and acetone (10-50%) + 0.05 M
NaCl (90-50%) for 15-60 min. The desorbed dyes
were separated and estimated as described above.

2.4. Quality assurance and statistical
evaluation of the kinetic and isotherm
parameters
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Blank tests were run in parallel and were
corrected when necessary. All dye solutions were
stored in glass bottles, which were cleaned by
soaking in 1.4 mol L™ HNO; for 24 h (Barbosa et
al., 1999), rinsing five times with deionized water,
drying and storing them in a flow-hood. For
analytical calibration, standard solutions with
concentrations ranging from 5.00 to 100.0 mg L™
of the dyes were used, in parallel with a blank
solution of water adjusted to pH 2.0.

The linear analytical calibration of the curve
was furnished by the UVWin software of the T90+
PG Instruments spectrophotometer. The detection
limit of the method, obtained with a signal/noise
ratio of 3 (Lima et al., 1998b), was 0.19 mg L™ of
RR-120. All the analytical measurements were
performed in triplicate, and the precision of the
standards was better than 3% (n = 3). In order to
verify the accuracy of the RR-120 dye sample
solutions during spectrophotometric measurements
standards containing dyes at 40.0 mg L' were
employed as a quality control after every five
determinations (Lima et al., 1998a).

The kinetic models were fitted by employing
a nonlinear method, with successive interactions
calculated by the Levenberg—Marquardt method;
interactions were also calculated using the Simplex
method, based on the nonlinear fitting facilities of
the software Microcal Origin 9.0. In addition, the
models were evaluated by a determination
coefficient (R?, an adjusted deter-mination
coefficient (Rzad,-), as well as by an error function
(Ferror) (Calvete et al., 2010; Cardoso et al., 2012),
which measured the differences in the amount of
dye taken up by the biosorbent as pre-dicted by the
models and the actual g measured experimentally.
R? R’ and Feqo are given below, in Equations.
(3), (4) and (5), respectively:

R2 - (E?(q:’,exp B Qi,ixp)z - E?(qi.e)g) - Qi,model)z ) (03)
Zi (4i.exp — Giexp)

2 _1_(-g). ("1
Ry =1-0-8-(32;) (04)

" 2
- 1 Qiexp — i, model
Fegror(z) = 100 x J (_n _p) : Z (W) (05)

i

Qimoder 1S €ach value of q predicted by the fitted
model, Qiep IS each value of g measured
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experimentally, Qep is the average of q
experimentally measured, n is the number of
experiments performed, and p is the number of
parameters of the fitted model (Calvete et al.,
2010).

2.5. Simulated dye-house effluent

One synthetic dye-house effluent containing
five representative reactive dyes usually used for
colouring fibers and their corresponding auxiliary
chemicals was prepared at pH 2.0, using a mixture
of different dyes mostly used in the textile
industry. According to the practical information
obtained from a dye-house, typically 10-60%
(Hessel et al., 2007) of reactive dyes and 100% of
the dye bath auxiliaries remain in the spent dye
bath, and its composition undergoes a 5-30-fold
dilution during the subsequent washing and rinsing
stages (Alencar et al., 2012b; Calvete et al., 2009).
The concentrations of the dyes and auxiliary
chemicals selected to imitate an exhausted dye
bath are: Reactive Red 120 (Amax 534 nm) - 20.00
mg L™"; Cibacron Brilliant Yellow 3G-P (Amyax 402
nm) -5.00 mg L™'; Reactive Orange 16 (Amax 493
nm) -5.00 mg L™"; Procion Blue MX-R (Amax 594
nm) 5.00 mg L™'; Reactive Black 5 (Ana 598 nm) -
5.00 mg L™ ; Na,SO, - 80.0 mg L' :NaCl - 80.0
mg L™'; Na,CO; - 50.0 mg L™'; CH;COONa - 50.0
mg L™'; CH;COOH - 600.0 mg L™" and pH 2.0.
(Alencar et al., 2012b; Machado et al., 2011, 2012;
Calvete et al., 2009; Cardoso et al., 2011c, 2012).

3. RESULTS AND DISCUSSION

3.1. Characterization of biosorbents

FTIR technigue was used to examine the
surface groups of JN and JP biosorbents and to
identify the groups responsible for biosorption of
the dye. Infrared spectra of the biosorbents were
recorded in the range 4000-400 cm ™.

The JN and JP present the following FTIR
bands: the broad band at 3366 and 3245 cm * were
assigned to O-H bond stretching for JN and JP,
respectively (da Silva et al., 2011; Smith, 1999);
the CH2 stretching band observed at 2888 and
2900 cm %, for JN and JP biosorbents, respectively
(Smith, 1999; da Silva et al., 2011); a shoulder at
1725 cm * (JN) and a sharp band at 1732 (JP) were
assigned to carbonyl groups of carboxylic acid
(Smith, 1999; da Silva et al.,, 2011); FTIR
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vibrational bands at 1600 and 1613 cm ' were
assigned to asymmetric stretching of carboxylate
groups present in the lignocellulosic materials for
JN and JP biosorbents, respectively (Jacques et al.,
2007b; Smith, 1999); a band at 1404 for JN and a
small band at 1431 cm™ are assigned to ring
modes of aromatic ring (Cardoso et al., 2011a,b;
Smith, 1999); the bands at 1317 cm™ (JN) and
1369 and 1320 cm™* (JP) are assigned to bending
of CH groups of cellulose, hemicellulose and
lignin (Smith, 1999); the bands at 1108 (JN) and
1156 cm* (JP), were assigned to a C-O-C
asymmetric stretch of ether groups of lignin
(Alencar et al., 2012a; Smith, 1999). The
intense FTIR band at 1023 (JN) and 1071 and
1013 cm™* (JP) are assigned to a C O stretch of
primary alcohol of lignin (Alencar et al.,
2012a; Smith, 1999).

It is noteworthy that in the region of 1460-
1260 cm * the FTIR bands of JP biosorbent are so
small compared with the bands of JN. This feature
may be related either to the radical addition or
oxidation of the biomass surface:

In the first case, the plasma medium by the
presence of free radicals (Moussa et al., 2005;
Benstaali et al.,, 2002) should participate in
electrophilic addition to organic m systems, as in
photochemical reactions by addition of OH and/or
NOXx groups at double bonds and could justify the
observe decrease of band at 1430 cm ™.

In the second case, since the plasma
treatment induces the forma-tion of long life
oxidative species (Eo (H,0./H,0O) = 1.68 V/NHE;
Doubla et al., 2007; Kamgang-Youbi et al., 2007),
the surface fuctionalization should take place with
oxidation of alkane group in carboxylic acid as
shows by the remarkable increase of intensity of
the JP band at 1732 cm™ (carboxylic group),
indicating that the plasma source induced the
formation of acidic groups on the lignocelluloses
material.

The textural properties of JN and JP
obtained by nitrogen adsorption/desorption curves
were: superficial area (Sger), 6 and 15 m? g%
average pore diameter (BJH), 9 and 14 nm; and
total pore volume, 0.16 and 0.28 cm® g*, for JN
and JP, respectively. These textural properties
obtained for JP and JN are consistent with values
of lignin—cellulosic materials (Alencar et al.,
2012a,b; Ay et al., 2012; Subbaiah et al., 2011).
The maximum diagonal length of RR-120 is 2.59
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nm, the dimensions of the chemical molecule were
calculated using ChemBio 3D Ultra version 11.0.).

The ratios of average pore diameter of the
biosorbents to the maximum diagonal length of
dye were 3.6 (#JN/@RR-120) and 5.5 (@JP/@RR-
120). Therefore, the mesopores of JN could
accommodate up to three molecules of RR-120
dye, and the mesopores of JP could accommodate
up to five molecules of RR- 120 dye.

The number of molecules that could be
accommodated in each pore of the biosorbent, is
considered large when compared with other
adsorbents (de Menezes et al., 2012; Machado et
al., 2011; Royer et al., 2010). The textural
appearance of JN is quite different from JP
biomaterial, which could be visualized by SEM
images of these biosorbents.

The JN biosorbent is a fibrous material with
some macropores (pore with @ > 50 nm). In
addition, the JN fibrous material is apparently
rougher than JP biosorbent. The treatment of
fibrous JN material with plasma changed the
textural appearance of the vyielding material,
obtaining a biomaterial in form of thin
lignocellulose sheets.

From analysis of the textural properties of
JN and JP biosorbents, it could be inferred that
these biosorbent materials predominantly contain a
mixture of mesopores (pores with diameter ranging
from 2 to 50 nm.

3.2. Effects of the particle size and pH

of dye solution on biosorption

The effect of particle size of JN and JP
biosorbents on the adsorp-tion of 50.00 mg L™ of
RR-120 dye was performed. It is expected that
lower particle size would yield higher surface area
and as a consequence (Wang and Li, 2007), it
could give higher capacity of adsorption (q).

For particles sizes lower than 106 pm (106—
90, 90-75, 75-63, and 63-53um), the values of the
amount adsorbed of the dye per gram of both
biosorbents was higher when compared with larger
particles sizes (>300, 300-250, 250-180, 150-125,
and 125-106 pm).

The effects of initial pH on percentage of
removal of RR-120 dye solution (40 mg L) using
JN and JP biosorbents were evaluated within a pH
range between 2 and 10. For JN biosorbent, the
percentage of dye removed decreased markedly
from 64.1% of dye removed at pH 2.0 to 9.1%
removed at pH 7.0. For JP biosorbent, the
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percentage of dye removed also decreased from
64.7% at pH 2.0 to less than 0.65% at pH 7.0. The
pHPZC for both biosorbents confirm the ranges of
optimal pH values for RR-120 removal from
aqueous solutions.

The dissolved RR-120 dye is negatively
charged in water solutions. The adsorption of the
RR-120 dye takes place when the biosorbent
present a positive surface charge. For JN, the
electrostatic interaction occurs for pH < 5.85, and
for JP this inter-action occurs for pH < 5.45.
However, the lower the pH value from the pHpzc,
the more positive the surface of the biosorbent
(Calvete et al., 2009). This behavior explains the
high sorption capacity of JN and JP for both RR-
120 dye at pH 2. The initial pH was fixed at 2.0.

3.3. Kinetic studies

Nonlinear pseudo-first order, pseudo-second
order and general order kinetic biosorption models
were used to evaluate the kinetics of biosorption of
RR-120 dye using the JN and JP biosorbents. The
kinetic parameters for the three kinetic models are
listed in Table 2 (Conditions:temperature of 298 K;
pH 2.0; mass of biosorbent 50.0 mg).
The g is the amount of adsorbate adsorbed by
adsorbent at equilibrium in mg g™; ky represents
the rate constant, k; and k, are the pseudo-first
order and pseudo-second order rate constants,
respectively; n is the order of adsorption in relation
to the effective concentration of the adsorption
active sites at the surface of adsorbent; kiq is intra-
particle diffusion rate constant (mg g™ h®%).

Taking into account that the experimental
data were fitted using nonlinear kinetic models, an
error function (Feqor) Was used to evaluate the fit of
the experimental data. The lower the Feq, the
lower the difference in the calculated q and the
experimental ¢q (Calvete et al.,, 2009, 2010;
Cardoso et al., 2011a,b, 2012; da Silva et al., 2011,
de Menezes et al., 2012) (see Equaion (5)). It
should be pointed out that the Fe., utilized in this
work takes into account the number of fitted
parameters (p term of Equation (5)), since it is
reported (El-Khaiary et al., 2010; El-Khaiary and
Malash, 2011) that the best fit of the results
depends on the number of parameters a nonlinear
equation presents. For this reason, the number of
fitted parameters should be considered in the
calculation of Ferror.

In order to compare the different kinetic
models, the Feor Of individual model was divided
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by the Fenor Of the minimum value (Feqor ratio). It
was found that the minimum F.. Vvalues were
obtained with the general order Kinetic model.

Table 1. Kinetic parameters for RR-120 removal
using JN and JP biosorbent.

JN JP
50 100 50 100
mgL' mgL"'|{mgL"' mgL"'

Pseudo-first order

ki (h™) 147 148 117 117
g (Mg g™ 10.03 12.33 12.26 20.98
ho(mgg'h™) 14.78 1825 14.34 24.56
R 0975 0.975 0.968 0.968
Ferror (%) 10.64 10.19 1271 12.65
Pseudo-second order

ko(gmg'h™) 0.180 0.146 0.112 0.066
g (Mg g™) 10.75 1322 1330 22.77
ho (mgg ' h™) 20.77 25.60 19.86 33.99
Rzad,» 0.999 0.999 0.997 0.997
Ferror (%) 2.53 2.01 4.02 3.97

General order
kKN[h"'(gmg )n"'] 0.0785 0.0640 0.0153 0.0063

0 (mgg™) 11.16 13.68 1454 24.84
N 2.353 2325 2742 2.726
ho(mgg™' h™) 22.90 28.02 2358 4021
R aj 0.999 0.999 0.999 0.999
Ferror (%) 0.648 0.423 0.618 0.506

Intraparticle
kid(mgg'h™)* 1393 1.687 2.088 3.424
R, 0.996 0.994 0.999 0.993

The pseudo-first order kinetic model
presented Feno ratio values ranging from 16.4 to
44.1 (JN) and 20.6 to 25.0 (JP). Similarly, for the
pseudo-second order model, the Fe. ratio values
ranged from 3.9 to 4.2 (JN) and 6.5 to 7.9 (JP).
These results clearly indicate that the general order
kinetic model better explains the adsorption
process of RR-120 dye using the JN and JP
adsorbents. Taking into account that the general
order Kkinetic equation presents different orders (n)
when the concentration of the adsorbed at the
equilibrium (mg g %), and n is the order of the
kinetic model. It should be stressed that when n =
2, this equation is the same initial sorption rate as
first introduced by Ho and Mckay (1988). It was
observed that by increasing the initial dye
concentration, the initial sorption rate was
increased for all kinetic models, as expected,
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indicating that there is coherence with the
experimental data (Alencar et al., 2012a,b;
Cardoso et al., 2012; Machado et al., 2012).

Taking into cognisance that the kinetic data
were better fitted by the general order Kkinetic
model, meaning that the order of a biosorption
process should follow the same logic as a chemical
reaction and where the order is experimentally
measured (Alencar et al., 2012a,b; Cardoso et al.,
2012; Machado et al., 2012), instead of being
previously stipulated by a given model, the more
confident initial sorption rates (hy) were obtained
by the general order kinetic model. It was observed
that the kinetics of biosorption of RR-120 dye on
JP biosorbent were faster than those obtained using
JN biosorbent.

Considering the initial sorption rate (hg) of
RR-120 dye taken up by JN and JP biosorbents, as
obtained by the general order kinetic model, it was
observed that hy of JP biosorbent was increased by
2.97-43.5% compared to h, obtained for JN
biosorbent. It can be concluded that the plasma
treatment of J. curcas shell promoted an increase
in the macropore structure due to acid cleaning
(Alencar et al., 2012a,b; Cardoso et al., 2011a,b),
contributing to a faster diffusion of the RR-120 dye
through the pores of the biosorbent, and also
allowing higher amounts of the RR-120 dye to be
adsorbed by the JP biosorbent.

In fact, any target exposed to reactive
species flux created by non-thermal plasma in
humid air is subjected to a progressive
acidification. This is the direct consequence of the
presence of NO’ radical, which is in presence of
H,O, responsible for the formation of nitrous and
nitric acid via NO, (Moussa et al., 2005). The
difference in hy values, which is related to
differences in the textural properties of the
biosorbents after plasma treatment, is also in
agreement with the results discussed above in the
characterization of the biosorbents. The increase in
the macropore structure of JP biosorbent should
facilitate the diffusion of RR-120 dye molecules
through the macropores (Cardoso et al., 2011a). As
the adsorbate diffuses through the pores of the
biosorbent, the dye could be adsorbed at the
internal sites of the JP biomaterial; therefore both a
fast kinetics of biosorption and higher sorption
capacity of JP bi-sorbent were expected compared
to JN biosorbent.

On the other hand, for the JN biosorbent,
with a lower number of macropores, the
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biosorption is limited to the external surface of the
biosorb-ent, decreasing the total amount adsorbed
(Alencar et al., 2012a,b; Cardoso et al., 2011a),
and also leading to slower biosorption kinetics of
RR-120 dye. The cavities generated in the JP
biomaterial can be attributed to its treatment with
plasma. The intra-particle diffusion model (Weber
and Morris, 1963) was also used to verify the
influence of mass transfer resistance on the binding
of RR-120 dye to the biosorbents. The intra-
particle diffusion constant, ki (mg g h="°), can
be obtained from the slope of the plot of q; (q; is
the amount of adsorbate adsorbed by adsorbent at a
particular time, t, in mg g™) versus the square root
of the time. These results imply that the
biosorption processes involved more than one
sorption rate (Alencar et al., 2012a,b).

4. CONCLUSION

Native J. curcas shell (JN) and J. curcas
shell treated with plasma (JP) are good alternative
biosorbents for removal of the textile dye Reactive
Red 120 (RR-120) from aqueous solutions. Four
kinetic models were wused to explain the
biosorption, and the best fit was obtained with the
general order kinetic model. However, the intra-
particle diffusion model gave multiple linear
regions, which suggested that biosorption may also
be followed by multiple sorption rates. The
minimum equilibration time of the dye was
obtained after 8 h of contact between RR-120 dye
and the JN and JP biosorbents. The maximum
sorption capacity for adsorption of the dye
occurred at 323 K attaining values of 40.94 and
65.63 mg g for JN and JP, respectively. For the
treatment of simulated industrial textile effluents,
the JN and JP biosorbents presented fair good
performance, removing 68.2 and 94.6%,
respectively, of a dye mixture in media containing
high saline concentrations. The present study has
showed that it is possible to significantly improve
adsorbent properties of the biomass by exposure to
non-thermal plasma.
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