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ABSTRACT

The adsorption of basic dye (i.e. ethyl violet (EV) or basic violet 4) from aqueous solutions
onto the forest waste non-modified wild carob (NMWC) was carried out by varying some
process parameters, such as initial concentration, pH, and temperature. The experimental
results showed that an increase in the pH from 2 to 7 led to a strong decrease in the adsorp-
tion capacity of the dye (EV) on NMWC, showing the predominance of the dispersion
forces compared to the electrostatic interactions, owing to the cationic character of the dye
and the pHp,. of the biosorbent (~6). The adsorption process can be well described by
means of a pseudo-second-order reaction model showing that boundary layer resistance
was not the rate-limiting step, as confirmed by intraparticle diffusion. In addition, experi-
mental data were accurately expressed by the Sips equation if compared with the Langmuir
and Freundlich isotherms. The high “m” values of the Sips model characterized a multilayer
adsorption and the maximum amount adsorbed given by the Sips model was 100.4 mg/g at
20°C, namely close to the experimental value and increased only weakly with the tempera-
ture. The values of AG’ and AH° confirmed that the adsorption of EV on NMWC was
spontaneous and endothermic in nature. The positive values of AS® suggested an irregular
increase in the randomness at the NMWC-solution interface during the adsorption process.

Keywords: Adsorption; Wild carob; Isotherm models; Kinetics; Thermodynamic parameters

1. Introduction

Synthetic organic dyes have been widely used for
dyeing of textile fibers such as cotton and polyester.
However, these chemical materials often pose certain
health hazards and environmental pollution. Dye

*Corresponding author.

effluents, which are often discharged in aqueous
effluents from the dyestuff manufacturing, dyeing
and textile industries, may contain chemicals that
exhibit toxic effects toward microbial populations and
can be toxic and/or carcinogenic to mammalian
animals [1]. Removal methods of dyes in industrial
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effluents may be traditionally divided into three main
categories: physical, chemical, and biological pro-
cesses [2,3]. Among them, physical adsorption is
generally considered to be the most efficient method
for quickly lowering the concentration of dissolved
dyes in an effluent [1]. In this regard, activated car-
bon is the most widely used adsorbent for the
removal of dyes from aqueous solutions. Despite the
prolific use of this adsorbent throughout water/
wastewater treatment and other industrial applica-
tions, the removal of organic pollutants by activated
carbon adsorption remains an expensive process
owing to the cost of both the adsorbent and its
regeneration [4,5]. For these reasons, there is a grow-
ing interest in using low-cost alternatives as biosor-
bents [6-8]. Agricultural and forest waste materials
such as baggage pith, saw dust, pine bark, maize cob,
rice bran, rice hull, coconut husk fibers, nut shells,
and cotton seed hulls have been evaluated as low-
cost adsorbents for the removal of dyes and other
toxic heavy metals [9-11]. However, their adsorption
capacities (less than 40 mg/g-adsorbent) are far smal-
ler than that of the activated carbon. Thus, great
efforts are needed to exploit new promising adsor-
bents for the removal of dyes form aqueous solutions
which therefore constitute important topics in the
field of environmental technologies [12,13]. Non-
modified wild carob (NMWC) was a waste itself and
throughout the year, it can be found in abundant
quantities in forest. To our knowledge, no work has
been reported regarding its use for dye adsorption.
This research may be therefore helpful to develop an
alternative technology for its use. In the present
study, powder of NMWC has been used as an adsor-
bent for the removal of ethyl violet (EV) from aque-
ous solutions. The purpose was to optimize the
management of this important waste as a biosorbent.
Therefore, the objectives of the present investigation
were to investigate the interactions between EV and
NMWC powder and to study the adsorption mecha-
nism of EV onto this biosorbent.

2. Materials and methods
2.1. Preparation of the biosorbent

Wild carob (NMWC) used in this investigation
was collected from forest (in Setif city, north east of
Algeria). It was washed with distilled water to
remove the surface-adhered particles and then dried
at 80°C for 24 h to a constant weight, ground in a
mortar to a very fine powder with diameter below or
equal to 0.5mm, and stored in a desiccator for
further use.
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2.2. Preparation of dye solution and determination of dye
concentrations

EV (i.e. basic violet 4), a typical cationic dye (Fig. 1),
was selected as a sorbate. EV dye is an Ethanaminium,
N-(4-(bis (4-(diethylamino) phenyl) methylene)-2,5-cy-
clo hexadien-1-ylidine)-N-éthyle-chloride, namely with
the following formula, C3;H4;CIN3. EV has a molecular
weight of 492.158 g/moL and was obtained from
ACROS with 90% purity. A stock solution of 50 mg/L
was prepared by dissolving an appropriate amount
(50 mg) of EV in a liter of distilled water. The working
solutions were prepared by dilution of the stock solu-
tion with distilled water to yield the targeted concentra-
tions. The pH of the solutions was adjusted by addition
of either 0.1 M HCI or 0.1 M NaOH solutions. Before
use, all bottles and glassware were beforehand cleaned
and then rinsed with distilled water and oven dried at
60°C. An 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 EV at Amax
corresponding to the maximum adsorption for the dye
solution (Amax = 596 nm). Calibration curve was plotted
between absorbance and concentration of the dye
solution to obtain absorbance—concentration profile.

2.3. Analyses

2.3.1. Fourier transform infrared spectroscopy (FTIR)
analysis

Infrared transmittance measurements of the wild
carob (NMWC) were carried out on a Shimadzu 8400
SFTIR spectrometer at room temperature in the
400-4,000 cm ™! wavenumber range. Pellets made of a
mixture of 1 mg of wild carob and 100 mg of KBr
were pressed at high pressure and oven—dried 24 h
at 110°C before analysis.

CH;CHz\\ﬁ/CHQCH3
Ccr
C
CH3CHhN/©/ UH’CHECHS
I l
CH,CH; CH,CHj

Fig. 1. Basic violet 4 chemical structure (C3;H4CIN3) (EV).
MW: 492.14 g mol .
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2.3.2. Point of zero charge (pH, ) determination

The pHp,. was determined by the so-called pH
drift method. The pH of suspension of wild carob
(NMWC) 50mg and 50 ml of distilled water was
adjusted to successive initial values between 2 and 12
with HCl (0,1 M) or NaOH (0,1 M). The suspensions
were stirred 24 h and the final pH was measured and
plotted versus the initial pH. The pHp, is determined
at the value for which pHgna = pHinitiair The pHp,e
value of NMWC was found to be close to ~6 (Table 2).

2.3.3. Surface functional groups determination

In order to estimate the surface acidity or basicity,
about 500 mg of sample (adsorbent NMWC) was
mixed in a closed Erlenmeyer with 50 ml of 0.5 M
aqueous reactant solution (NaOH or HCI). The sus-
pension (mixture) was stirred for 24 h at a constant
speed 200 rpm, at room temperature. Then the suspen-
sion was filtrated and the residual concentration of
NaOH or HCl was achieved with HCl or NaOH
(0.5 M) solution.

2.3.4. Scanning electron microscopy

Scanning electron microscopy (SEM) of treated
NMWC before adsorption is visualized using Hitachi
S-3000 N SEM at 7kV and various magnifications,
100, 1,000, and 5,000.

3. Biosorption study
3.1. Kinetic experiments

Batch experiments of a given amount of adsorbent
in 50 ml of dye solutions of a known concentration in
a series of 250 mL conical flasks were carried out.
Experiments were repeated five times.

The amount of dye adsorbed onto powder of
NMWC at time ¢, Q; (mg/g), was calculated by means
of the following mass balance relationship:

(Co—ChV
m

Q= (1)

where C is the initial dye concentration (mg/L), C; is
the concentration of dye at any time ¢, V is the volume
of solution, and m is the mass of NMWC powder.

3.2. Equilibrium modeling

Equilibrium data, commonly known as adsorption
isotherms, describe how adsorbates interact with
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adsorbents and hence are critical in optimizing the use
of adsorbents and provide information on the capacity
of the adsorbent. To analyze interactions between
powder of NMWC and EV, experimental data points
were fitted to the Langmuir [14], Freundlich [15], and
Sips [16] empirical models; they are the most
frequently used two- and thee-parameter equations in
the literature describing mnon-linear equilibrium
between adsorbed pollutant on the cells (Q.,) and
pollutant in solution (C,) at a constant temperature.

The Langmuir isotherm model assumes uniform
energies of adsorption onto the adsorbent surface. Fur-
thermore, the Langmuir equation is based on the
assumption 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 [14] is given as follows:

Qg o KLCe
Qm 1 + K.C,

)

where Q, is the equilibrium dye concentration on the
adsorbent (mg/g); C,, the equilibrium dye concentra-
tion in solution (mg/L); Q,,, the monolayer capacity of
the adsorbent (mg/g); and K; is the Langmuir
constant.

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 [15]:

Q. = KrCy/" (©)

where Q. is the equilibrium dye concentration on the
adsorbent (mg/ g); C,, the equilibrium dye concentra-
tion in solution (mg/L); 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 [16]:

& _ (kSCe)m
Qn 1+ (kG @
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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.

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, Elovich equation, and intraparti-
cle diffusion models were applied to fit experimental
data.

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. (5) [17]:

In(Q, — Q1) = InQe — kit ®)

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

(Q. — Q) against t.

4.2. Pseudo-second-order equation

The pseudo-second-order model is based on the
assumption of chemisorption of the adsorbate on the
adsorbent [18]. This model is given by Eq. (6):

t 1 1

=t ©)
QA kO Q

where k; (g/(mg min)) is the equilibrium rate constant
of pseudo second-order equation. The straight line
plot of t/Q; versus t was considered to obtain the rate
parameters.

4.3. The Elovich model

The linear form of Elovich equation is given by
Eq. (7):

1

Qt:ﬁ

In(aff) + %Int (7)
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where « is the initial adsorption rate constant (mg/
(g min)) and the parameter § is related to the extent of
surface coverage and activation energy for chemisorp-
tion (g/mg). The values of a and f can be calculated
from the plot of Q; against In(#) [19,20].

4.4. Intraparticle diffusion model

Intraparticle diffusion model is commonly used to
identify the adsorption mechanism for design pur-
pose. According to Weber and Morris [21], for most
adsorption processes, the uptake varies almost propor-
tionately with t% rather than with the contact time
and can be represented as follows:

Q =Kyt" +C ®)

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

5. Results and discussion
5.1. Characterization
5.1.1. FTIR analysis

The infrared spectra were obtained (and trans-
ferred to Origin software) using Perkin-Elmer Spec-
trum One model FTIR spectrometer. The FTIR spectra
before and after adsorption of NMWC are shown in
Fig. 2. The functional groups before and after adsorp-
tion on NMWC and the corresponding infrared
adsorption bands are shown in Table 1. EV were
mainly caught by carboxylic (primarily present in pec-
tin and hemicellulose but also extractives and lignin),
phenolic (lignin and extractives) and to some extent
hydroxylic (cellulose, hemicellulose, lignin, extractives,
and pectin) and carbonyl groups (lignin) [22]. As
shown in Fig. 2, the spectra displayed a number of
adsorption peaks, indicating the active functional
groups of NMWC. These peak shifts indicated that
especially the bonded -OH groups, C-O stretching of
ether groups, and C=C group played a major role in
EV adsorption on NMWC [22]; they corresponded to
the bands around 1,090 and 1,635 cm ! split, the
tripled band at 3,443 cm™'. The new band of low
intensity which appeared at 3,250 cm 'after EV
adsorption and which could be attributed to a v
(EV-biosorbent) constituted the most striking result.

The FTIR spectra of the NMWC (red line) show
also absorption bands at 2,920 and 2,860 cm! arising
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Fig. 2. FTIR spectra of NMWC before adsorption (a) and
after adsorption (b).

from aliphatic C-H stretching in an aromatic methoxyl
group, in methyl and methylene groups of side chains.
The bands at 852 and 708 cm ™" are due to out-of-plane
deformation mode of C-H for different substituted
benzene rings. (This is confirmed by a strong band at
1,635 cm ™" due to C=C vibrations in aromatic rings.)
The small band at about 1,720cm™! is usually
assigned to C=O stretching vibrations of ketones,
aldehydes, lactones, or carboxyl groups. The band at
1,450 cm ™! observed on the spectrum of NMWC can
be assigned to the O-H bending band. The band at
1,257 cm™" has been assigned to C-O stretching in
acids, alcohols, phenols, ethers, and esters. The band

Table 1
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at 500 cm™' is also observed for NMWC. This latter
band can be attributed to -C-C- groups.

Fig. 2 shows also the FTIR spectra of EV after sorp-
tion (black line). The spectra indicate that lignin plays
a significant role on EV sorption onto sorbent. This is
confirmed by the shift of two characteristic bands
associated to the lignin structure: the band associated
to the aromatic ring vibrations (i.e. C=C bonds) and
the band associated to the C-O stretching of the ether
group (C-O-C) of the aromatic ring. The decrease in
wavenumber of aromatic C=C band from 1,635 to
1,626 cm™ ! could reflect n—r interactions between =
aromatic rings donors of EV and # acceptor groups in
the sorbent (i.e. aromatic rings of lignin) [23]. Concern-
ing the bands attributed to C-O stretching (corre-
sponding to the ether group of lignin), a shift in the
band from 1,090 to 1,080 cm™' for NMWC was
observed. Nevertheless, it must be remarked that these
bands can be also attributed to C-O bonds of cellu-
lose/hemicelluloses constituents [23]. The band associ-
ated to the C-H bonds shifted from 2,920 to
2,939 cm . This shift could reflect H-z interactions
between aromatic rings from EV and methyl groups
from lignin (-OCH3) [23].

5.1.2. Surface functional groups determination

The NMWC was rather acid in agreement with its
low content of basicity compared to its acidity. Table 2
shows less alkaline than acid groups confirming its
acidic character. Thus, the lightly acid pHp,. of
NMWC can be attributed to the presence of oxy-
genated surface groups with a high pKa value.

The FTIR spectral characteristics of NMWC before and after EV adsorption

Adsorption bands (cm ™)

IR

peak Before After Difference Assignement

1 3,443 3,425 -18 Bonded —-OH groups v(O-H)

2 2,920 2,939 +19 C-H stretching v(C-H)

3 2,854 2,854 0 C-H stretching v(C-H)

4 1,720 1,720 0 C=0 stretching v(C=0)

5 1,635 1,626 -9 C=C vibrations v(C=C)

6 1,500 1,490 -10 Secondary amine group v(N-H)

7 1,450 1,423 —27 Carboxyl groups 6(O-H)

8 1,257 1,257 0 C-O valence vibration v,,(=C-O-C) Carboxyl groups
9 1,090 1,080 -10 C-O stretching of ether groups v,,(C-O-C)
10 852 825 0 C-H vibration y(C-H)

11 708 708 0 C-H vibration y(C-H)

12 500 444 —56 —C-C- groups

Note: v: stretching; o: bending (in-plane); y: bending (out-of-plane); as: asymmetric.
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Table 2
Surface characteristics of NMWC
Acidity Basicity
Adsorbent (meqgg ") (meqgg ) pHpze ~ 6
NMWC 4.22 4.05 ~6

5.2. Influence of the pH

To study the influence of the pH on the adsorption
capacity of the biosorbent NMWC for the cationic dye,
EV, experiments were performed at an initial concen-
tration of 50 mg/L and pH values ranging from 2 to
11 (Fig. 3). The cationic character of EV is due to the
presence of the amine groups (Fig. 1), showing a pKa
value of 1.3, and hence at pH range 2-11, amine
groups are cationic. Adsorption can also be explained
on the basis of an electrostatic interaction between the
ionic dye molecule and the charged biosorbent sub-
strate. The pH is known to affect the structural stabil-
ity of dyes and therefore its color intensity [24]. At the
considered pH range, 2-11, the biosorbent NMWC
was negatively charged if the pH was superior to the
PHpze ~ 6, while the biosorbent was positively charged
for pH < pHp,.. Since the highest adsorption uptake
was measured at acidic pH 2, electrostatic interactions
between the biosorbent and the EV cation at pH 6-11
did not favor adsorption. Thus, EV adsorption cannot
be only controlled by electrostatic interactions.

Two possible mechanisms may be considered for
EV removal [25-27]. One is the electrostatic interac-
tions between the negative adsorption sites of the
biosorbent (-COO™) and the positively charged dye.
The other one is hydrogen bonding interactions
between the reactive -OH on the biosorbent NMWC
surface or -COOH groups of the biosorbent NMWC
and the amine groups -N(C;Hs), of the dye. The
biosorbent is slightly acidic, and has many carboxyl
and hydroxyl groups which can increase interactions
between the cationic groups of the dye and the car-
boxylic groups of the adsorbent. Hydrogen bonding
may occur between hydroxyl or carboxyl groups on
the surface of the biosorbent and amine groups on the
dye molecules (Fig. 4). However, at alkaline pH
(pH > 10), the screening effect of the counter ion, i.e.
Na™ shields the charge of the ionized carboxyl groups
on the biosorbent. As a result, the dye molecule is
more difficult to transfer and the adsorbed amount of
dye decreases. Additionally at pH < 6, the sorbent sur-
face has more positive charges than negative ones.
Thus, at very acidic conditions, carboxylic groups are
probably protonated and the interaction that could
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Fig. 3. Effect of pH on EV adsorption by NMWC.

occur between sorbent surface and the cationic dye
(EV) could be favored by the H-z interactions between
the m aromatic system of EV and -OH and -COOH
groups [23].

5.3. Effect of the temperature

Experiments were carried out at three different
temperatures (20, 40, and 60°C) and the results
showed only a weak increase in the dye removal, from
43 to 45 mg/g, for temperatures increasing from 20 to
60°C (Fig. 5). From this, the impact of the temperature
appeared not really significant.

5.4. Effect of the contact time and the initial dye
concentration

The initial concentration provides an important
driving force to overcome all mass transfer limitations
between aqueous and solid phases, and hence dye
removal is highly concentration dependent. To estab-
lish the equilibrium time for maximum uptake and to
investigate the kinetics of the sorption process, the
sorption of EV by NMWC was carried out for contact
time ranging from 0 to 280 min (Fig. 6), showing a
rapid dye sorption during the first minutes of experi-
ments, before reaching a plateau at the end of the pro-
cess. An increase in the initial dye concentration led to
an increase in the sorption capacity, and irrespective
of the initial dye concentration, equilibrium was
achieved within few hours of adsorption.
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Fig. 4. Possible interaction mechanisms between the dye molecules and the biosorbent (NMWC).
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Fig. 5. Effect of temperature of EV adsorption by NMWC
(pH 2).
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Fig. 6. Effect of the contact time on the biosorption capac-
ity of EV onto NMWC at various concentrations (T =22
+2°C, pH 2).

5.5. Biosorption kinetics

In order to investigate the adsorption mechanism,
pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle kinetic equations were used to fit experi-
mental data. The first-order kinetic equation was obvi-
ously not relevant, since no straight lines were
obtained (results not shown). It was in agreement with
other findings, showing that the first-order equation of
Lagergren [17] does not always fit accurately the
whole process; it is generally applicable over the ini-
tial stage of the adsorption process. The Elovich model
also appeared inappropriate; while only the pseudo-
second-order model led to high regression coefficients
for all tested dye concentrations (Table 3) and the cor-
responding fittings are displayed in Fig. 7. According
to Canzano et al. [28], the data at or near the equilib-
rium have been omitted because higher t values led to
extremely high errors. The Q, values estimated from
the pseudo-second-order kinetic model were also in
agreement with experimental data (Table 3) for all
tested dye concentrations (Fig. 7), and the results sug-
gested that boundary layer resistance was not the
rate-limiting step since dye biosorption followed
pseudo-second-order kinetics [29].

The effect of intraparticle diffusion resistance on
adsorption was evaluated by intraparticle diffusion
model to identify the adsorption mechanism [30] as
expressed in Eq. (9). A plot of Q; against t°° should
give a linear line whose slope is K;; (Fig. 8); the values
of K;; are listed in Table 3. The plot of Q; versus 195
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; while 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. Since the linear plots
did not pass through the origin, it is clear that intra-
particle diffusion was not the only rate-limiting
mechanism for the biosorption of EV onto NMWC
from aqueous solutions [31-33].
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Table 3

22 +2°C, pH 2)

Parameters of kinetic models for adsorption of EV onto NMWC (T

Intraparticle

diffusion model

Elovich Model

Pseudo-second-order

Pseudo-first-order
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K5-10*5
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Fig. 7. Pseudo-second-order kinetic plots for adsorption

of EV on NMWC at various concentrations (T =22 +2°C,
pH 2).

C (mg/L)
100 4| = 100
e 70
e 50
% 30
80 -
® 60 - )
Y [
g )
S 40
20 ~ ©
OPf—T——T—T T T T T T 1

0 2 4 6 8 10 12 14 16 18

23 min™)

Fig. 8. Intraparticle diffusion kinetic plots for adsorption
of EV.on NMWC at various concentrations (T =22 +2°C,
pH 2).

5.6. Isotherm analysis

Adsorption isotherms of EV onto NMWC at two
pH values are displayed in Fig. 9, showing that the
pH of the medium affects significantly the adsorbed
amounts, which were higher for pH 2 if compared to
pH 7; and adsorption uptake were 98 and 55 mg/g for
pH 2 and 7, respectively. Adsorption can also be
explained on the basis of an electrostatic interaction
between the ionic dye molecule and the charged
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Fig. 9. Equilibrium isotherms for EV onto NMWC.
Comparison between the experimental data (points) and
predictions of the Langmuir, Freundlich, and Sips models
(lines).

NMWC substrate. Indeed, according to the pHp,.
value, 6, the biosorbent is positively and negatively
charged at pH 2 and 7, respectively. An increase in
pH from 2 to 7 led to a strong decrease in the adsorp-
tion capacity of the dye (EV) on the NMWC sample.
The adsorption of the cationic dyes is favored on
acidic materials by mechanisms involving to some
extent electrostatic forces, but the main role is played
by the dispersive forces. These results can be therefore
justified by a mechanism involving the predominance
of the dispersion forces compared to the electrostatic
interactions (Fig. 4).

For any given system, a correct mathematical
description of equilibrium adsorption capacity is indis-
pensable for reliable prediction of adsorption parame-
ters and quantitative comparison of adsorption
behavior 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 for the equi-
librium curve. Several equilibrium adsorption isotherm
models are available, and the most common ones are
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the monolayer adsorption developed by Langmuir
[14], the multilayer adsorption of Freundlich [15], and
the Sips isotherm [16]. Experimental data of EV on
NMWC were fitted to the isotherm models using
Origin software and the graphical representations of
these models are presented in Fig. 9 and all constants
are collected in Table 4. It can be seen in Fig. 9 that
both model Langmuir and Freundlich did not describe
accurately the adsorption behavior of EV from aqueous
solution onto NMWC, as reflected by the correlation
coefficients (R?), 0.79 and 0.73, respectively (Table 4).
Contrarily, the sips model described satisfactorily
experimental data (Fig. 9) leading to correlation coeffi-
cients R? close to 1 (Table 4). The high “m” values of
the Sips model (Eq. (5)—Table 4) confirmed that EV
sorption onto NMWC occurred by the formation of a
multilayer. The maximum biosorption capacity (Q,,)
obtained from the Sips model was 100.4 mg/g for pH
2 at 293 K, namely close to the experimental value. It
should be noted that the comparison with literature
data was not easy, owing to the lack of related studies.

5.7. 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 [34] and Canzano et al. [35]:

AG® = —RT In p(Kc) e
where AG® is the free energy change (k] mol™"), R the
universal gas constant (8.314] mol 'K, T the
absolute temperature (K), Kc the thermodynamic
equilibrium constant (L g_l) (Eq. (12)), and p the water
density (g L™"). AH® and AS° values of the biosorption
process were calculated from the Van’'t Hoff Eq. (10):

;l;a:)l:ileefm constants and correlation coefficients for EV adsorbed on NMWC
Model
Langmuir Freundlich Sips
pH K (L/mg) Q. (mg/g) R? K¢ (mg/g) nr R? Qum (mg/g)  Kir (L/mg) m R?
2 0.104 149.13 0.79 22.02 2.03 0.73 99.40 0.24 8.82 0.98
7 0.02 134.3 0.94 412 1.36 0.92 64.02 0.07 2.37 0.99
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Table 5
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Thermodynamic parameters for adsorption of EV at various temperatures (T = 22 + 2°C, pH 2)

Dye: Ethyl violet T (K) AG? (kjmol ' K™ AH® (kjmol ' K™) AS” jmol ™ K™
293 —-21.28 6.47 94.72
313 —23.17
333 —25.07

]' )—\ Lkm F3 LO1
Fodl %%.00@ 1Smm

Fig. 10. SEM images of NMWC before adsorptions.

AH® AS°
In(pKe) = — o3+ ¢ (10)
_Q
Kc = C. (1D

AH and AS can be then deduced from the slope
(AH/R) and the intercept (AS/R) of the plot of In
(pKc) versus 1/T. The calculated thermodynamic
parameters are given in Table 5.

In general, the change in free energy for physisorp-
tion is between —20 and 0 kJ/mol and in a range of
—80 to —400 kJ/mol for chemisorption [36]. The result
obtained, about —20kJ/mol for all tested tempera-
tures, was characteristic of a spontaneous physisorp-
tion process; it was in agreement with the low impact
of the temperature on EV adsorption (Fig. 5). The
positive value of entropy change suggested an

increasing randomness at the solid—solution interface
during the adsorption of EV on the biosorbent.

5.8. Scanning micrograph (SEM)

The SEM surface images of (NMWC) (Fig. 10)
observed at a one micron meter scale were almost
similar, showing a homogenous surface and a smooth
surface morphology. By contrast, the 10 ym scale SEM
image displays few microspores and a relatively
heterogeneous surface morphology.

6. Conclusion

Wild carob (NMWC) was investigated for the
removal of cationic dye (EV) from aqueous solution
and the following conclusions can be drawn from the
results of the present study:
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e The adsorption capacity was found to be
98 mg/g at pH 2.
e Adsorption isotherm data were accurately

described by the Sips isotherm, while kinetic data
were accurately fitted by the pseudo-second-order
kinetic model.

e The negative values of AG" revealed that the
adsorption process was spontaneous. The positive
values of AH? and AS° showed the endothermic
nature and an increase in disorder of EV mole-
cules during the sorption process, respectively.

e The pH of the medium influenced significantly
the adsorbed amounts; an increase in pH from 2
to 7 led to a strong decrease in the adsorption
capacity of the dye (EV) on the sample (NMWC).
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