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A Ziziphus jujuba waste-derived biochar as a low-cost adsorbent for the
removal of Indigo carmine dye from aqueous solution
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ABSTRACT

In this work, a local Algerian agricultural waste biomass, Ziziphus jujuba, was valorized into a new
low-cost biochar (JB). The biochar was produced by a simple pyrolysis at 700°C for 1 h under an
inert atmosphere and was used as a low-cost adsorbent to remove Indigo carmine dye (IC) from
aqueous solution. The JB biochar was characterized by Fourier-transform infrared spectroscopy,
scanning electron microscopy-energy-dispersive X-ray spectroscopy, X-ray diffraction, Raman,
pH,,, and Brunauer-Emmett-Teller physico-chemical techniques. Adsorption studies were con-
ducted using a batch process to study the effects of contact time, adsorbent amount, initial IC dye
concentration, initial pH, ionic strength, and temperature. The Langmuir, Freundlich, and Temkin
isotherm models were used to analyze equilibrium adsorption data, while the pseudo-first-
order, pseudo-second-order, Elovich, and intraparticle diffusion models were used to analyze kinetic
data. The equilibrium data was well fitted to the Freundlich isotherm with an R? value of 0.974. The
theoretical maximum adsorption capacity was found to be 166.46 mg/g at 20°C according to the
Langmuir model. The adsorption kinetic was found to follow the pseudo-first-order kinetic model.
Thermodynamic study showed that the adsorption of IC onto JB biochar was feasible, spontaneous
and endothermic.

Keywords: Ziziphus jujuba; Biochar; Adsorbent; Indigo carmine; Isotherms; Kinetic; Thermodynamic

* Corresponding author.

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



S. Satouh et al. / Desalination and Water Treatment 289 (2023) 258-270 259

1. Introduction

The widespread use of organic dyes in various indus-
tries, such as food, textiles, and cosmetics, has led to the
release of large amounts of industrial wastewater into the
environment without proper treatment [1-3]. These waste-
water effluents contain highly toxic and non-degradable
azo and aromatic structures which can harm the ecological
environment and human health [4,5].

Indigo carmine (IC) is a synthetic dye found naturally
in the so-called Indigofera tinctoria plant that was discovered
as early as 1600 B.C. [6]. The IC anionic dye can be used in
multi-industries such as textile, food, pharmaceutical, cos-
metics, and paper for the coloration of their product [7-11]
as well as it has been used in the field of biology as micro-
scope strains and indicator for analytical chemistry domain
research [12]. However, the industrial effluent in water is
highly toxic and leads to serious environmental issues, and
can harm ecosystems even at low concentrations [13]. The
contact of IC with the human body can affect the skin and
eyes by irritation and cause permanent injury to the cornea
as well as conjunctive [14]. IC can also provoke gastrointes-
tinal irritation that leads to vomiting, nausea, and diarrhea
[15]. Therefore, the immediate treatment of IC harmful
pollutants in the wastewater after deposal is essential.

Several processes have been proposed for the elimina-
tion of IC dye from wastewater, such as electrolysis [16,17],
ultrafiltration [18,19], photochemical [20,21], electrocoag-
ulation [22,23], biological [24-26], and adsorption methods
[27-29]. Among mentioned, the adsorption method appears
as one of the best alternatives for removing complex aromatic
molecular indigo matter due to its simplicity of low-cost
operating and available maintenance design [28-30].

The effectiveness of the adsorption process largely
depends on the nature of adsorbent especially pore size
distribution, porosity, and surface area [31]. The selection
of the appropriate solid material is crucial for the success-
ful implementation of adsorption-based purification tech-
niques. Various natural and synthetic adsorbents have
been used to eliminate dyes from synthetic wastewater.
These materials include clays/zeolites and their composites
[32], biosorbents [33], agricultural solid wastes [34], indus-
trial by-products and their composites [35], metal organic
frameworks [36], and miscellaneous materials [37]. Recently,
biochar which is a carbonaceous material derived from
biomass has gained increasing attention due to its desirable
properties, such as a high content of porous structures and
a large specific area, good cation exchange capacity, hydro-
phobicity, and non-corrosiveness. As a result, biochar has
emerged as an excellent adsorbent for removing pollutants
from wastewater [38,39]. Additionally, biochar can play a
vital role in improving environmental management and
developing sustainable energy production [40].

Most carbonaceous matters from biomass are obtained
by pyrolysis thermochemical process in an oxygen-limited
environment [41]. Many organic wastes, different tempera-
ture ranges, and controlled flow of various gases are used
as pyrolysis parameter conditions for the development
of new adsorbents-based biochar.

Thus, carbon materials from Ziziphus jujuba (Z]) are
especially attractive adsorbents. The ZJ is abundant, readily

available at a low cost, and presents excellent thermochem-
ical resistance, which can yield a large quantity of final
matter with the required structural textural properties [42].

The aim of this study is the synthesis of adsorbent
material derived from agricultural waste biomass, namely,
Ziziphus jujuba (Z]) by a simple pyrolysis method, which
has the advantages of low cost and ease of operation. To
the best of our knowledge, this is the first study to explore
the use of the Z] based biochar for indigo carmine removal
from water. The present work lies in the exploration of a
new, sustainable and cost-effective adsorbent material for
the removal of indigo carmine dye from water.

The structure-textural properties analyses are investi-
gated by Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy-energy-dispersive X-ray
spectroscopy (SEM-EDX), X-ray diffraction (XRD), Raman,
and Brunauer-Emmett-Teller (BET) physicochemical tech-
niques. At the same time, the effect of the adsorption media
parameters like contact time, adsorbent amount, initial dye
concentration, initial pH, ionic strength, and temperature
have been performed with the goal of achievement of
high IC adsorption capacity. For further, various kinetic
and isotherm models and thermodynamic studies are car-
ried out to stat the adsorption mechanism of the IC dye
on the biochar.

2. Materials and methods
2.1. Chemicals

Indigo carmine commonly known as Acid Blue 74 is a
water-soluble powder with a purple color, having a molec-
ular formula of C H,O,N,S,Na, (with a molecular weight
of 466.36 mg/g), which was obtained from (Merck KGaA,
Germany) and used as procured. A 1,000 mg/L stock
solution of the dye was prepared using deionized water.

2.2. Adsorbent preparation

In this study, Ziziphus jujuba (Z]), one of the most abun-
dant agricultural wastes in the Mediterranean region, was
used as a raw material to derive a carbon-based adsorbent.
Z] was collected from the Skikda region in the northeast
of Algeria, washed with distilled water, and air-dried for
several days. The dried sample was ground and sieved to
obtain a reduced particle size (0.5-1 mm) and was subse-
quently used to prepare the biochar sample.

The biochar preparation from raw ZJ was carried out by
heat treatment pyrolysis process in a tubular steel furnace,
with operating conditions of 5°C/min heating rate, 100 cm?®/
min nitrogen flow rate, and maximum temperature of
700°C for 1 h. After pyrolysis, the obtained biochar is neu-
tralized and washed using 0.1 M HCI, then laved several
times with distilled water and finally dried at 100°C for 24 h.
The final obtained biochar is labeled (JB).

2.3. Characterization

Scanning electron microscopy (SEM) images are per-
formed in a HITACHI S-4800 microscope (Hitachi, Ltd.,
Japan) FEG-fitted with secondary and back-scattered
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electron detectors. The compositional analysis was obtained
with microanalysis energy-dispersive X-ray spectroscopy
(EDX), operating at a working distance of 15 mm, and a volt-
age of 2 kV. The micrographs were taken at a 4 mm working
distance and 20 kV voltage.

XRD patterns are made at room temperature on a
PANalytical X'Pert Pro diffractometer (Malvern PANalytical
Ltd., UK) with copper Ko radiation at a wavelength of
1.541 A, operated at 45 kV and 40 mA. Diffractograms were
performed with a 26 range from 10° to 90°, with a step size
of 0.05° and a time per step of 300 s. The crystalline phases’
structural parameters determination: inter-layer spacing
(d,y,), The aromatic layer stacking heights (L), lateral size
(L)), and the average number of aromatic layers per carbon
crystallite (N, ) (defined graphically according to Li et al.
[43] were calculated by the followed equations using Bragg’
and Scherrer empirical equations [44].
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where 1 is the wavelength of the X-radiation (1.541 A); 0,
or 0,, is the Bragg diffraction angle of the (002) or (100)
plane; B, or B, is the full width of the (002) or (100) peaks
at half maximum intensity (FWHM), and K_or K| is a shape
factor depending on the diffracted plane (0.89 for the (002)
and 1.84 for (100)).

FTIR spectrum of the JB biochar was performed in a
Shimadzu FTIR 8400 (Shimadzu, Japan) having a standard
mid-IR DTGS detector using the KBr pellets technique.
The spectra was recorded between 4,000 and 400 cm™.

Raman measurements are performed on an HR800
Horiba Jobin Yvon dispersive microscope (HORIBA, Ltd.,
Japan) with a confocal aperture of 1,000 p, a laser spot
diameter of 0.72 y, and a spatial resolution of 360 nm. The
microscope is equipped with 600 tours/mm diffraction
grating using a CCD detector, a green laser (A = 532.14 nm)
working at 20 mW maximum power, and a 100x objective.

The textural properties measurement of the JB biochar
adsorbent is carried out by the liquid nitrogen adsorp-
tion-desorption tests measurements at 77 K temperature
in Micromeritics ASAP 2010 equipment (Micromeritics,
Inc., USA). Previously, the sample is degassed at 350°C for
12 h in a vacuum.

The determination of the pH at the point of zero charge
(pH_,) was conducted using drift method [45] by adjust-
ing the pH of 50 mL/0.01 mol/L NaCl solutions to values
between 2 and 10. JB biochar of 0.025 g were added and
the final pH was measured after 24 h under agitation. The

pH,, is the point where pH, - pH, = 0 (i.e., the intersection
along the initial pH axis).

2.4. Adsorption studies

Batch adsorption experiments were performed to study
the effects of contact time (5-400 min), adsorbent amount
(10-100 mg), initial dye concentration (1-20 mg/L), tempera-
ture (20°C-60°C), and initial pH (2-12) on the removal of IC
dye. The batch experiments were carried out in Erlenmeyer
flasks, adding 0.045 g of adsorbent and 500 mL of IC solu-
tions. Then the flasks are placed on a rotary shaker at
300 rpm and the samples are taken at regular time intervals
and centrifuged at (5,000 rpm). The IC content in the super-
natant liquid is determined and analyzed on a UV-visible
spectrophotometer (Analytik Jena, Germany) with the max-
imum wavelength of 610 nm. The amount of IC adsorbed
on JB biochar g, (mg/g) is calculated according to the fol-
lowing equation:

(CU—C,)

g, =—-"72V (5)
m

where C; and C, are the initial and equilibrium or residual
IC concentrations, respectively (mg/L). V is the volume of
IC solution (L), and m is the mass of adsorbent (g). The IC
removal percentage R(%) was calculated by the following
formula:

R(%):@xwo (6)

0

3. Results and discussion
3.1. Characterization of the |B biochar
3.1.1. Morphology analysis by SEM-EDX

Firstly, the pyrolysis effect on the surface structure of the
prepared carbon biochar is carried out by SEM-EDX. The
luminous region in the images corresponds to the miner-
als of ash impurities in the final obtained carbon material.
The JB sample, pictures in Fig. 1. show that there are frag-
ments found on the surface structure of JB with separated
aggregates and high nearby low pores size developments.

Herein, elements content analysis by EDX of the ]JB
(Table 1) reveals that in the company of high carbon content
(87.17 wt.%), with limited oxygen (6.98 wt.%). Different min-
erals and chlorine arises from the natural source. The inor-
ganic matter release with more oxygen load can improve
the polarity and hydrophilicity of biochar properties [46]
and allows for a more accessible porous surface.

3.1.2. XRD, Raman and FTIR analysis

The different crystalline phase’s diffractograms of JB
adsorbent analyzed by XRD are shown in Fig. 2.

In typical of the amorphous carbon materials, two dis-
tinct characteristic peaks of the 002 plane 20°-25° and 100
plane 40°-45° 20. The mentioned plane is dedicated respec-
tively to the amorphous and the graphitic carbon. Besides,
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Fig. 1. Scanning electron microscopy images of JB biochar.

Table 1

Element composition of the prepared JB biochar analyzed
by scanning electron microscopy-energy-dispersive X-ray

Table 2

Structural parameters calculated from X-ray diffraction and
Raman

spectroscopy
Element wt.%
C 87.17
(@) 6.98
Al 0.09
Si 0.06
P 0.29
Cl 223
K 0.13
Ca 1.76
Fe 1.3
JB Biochar
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Fig. 2. X-ray diffraction patterns of the JB biochar.

the peaks at around 80° 20 of the (110) plane correspond
also to the turbostratic state structure of the carbon. The
sharps peaks are contributed to the different minerals crys-
talline phases presented in the carbon biochar as well as
calcium carbonate CaCO, (Rhombohedral, ICDD 00-005-
0586) and silicon oxide SiO, (Hexagonal, ICDD 00-046-
1045) from X'Pert HighScore patterns by comparison with
PDF2 ICDD2000 (Powder Diffraction File 2 International
Center for Diffraction Data, 2000) database.

Sample JB biochar
L, (nm) 1.25
L, (nm) 105.84
N 44
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Fig. 3. Fourier-transform infrared spectra for JB biochar.

The carbon crystallite parameters were calculated and
are listed in Table 2. The average means number of crystal-
lite carbon of the JB biochar is calculated to be in the range
of 4-5. The inter-planar spacing d, is highly superior to
0.36 (graphite crystallite), corroborating that the sample is
far from graphitization and is disordered [47].

The length of the separated graphitic aggregates crys-
tallite is low, in contrast to the lateral size of the crystallite
L, which is very high.

The analyzed functional groups by FTIR spectra are
shown in Fig. 3. The broad absorption band at absorbance
superior to 3,100 cm™ with a maximum at about 3,344 cm™
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is characteristic of the O-H stretching of the adsorbed water
and phenol carboxyl groups [48]. The bands at around
3,027 cm™ were assigned to —CH stretching in aromatic
structures [49]. Bands centered at 2,923/2,832 cm™ were
attributed to asymmetric/symmetric C-H bending in the ali-
phatic structure, respectively. The bands at 2,356 cm™ could
be attributed to (C=C) vibration in alkyne groups [50]. The
band at 1,750 cm™ was related to C=O stretching of carbox-
ylic groups [51]. Bands at 1,664 and 1528 cm™ are related to
C=C stretching in aromatic structures of the carbon lignin
Z] part; the absorption band at 1,411 cm™ was assigned to
an aromatic ring-like C-C stretching mode in polyaromat-
ics [52]. Bands at 1,137 and 1,020 cm™ are related to C-O-C
stretching in aromatic rings, and the bands at 453 cm™ are
associated with C-C stretching [53]. The bands at 896 and
681 cm™ mean the vibration of aromatic C-H out-of-plane
bending [54].

Raman spectroscopy is used for the determination of the
structural defects in the carbon-based materials; the spec-
tra display two distinct peaks Fig. 4. D-band (1,340 cm™)
and G-band (1,600 cm™), are generally assigned respec-
tively to zone center phonons of E,, symmetry and K-point
phonons of A, symmetry [55]. The peaks are expected
to the graphite structure defects and graphitic layers in
the biochar, respectively [56]. The intense G band mani-
fests and corroborates with FTIR analysis the presence of
high sp? hybridization, while the D band appearance in
the Raman shift is linked to the sp® hybridizations exis-
tence and defects degree [57]. The I /I ratio can be used
to describe the disorder degree of biochar. The I /I inten-
sity ratio for the JB biochar is equal to 0.87, indicating the
disordered structure of carbons.

3.1.3. Specific surface area and pore structural
characterization analysis

The texture properties analysis by N, adsorption—
desorption isotherms of JB biochar is shown in Fig. 5.
Adsorption—-desorption curves belong to typical type I of the

JB biochar

; T T T y T
800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Fig. 4. Raman spectra for JB biochar.

Langmuir model, indicating the presence of microporous
structures [58].

The specific surface area is calculated using the BET
equation, while sizes and pore distribution were deter-
mined by Barrett-Joyner-Halenda (BJH) method using the
desorption curve.

Herein, all the calculated texture parameters summa-
rized in Table 3 show high values data for our JB biochar.
The BET surface area was 368.6 m?/g. In fact, a mesoporous
surface is developed with a limited accessible micropo-
rous surface. Likewise, the calculated means average pores
diameter by BJH method of mesopores is equal to 3.0 nm.
Interestingly, high specific surface area and more meso-
porous structure depicted more active site exposure and
were beneficial for high adsorption capacities [59].

3.1.4. Determination of the pH of the point of zero charge

The pH of the point of zero charge (PH,,) refers to the pH
value at which the surface of a material has a neutral charge
and there is an equal number of positively and negatively
charged species present. The pH  of a material is depen-
dent on its chemical composition and the functional groups
on its surface. The result for the determination of pH_ of
JB biochar is shown in Fig. 6. From Fig. 6, the pH_ _value is
approximately 8.26. Therefore, the surface of JB biochar was
a negatively charged at pH over this value and positively
charged at pH below this value. The obtained pH _ value
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Fig. 5. N, adsorption—desorption isotherms for JB biochar.

Table 3
Calculated textural parameters of JB biochar

Biochar JB
Brunauer-Emmett-Teller surface area (m?/g) 368.6
Barrett-Joyner-Halenda pore volume (cm?/g) 0.013
Pore diameter (nm) 3.0
Mesoporous surface (m?/g) 325
Microporous surface (m?/g) 0.123
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of the JB biochar is in agreement with the values obtained
for biochars in the literature [60,61].

3.2. Adsorption studies results
3.2.1. Effect of contact time on adsorption equilibrium

Fig. 7. show the result of dynamic adsorption of IC dye
onto JB biochar. In the beginning, the adsorption increased
rapidly until equilibrium was reached at about 300 min.
The initial rapid rate of IC adsorption probably due to the
availably of a large number of active sites for adsorption and
the following decrease may be due to the saturation of the
adsorption sites and attainment of equilibrium [42]. In the
process application, the quicker adsorption phenomenon
is useful since the shorter contact time effectively achieves
for a smaller size of the contact equipment, which in turn
directly affects both the operation cost and capacity of the
process [62].

3.2.2. Effect of the amount of adsorbent

The effect of the mass of biochar on the adsorption of
IC was studied by varying the mass of the adsorbent from
(10-100 mg). It was seen (Fig. 8.) that the removal of IC
increases on increasing the mass of the biochar due to an
increase in the number of active sites [63]. Beyond 45 mg
of adsorbent, the IC removal remains unchanged and the
adsorption capacity of the adsorbent starts to decrease.
Therefore, a mass of 45 mg was selected as the optimal
adsorbent dose and used for all sets of experiments.

3.2.3. Effect of temperature

The influence of temperature on the adsorption of IC
dye from water is analyzed by varying the temperature
between 293 and 333 K. It was clear (Fig. 9.) that increas-
ing temperature led to an increase in the amount of IC dye
adsorbed at equilibrium. Such an increase in the adsorption
capacity of IC dye may either be due to the creation of some
new active sites on the adsorbent surface or to the accel-
eration of some originally slow adsorption steps [42].
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Fig. 7. Effect of contact time on the adsorption of Indigo carmine
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3.2.4. Effect of IC dye initial concentration

Fig. 10 illustrates the impact of various initial IC con-
centrations on both the adsorption yield and equilibrium
uptake capacity. The experimental findings indicate that
adsorption efficiency decreases with an increase in initial
dye concentration, while the equilibrium uptake capac-
ity increases. At lower concentrations, all dye ions in the
solution interact with the binding sites of the adsorbent.
However, each adsorbent has a finite number of binding
sites that become saturated at a particular concentration
[64]. At higher concentrations, the binding sites reach their
saturation point, leading to a decrease in removal efficiency
and more unabsorbed IC ions in the solution. In contrast,
the uptake capacity increases with the initial dye concen-
tration as the driving force required for the mass transfer
resistance of the dye ions to be retained on the adsorbent
surface is enhanced by the concentration gradient [65].

3.2.5. Effect of initial pH

The pH is an important parameter in wastewater treat-
ment by adsorption processes because it can influence both
the ionization of surface functional groups of the adsorbent
and the chemical structure of the solution. The adsorption
of IC dye by JB biochar at different pH values showed that
the adsorption capacities are slightly affected by pH in
the range from 2 to 8 and then decrease sharply (Fig. 11).
For pH < pH_  and since the dye is negatively charged
(pH < pKa) p0551b1y the acidic solution favors adsorption
of the dye onto the biochar surface, which acquires pos-
itive charge in acidic solution as predicted by the pH
[66,67]. In fact, at pH < pH_  attractive columbic forces
occurred between the biochar surface and anionic IC mol-
ecules, hence the high adsorption capacity [68,69]. On the
other hand, at pH > pH_, the hydroxyl (OH) ions in the
aqueous solution Compete effectively with the dye anions,
causing a decrease in the adsorption capacity [70].

3.2.6. Effect of ionic strength

The presence of electrolytes in a solution may influ-
ence the strength of adsorbate—adsorbent interactions [47],
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Fig. 10. Effect of Indigo carmine dye initial concentration.
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hence the effect of NaCl monovalent salt concentration on
IC dye adsorption was studied. As shown in Fig. 12, when
the NaCl concentration increased from 0 to 500 mg/L, the
adsorption amount of IC dye onto JB biochar decreased
slightly from 35.44 to 27.95 mg/g. This suggests that elec-
trolytes may compete with IC molecules for adsorption
on JB during the adsorption process, which confirms the
existence of electrostatic interactions between IC mole-
cules and the JB surface. However, the relatively small
reduction in the adsorption capacity (21%) of IC dye with
the increase in salt concentration suggests that electro-
static interactions are not the only mechanism responsible
for the adsorption of IC dye on JB.

3.3. Adsorption kinetics

The kinetic analysis of the adsorption process is mainly
explained by four kinetic models: pseudo-first-order,

50
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Fig. 11. Effect of initial pH.
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Fig. 12. Effect of ionic strength.
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pseudo-second-order, Elovich, and intraparticle diffusion
models [Egs. (7)-(9), respectively] [71].

g, =q.(1-¢") @
k,q’t
=_2Te 8
h 1+k,q,t ®
1
q, :Eln(aﬁt+1) 9)
g, =K, x~t+C (10)

where g, and g, are the amounts of adsorbed IC at equilib-
rium and at time ¢, respectively; k, k,, and k, are the equi-
librium rate constants for pseudo-first-order, pseudo-second-
order, and intraparticle diffusion models, respectively.
Cis a constant, and o and B are the Elovich coefficients.

The goodness of the models is determined by the cor-
relation coefficient (R?) and the standard error for each
parameter. The parameters of each model as well as R?
are shown in Table 4, and the resulting curves are shown
in Fig. 13.

Data obtained from kinetic studies is fitted to the pseu-
do-first-order model better than the others models due
to the high R? value. Further, the calculated value of equi-
librium adsorption capacity (35.709 + 0.227 mg/g) using
the pseudo-first-order equation is similar to the experi-
mentally determined value (i.e., 35.44 mg/g).

Since the pseudo-first-order model did not suggest a
definite mechanism for adsorption, the results were ana-
lyzed using the intraparticle diffusion model. As seen from
the plot pattern of g, vs. t* (Fig. 14), there are three stages in
terms of the intraparticle diffusion kinetic model. The plot
is not passing through the origin, implying that the intra-
particle diffusion is not the only rate control step, and the
boundary layer diffusion may also influence the adsorption
process. The first stage is characterized by fast adsorption
process owing to the surface adsorption by boundary layer
diffusion; while the second stage which is characterized by

Table 4
Kinetic parameters of Indigo carmine adsorption onto JB biochar

Model Parameter and unit Value
Dy (ME/B) 35.44
. g, (Mg/8) 35.709 + 0.227
Pseudo-first-order " a0 0.012 + 2.319E-4
R? 0.997
9, (Mg/8) 44.475 + 0.532
Pseudo-second-order k, (g/mg-min) 2.759E-4 + 1.313E-5
R? 0.995
o 0.492 +0.024
Elovich B 0.109 £ 0.002
R? 0.982
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slow adsorption process represented intra particulate dif-
fusion. In the third stage the equilibrium adsorption was
reached. This result revealed that the adsorption process
was controlled by two steps; rapid surface adsorption and
slow intra particle diffusion stage [72,73].

The parameters of intraparticle diffusion model are
calculated by linear regression for the three stages and
presented in Table 5.

The intraparticle diffusion rate constant for the first
stage k, is higher than the same constant for the second
stage k,, and at the same time C, is higher than C, illustrated
that the removal rate of dye in the first stage was higher
than that in the second stage.

3.4. Adsorption isotherms

The equilibrium adsorption characteristics of IC onto
biochar was explained by the adjustment of the experimental
isotherms to Langmuir, Freundlich and Temkin models [74].

40

9@ Experimental data g(mg/g)
—— PFO model R?=0,997

- — - PSO model R?=0,995
Elovich model R?=0,982

q{mg/g)
8

T T T T
0 100 200 300 400

Fig. 13. Kinetic models of Indigo carmine adsorption on JB
biochar.
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0
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time"? (min'’2)

Fig. 14. Intraparticle diffusion model for Indigo carmine dye
adsorption.
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Eq. (11) describes the Langmuir’s isotherm.

q, = ImaKiCo (11)
1+K,C,

where q__ (mg/g) represents the maximum amount within

a monolayer and C, (mg/L) is the equilibrium concentra-

tion. K, (L/mg) is the Langmuir’s isotherm constant which

is related to the adsorption energy. The dimensionless sep-

aration factor was calculated using Eq. (12).

R =
1+CK,

12)

where R, is a dimensionless parameter, which indicates the
adsorption possibility either favorable (0 < R, < 1), unfa-
vorable (R, > 1), linear adsorption (R, = 1) or irreversible
(R, = 0). The nonlinear plot of g, vs. C, for Langmuir model
is shown in Fig. 15.

Eq. (13) represents the Freundlich model:
g, =K, xC" (13)

where K, is the Freundlich constant, is related to the affin-
ity of the adsorbent to the adsorbate, and 1/n (dimen-
sionless) gives an indication on the favorable nature of
the adsorption. In reality, the Freundlich exponent (1/n)
explains the type of isotherm, when (1/n > 1) the adsorption
is unfavorable, (1/n = 1) the adsorption is homogeneous and
(0 < 1/n < 1) the adsorption is favorable [75]. The nonlin-
ear plot of the adsorption capacity at equilibrium g, vs. the
C, for Freundlich’s isotherm is shown in Fig. 15.

The Temkin’s isotherm describes the behavior of adsorp-
tion process on heterogeneous surfaces. The nonlinear
plot of g, vs. C, for Temkin model is shown in Fig. 15.

Eq. (14) represents the Temkin model:

q,= Bln(ACe) (14)

Table 5
Intraparticle diffusion model parameters for Indigo carmine
adsorption

where A (L/g) is the Temkin’s isotherm equilibrium bind-
ing constant, and B (J/mol) is the constant related to heat
of sorption.

The values of R* and the parameters obtained from
Langmuir, Freundlich and Temkin models are shown in
Table 6. The results indicated that the Freundlich model
gives a better fit on the basis of the correlation coefficient
values (R?).

When Langmuir, Freundlich, and Temkin models
are evaluated together, the experimental results were
more compatible to the Freundlich isotherm model due
to the highest R? value that it exhibits. As it is seen from
Table 6, the IC adsorption process onto JB biochar is favor-
able because of the fact that 1/n value was smaller than 1.

3.5. Adsorption thermodynamics

Thermodynamic constants are calculated using the
following equations:

100
804
— 60+
o
o)
E
(]
S 40
@ (q.) Experimental data
20 4 —— Langmiur model R?= 0,960
- - - Freundlich model R?*= 0,974
Temkin model R?= 0,892
0 T T T T T T T
0 2 4 6 8 10 12
Ce (mg/L)

Fig. 15. Langmuir, Freundlich and Temkin models of Indigo
carmine adsorption on JB biochar.

Table 6
Langmuir, Freundlich and Temkin parameters for Indigo car-
mine adsorption onto JB biochar

Intraparticle Parameter and Value
diffusion stages unit
k, (mg/(g-t?)) 2.867 +0.051
First stage C, (mg/g) —4.364 + 0.409
(R)? 0.995
k, (mg/(g-t?) 1.038 +0.042
Second stage C, (mg/g) 17.241 +0.625
(R, 0.982
ky (mg/(g:t™) -
Third stage C, (mg/g) 35.444 + 1E-14

(R,

Model Parameter and unit Value
9, (M8/8) 166.456 + 38.655
Langmuir K, 0.094 +0.037
R? 0.960
R, [0.912-0.342]
K, 17.627 £ 2.310
Freundlich 1/n 0.660 = 0.062
R? 0.974
B (J/mol) 23.134 +3.236
Temkin A (L/mg) 2.443 +0.764
R? 0.910
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Table 7
Thermodynamic parameters estimation at three temperatures

Adsorbent Temp. (K) K, AG® (kJ/mol) AH® (kJ/mol) AS° (J/mol) R?
293 19.58 —7.246
JB 313 28.01 -8.672 16.31 £ 1.66 80.20 +5.33 0.989
333 43.89 -10.47
Table 8
- Comparison of adsorption capacity of various adsorbents in
' . the removal of Indigo carmine dye
®  Experimental data
36 Linear fit R*=0,989 Adsorbent 4, (Mg/g) References
JB biochar 166.46 This work
o » MgFe,O, nanoparticles 46.08 [77]
£ Chromolaena odorata biochar ~ 98.8 [29]
Mg/Fe LDH nanoparticles 55.5 [78]
32 Peanut shell activated 82.64 [79]
carbon (AC)
Crab shell chitosan (CH) 96.15 [79]
a0 Prepared chitosan/activated ~ 208.33 [79]
carbon (CH/AC)
Daen 8031 0052 Giaced filise Commercial activated 79.49 [28]
T (K7) carbon (CAC)

Fig. 16. Plot of InK, vs. 1/T for the adsorption of Indigo carmine
onto JB biochar.

q
K, ="1¢ 15
“=C (15)
AG°=-RTInK, (16)
and:AS _AH (17)
R RT

where AG®, AH° and AS° are standard free energy change,
standard entropy change and standard enthalpy change
respectively, K, is the equilibrium constant, T is the adsorp-
tion temperature on Kelvin scale and R is the ideal gas
constant (8.314 J/mol-K). AH° and AS° were determined
from slope and intercept of a van’t Hoff plot of InK, vs.
the reciprocal of temperature as shown in Fig. 16. The esti-
mated thermodynamic parameters of IC removal by bio-
char are shown in Table 7. It can be observed that the values
of AG® decreased with the rise in temperature from 293
to 333 K. The negative values of AG® confirm the sponta-
neity and feasibility of the process. It can also be seen that
the values of AG®° become more negative with the increase
in temperature which revealed that the adsorption process
was more favorable at higher temperatures. The positive
AH° and AS° values suggested that the adsorption reaction
was endothermic. The positive value of AS® (80.20 kJ/mol)
indicates the increased randomness at the solid-solution
interface during the adsorption process [76].

3.6. Comparison with reported adsorbents

To evaluate the effectiveness of the JB biochar to remove
IC dye from water, a comparison of the adsorption capac-
ity with other relevant studies is presented in Table 8.
Based on the results, it can be concluded that the value
of g, obtained in this work is in good agreement with
most previous studies, indicating that IC can be efficiently
adsorbed on the JB biochar.

Furthermore, the high adsorption capacity observed in
this study can be attributed to the presence of mesopores.
These mesopores provide suitable binding sites for IC with
high affinity, thus enhancing the overall adsorption perfor-
mance of the JB [29,77,78]. The presence of mesopores also
allows for easy access of the IC molecules to the active sites
within the JB, resulting in a rapid adsorption process [80].

4. Conclusion

In this work, JB biochar was prepared from Z] waste
using a simple and cost-effective pyrolysis method without
any chemical activation. The obtained JB biochar was used
as an efficient adsorbent for IC dye removal from water. The
physicochemical features of the biochar were investigated
using SEM-EDX, XRD, FTIR, Raman, and BET studies. BET
analysis revealed a high specific surface area with a meso-
porous structure which is beneficial for high adsorption
capacities of IC molecules. Batch adsorption experiments
showed the successful removal of IC dye on JB biochar at
a wide pH range. The prepared biochar shows quite good
adsorption efficiency for IC dye removal, with an equilib-
rium adsorption capacity of 166.46 mg/g at 20°C. These
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experimental equilibrium data were investigated and fitted
well with the Freundlich isotherm. Furthermore, the kinetic
data obeyed pseudo-first-order kinetics. The estimated
thermodynamic parameters indicated that the IC removal
process was endothermic and was accompanied by increas-
ing the random arrangement of IC molecules on a biochar
surface. The negative AG® values reflected a spontaneous
adsorption that become more favorable at higher tempera-
tures. The obtained results confirmed that the prepared JB
biochar compared well with the previously reported adsor-
bents. Additionally, the high adsorption capacity of the JB
biochar, in combination with its low-cost production and
environmental sustainability, highlights its potential as a
promising adsorbent for the removal of IC from wastewater.
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