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This study aims to prepare activated carbon from an interesting biomaterial, corresponding to the cores of Ziziphus lotus, for the
first time to the best of our knowledge, according to a manufacturing process based on its chemical and thermal activation. These
cores were chemically activated by sulfuric acid for 24 h and then carbonized at 500°C for 2 hours. The obtained activated carbon
was characterized by scanning electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and Bru-
nauer-Emmett-Teller (BET) analysis. The adsorption of methylene blue (MB) on the activated carbon was evaluated, by Langmuir
and Freundlich models examination, in order to explain the adsorption efficiency in a systematic and scientific way. Moreover,
pseudo-first-order and pseudo-second-order kinetic models were used to identify the mechanisms of this adsorption process. The
characterization results showed an important porosity (pore sizes ranging from 10 to 45 um), a surface structure having acid
groups and carboxylic functions, and a specific surface of 749.6 m*/g. Results of the MB adsorption showed that this process is very
fast as more than 80% of MB is adsorbed during the first 20 minutes. In addition, increasing the contact time and temperature
improves the MB removal process efficiency. Moreover, this adsorption’s kinetic modeling follows the pseudo-second-order
model. Furthermore, data on the adsorption isotherm showed a maximum adsorption capacity of 14.493 mg/g and fit better with
the Langmuir model. The thermodynamic parameters (AGy, ASp, and AH,) indicate that the adsorption process is endothermic
and spontaneous. Therefore, Ziziphus lotus can be used as a low-cost available material to prepare a high-quality activated carbon
having a promising potential in the wastewater treatment.

1. Introduction

Water is the most fundamental and essential element of all
natural resources. Its role is crucial for the economic and social
development of a country; nevertheless, the management of
water resources is a challenge for most countries in the world.
Currently, these resources are facing problems of quantity and

quality, related to global warming and irrational use. Thus, their
quality is increasingly worsened by various pollutant discharges,
such as urban and industrial wastewaters [1], leading to pol-
lution of surface water, groundwater, and soil, which can di-
rectly affect ecosystems and the services they provide [2].
Wastewater can contain many substances, in solid or
dissolved forms that are more or less biodegradable [3].
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Among these organic micropollutants, dyes which are used
in many industrial sectors such as textiles, food, and cos-
metics, have particular characteristics such as their synthetic
origin and a complex molecular structure that make them
more stable and difficult to biodegrade [4]. The various dyes
existing in industrial effluents can present adverse envi-
ronmental effects, as they cause a change of the waters color,
reducing sunlight penetration and photosynthetic activities
[5]. As a result, ecological damage can spread downstream to
agricultural or aquaculture areas, affecting aquatic flora and
fauna [6]. In addition, they can also cause eye burns re-
sponsible for permanent injury to human and animal eyes,
or waterborne diseases which could be considered carci-
nogenic and dangerous even at trace amounts [7]. Thereby,
the treatment of industrial effluents containing different
types of dyes is found to be of great interest to preserve our
environment.

Various wastewater purification and treatment methods
with technical, economic, and environmental advantages
have been developed and used, such as dry desulfurization of
MnOx hydrothermally loaded halloysite desulfurizer [8],
vermifiltration recently identified as one of the best sus-
tainable, natural, and ecofriendly technology for wastewater
treatment [9], elimination of chlorinated VOCs by using
HCl-tolerant HxPO,/RuOx-CeO, catalysts [10]. Wetlands,
considered to be inexpensive and having a wide variety of
applications for domestic, agricultural, and industrial wa-
ters, can also be used for wastewater treatment [11], in
addition to ozonation, precipitation, coagulation, floccula-
tion, and adsorption. The latter method is the most widely
used for the treatment of some micropollutants such as dyes
[12, 13], trace metals [14], pesticides [15] and pharmaceu-
ticals [16], thanks to its very significant technical, economic,
and environmental benefits [17], and its high efficiency
(90-99%) to remove soluble, insoluble, and biological
contaminants.

Since the introduction of this process, activated carbon
has been one of the most frequently used products due to its
highly developed adsorption capacity. The main charac-
teristics of activated carbon are its porous structure, linked
to the accessible specific surface area into which molecules
can penetrate, the pore size distribution, and their average
geometric shape [18]. The adsorption properties of activated
carbon depend on the functional groups, resulting mainly
from the activation process, precursors, and thermal puri-
fication [19]. Therefore, the selection of activation agents
remains a key issue for many researchers. Thus, several
scientific papers report activation with potassium hydroxide
[20, 21], phosphoric acid [22, 23], zinc chloride [24, 25], and
new activation agents [26]. In addition, many authors have
investigated the efficiency of inexpensive and available
substances for the synthesis of activated carbon [27]. This
has led to a growing interest in the production of activated
carbon from renewable and low-cost precursors from ag-
ricultural waste. The most common activation sources on a
commercial scale are wood, anthracite, bitumen charcoal,
lignite, coconut shell, and almond shells. Today, much effort
is devoted to the exploitation of industrial waste and agri-
cultural residues as raw materials for coal production.
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Among its products are walnut shells [28], argan shells [29],
snail shell [30], olive nibs [31], potato peel [32], sugar cane
bagasse [33], date press cake [34], betel nuts [35], and prickly
pear seeds [36].

This study concerns the preparation of an activated
carbon from a biomaterial and its manufacturing process
based on chemical and thermal activation. The biomaterial
used in this study is the cores of Ziziphus lotus (Nbeg). To the
best of the author’s knowledge, no study has been conducted
to investigate the feasibility of developing activated carbon
from Ziziphus lotus which is very abundant and occupies
various geographical areas of Morocco [37]. Indeed, this
species is present in several biotopes of arid and semiarid
regions. It grows on all soils: limestone, siliceous, clayey, and
sandy [38]. Another part of this study concerns the use of
this activated carbon as a new support for the depollution of
urban and industrial wastewater loaded with organic pol-
lutants such as dyes, in the aim to ecofriendly valorize ag-
ricultural by-products derived from the studied biomaterial
by developing a more sustainable natural wastewater
treatment technology. In this framework, an example of
adsorption of methylene blue CI 52015 is evaluated, and its
kinetic models are used to identify possible mechanisms of
adsorption processes. Langmuir and Freundlich models are
examined to explain the adsorption efficiency in a systematic
and scientific manner.

2. Materials and Methods

2.1. Preparation of Activated Carbon. The preparation of
our activated carbon follows several steps. The fruits of
Nbeg: Ziziphus lotus wild (NZL) were harvested at full
maturity in September 2018 in the region of Taza (Mo-
rocco). These fruits are characterized by a brown color
and round shape; the kernels have an elongated shape, a
light color, and a rough texture. The NZL pits were
washed several times and then dried in shade away from
dust, before being ground into fine particles. Chemical
activation of NZL was carried out by sulfuric acid
(H,SO4, 98%) for 24h with mass contribution (1:1).
Then, the resulting paste was washed with distilled water
until the washing solution reached a neutral pH value,
and then dried at 100°C for four hours. Then, the dried
paste was carbonized at a temperature of 500°C for two
hours. The resulting activated carbon was ground into
small particles having sizes less than 100 ym and named
CNZL. The characterization of CNZL was performed
using different analytical techniques: scanning electron
microscopy (SEM) identified by Quanta 200 model SEM
equipped with a tungsten filament electron gun; X-ray
diffraction (XRD) performed by XPERT-PRO type XRD
in a scan area ranging from 5 to 120 26. Fourier transform
infrared spectroscopy (FTIR) was performed in the mid-
infrared region using a Vertex 70 spectrometer. Specific
surface area and pore structure were determined using an
ASAP Micromeritics apparatus by adsorption of liquid
nitrogen N, at T=-196°C wusing the Bru-
nauer-Emmett-Teller (BET) method and the Bar-
rett-Joyner-Halenda (BJH) method.
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2.2. Adsorption of CI 52015 Dye

2.2.1. Adsorbate Preparation. The pollutant considered in
our study is the methylene blue (MB) dye: CI 52015
(Figure 1).

Solutions of different concentrations of 20, 30, and
40 mg/L were obtained by diluting a stock solution of MB (at
5¢g/L) with distilled water.

2.2.2. Effect of Contact Time. The contact time is one of the
most important factors during chemical reactions. Hence, its
effect on the removal rate of MB was studied for a time
interval of 10-120 min for each initial concentration (20, 30,
and 40 mg/L), in the presence of CNZL activated carbon at
room temperature. So, in closed reactors, 100 ml of each
methylene blue concentration was put in contact with 0.1g
of CNZL activated carbon under stirring at 300 rpm. Every
10 min, the mixture was centrifuged at 5000 rpm for 5 min,
and then the concentrations of MB in the supernatants were
measured at 665nm using an UV-Visible spectrometer.

The abatement rate R (%) was calculated from the fol-
lowing equation:

R(%) =

C,-C
¢ % 100,
o ()

where C, (mg/L) is the initial concentration of MB and C,
(mg/L) is the MB concentration in solution.

2.2.3. Effect of Temperature. To evaluate the effect of tem-
perature on the adsorption capacity of MB on the CNZL
adsorbent in a batch system, 0.1 g of activated carbon at a
concentration of 20 mg/L was mixed with MB at 25 mg/L for
60 minutes, at different temperatures (25-50°C). Then, the
residual concentrations (Ce) of each adsorbate were deter-
mined as explained above.

2.2.4. Kinetics of Adsorption. Kinetics provides information
about the adsorption mechanism and the mode of transfer of
solutes from the liquid to the solid phase. Hence, simplified
kinetic models are adopted to provide information about the
adsorption mechanism. These models are generally well fitted
by two classical kinetic models, a pseudo-first order kinetic
model [39] and a pseudo-second-order kinetic model [40].
These two models were tested to investigate the adsorption
kinetics of methylene blue on CNZL activated carbon.

(1) Pseudo-First Order. This model is defined by the fol-
lowing relationship [41]:

K, -t
2.303

log (4 —4q;) =log q. - (2)
where g, and g, are the quantities of adsorbed ion (mg-g ") at
equilibrium and time ¢, respectively, and k; is the equilib-

rium velocity constant of pseudo first order (min').

(2) Pseudo-Second Order. This model is defined in the fol-
lowing form [42]:

t 1 t

= +— 3
q: qug 9e (3

where k; is the pseudo-second-order adsorption rate con-
stant (g/mg-min).

2.2.5. Adsorption Isotherms. An adsorption process can be
described using an adsorption isotherm. Langmuir and
Freundlich isotherms are used as models to study the ad-
sorption of MB on CNZL activated carbon. An isotherm is a
curve that represents the relationship between the amount of
solute adsorbed per unit mass of adsorbent g, and the
concentration of solute in solution C..

The amount of solute adsorbed is calculated using the
following equation [43]:

go = Co=C)V @)
m

where g, is the equilibrium amount of solute adsorbed per
unit weight of adsorbent (mg/g); C, is the initial solute
concentration (mg/L); Ce is the equilibrium solute con-
centration (mg/L); m is the mass of adsorbent (g); V is the
volume of solution (L).

Langmuir model [44] is described mathematically by the
following equation:

_ qmaxKLCe
e = 1+K;C,’ (%)
This equation is often written in linear form [45]:
C 1 1
=< +—=C,, (6)

9e - KLqmax Imax

where g, and gn.x are, respectively, the equilibrium ad-
sorption capacity and the maximum adsorption capacity
(mg/g), K, the characteristic constant of Langmuir, and it is
the equilibrium solution adsorbate concentration per unit
mass of solid (mg/L). The adsorption characteristics of the
Langmuir isotherm can be explained in terms of a nondi-
mensional constant R; [46].

The adsorption will be favorable if 0 < Ry < 1, unfavor-
able if Ry > 1; and if Ry =0: the process will be irreversible
[47].

Freundlich model [48] is described by the following
empirical equation:

q. =K;=C". (7)

It can be expressed in logarithmic form according to [49]
1
log g, =log k; + ;log C,, (8)

where g, is the amount of adsorbate material adsorbed per
unit mass of adsorbent at equilibrium (mg/g). This is the
equilibrium concentration (mg/L), and Ky and n are, re-
spectively, the adsorbent adsorption capacity and the ad-
sorbent-adsorbate sorption intensity.
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FIGURE 1: Molecular structure of methylene blue (CI 52015).

2.2.6. Thermodynamic Study of Adsorption. Thermodynamic
parameters such as thermodynamic equilibrium constant
K4, Gibbs free energy variation AG,, enthalpy variation
AHy, and entropy variation AS, are among the most
important parameters involved in the establishment of
an adsorption system, thus to evaluate the feasibility
and nature of the adsorption process [50]. The thermo-
dynamic parameters were obtained from the following
equations [51]:

9e
K, =2,

17c, ©)

AG, = AH,, — TAS,, (10)

where k is the equilibrium constant (L/mg), R is the gas
constant (8.314 J/mol.K), and T is the absolute temperature
(K).

Plotting In K as a function of 1/T yields a line with a
slope equal to —~AHy/R and an intercept equal to ASy/R.
Subsequently, the thermodynamic parameters of adsorption
are calculated: standard free enthalpy (AGy), standard en-
thalpy (AH,), and standard entropy (AS).

3. Results and Discussion
3.1. Characterization of Materials

3.1.1. Scanning Electron Microscopy (SEM). The purpose of
the SEM examination is to illustrate the morphology and
external porosity of the activated carbon. A developed po-
rosity allows increasing the specific surface and therefore the
number of active sites on which the MB molecules can
eventually bind. Figure 2 shows a very porous morphology of
CNZL activated carbon with pores of different sizes ranging
from 10 to 45 ym and different shapes.

3.1.2. X-Ray Diffraction (XRD). XRD is used to identify the
crystalline or amorphous structure the CNZL. Figure 3 of the
X-ray diffraction (XRD) shows very broad diffraction peaks,
with a broad peak at approximately 20 =25 indicating the
presence of carbon. Thus, the absence of a sharp peak reveals
a predominantly amorphous structure [52]. Furthermore,
there are noise signals consistent with the ash powder of the
activated carbon.

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR).
Infrared spectroscopy is an analytical technique that is re-
lated to the vibrational properties of interatomic bonds; it
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can identify functional groups present in molecules. The
infrared spectrum of CNZL illustrated in Figure 4 shows
many functions on the surface of activated carbon, similar to
those found in lingo-cellulosic materials [53].

The adsorption bands are variable and narrow. The
bands observed between 3700 and 3600 cm ™" correspond to
the elongation vibrations of the free O-H bond of the al-
coholic and phenolic groups, and the peak at 3640 cm™" is
attributed to the existence of free hydroxides [54]. The bands
between 3305 and 3200 cm™" correspond to the hydrogen
elongation vibrations of the hydroxyl groups and water [55].
The bands observed between 2850 and 2930 cm™ corre-
spond to the symmetric and asymmetric valence vibration of
the CH, bonds. The bands in the range 2200-2000 cm™'
correspond to the C=C bond valence vibration of the alkyl
function [56]. The peak at 1680cm™' corresponds to the
elongation vibration of C=C bonds in aromatic rings [57]. A
strong prominent band in the activated carbon appeared at
1575 cm™" and corresponds to the presence of the carboxylic
C=0 groups on the surface [58]. The bands observed in the
1400-1300 cm ™" region correspond to CH, deformation
and/or O-H deformation vibrations supported by the ex-
istence of phenols [59]. A broad band exists between 1200
and 1100 cm ™" and corresponds to the valence vibration of
C-O in the acid, alcohol, and phenol groups, the peak at
1195cm™" is due to the S=O sulfur compounds present in
the activated carbon. The band at 845cm™" as well as the
bands that appear between 770 and 400cm™' represent
vibrational distortion of C-H groups in aromatic rings [60].

3.1.4. BET Analysis. The structure of an adsorbent is well
defined by its specific surface area which represents the total
surface area per unit mass of the product accessible to atoms
and molecules, as well as the pore volume, the pore shape,
and the pore size distribution [61]. Figure 5 shows a nitrogen
adsorption/desorption isotherm obtained in the CNZL
adsorbent. The adsorption curve obtained shows the char-
acteristics of the type IV isotherm, where the surface of the
adsorbent is completely covered by a monomolecular layer
of N, (B-point method), then beyond, several molecular
layers (physisorption) are formed (according to the IUPAC
classification) corresponding to mesoporous solids with
capillary condensation. This is confirmed by the calculation
of the pore size distribution, determined by the Bar-
rett-Joyner-Halenda (BJH) method (Figure 6). This pore
distribution shows average diameters between 20 and 60 A.
In addition, the specific surface area determined using the
BET method is 749.6 m*/g for CNZL with a pore volume of
21.84 cm’/g.

3.2. Effect of Contact Time. Contact time is one of the most
important factors in chemical reactions. In the adsorption
process, the increasing of the adsorbate concentration in the
solution leads to the adsorbates’ introduction into the internal
pores of the adsorbent due to the concentration gradient [19].
Figure 7 shows the removal rate of different concentrations of
methylene blue (20, 30, and 40 mg/L) over time, by CNZL
activated carbon adsorption. Results show that the adsorption
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FIGURre 2: Image of the CNZL observed by Scanning Electron
Microscopy (SEM).
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FIGURE 4: FTIR spectrum of the CNZL.

process is very fast and the removal efficiency of MB is im-
proved by increasing the contact time and depends on initial
concentration. This evolution of the degradation efficiency over
time was expected as it was revealed in other studies [62, 63].
Indeed, more than 80% of the dye used amount is adsorbed
during the first 20 min, which could be due to the external mass
transfer that is fast. Therefore, the increase in contact time
greatly increases the removal efficiency and enables to reach
equilibrium at about 80 min for the tested concentrations. This
means that there is an internal mass transfer of the adsorbent,
which generally corresponds to a diffusion phenomenon in the
internal porosity.

3.3. Effect of Temperature. The effect of solution temperature
on MB dye removal was performed to determine the effect of
temperature change on the equilibrium capacity of the
adsorbent. The study was performed in the range of
293-323 K at an initial dye concentration of 25mg/land 0.1 g
of CNZL. The results of the temperature effect suggest that
the adsorption capacity of MB increases with increasing
temperature (Figure 8), indicating that the process is en-
dothermic according to Miraboutalebi et al. [64].

The increase in temperature allows the MB molecules to
escape from the adsorbent and reenter the liquid phase
because the mobility of the dye molecules increased with
temperature [65]. This phenomenon acquires enough energy
to interact with the active sites on the surface [13], which is
also attributed to the creation of new active sites at higher
temperature or the increased penetration of MB molecules
into the porous structure of the CNZL carbon.

3.4. Adsorption Kinetics. The correlation coeflicients as well
as the kinetic constants corresponding to the two models
used are determined by plotting the log (q.—q;) versus time
(t) for the pseudo-first-order model (Figure 9) and the (¢/g;)
versus time (f) for the pseudo-second-order model (Fig-
ure 10). The parameters for the two models of the MB’s
adsorption at different initial concentrations on CNZL ac-
tivated carbon are grouped in Table 1. These results show
that the R* values are 0.954, 0.904, and 0.928 for pseudo-first
order; and 0.999, 0.996, and 0.997 for the pseudo-second
order, respectively, for MB concentrations of 20, 30, and
40 mg/L; which reveal that the correlation coefficients R* of
the pseudo-first-order model are lower than those obtained
for the pseudo-second-order model, which are very close to
unity for the adsorption of MB on CNZL. Furthermore,
values of the experimental adsorption capacity and those of
the calculated adsorption capacity of the pseudo-second-
order model are very close (Table 1), which reflects a good fit
of this model to explain the adsorption process of MB on
CNZL. Similarly, it can be noticed that increasing the initial
MB concentration leads to a decrease in the value of the rate
constant K,, which can be attributed to strong competition
for sorption sites at high concentration leading to higher
sorption rates [21]. These results suggest that the kinetic data
of MB adsorption on CNZL are better represented by the
pseudo-second-order model.

3.5. Adsorption Isotherms. Adsorption isotherms are
intended to describe how adsorbates interact with ad-
sorbents and are essential for optimizing the use of ad-
sorbents [66]. These isotherms allow us to determine the
adsorption capacity and to highlight whether or not
purification is feasible. To define the model to which the
adsorption of MB is subjected, the experimental data have
been applied to equations of the two mathematical
models of Langmuir and Freundlich. The Langmuir
model is represented by the plot of C./q. versus C,
(Figure 11) and the Freundlich model is represented by
the plot of log g, versus log C,. (Figure 12), that give a
linear graph with a slope of 1/n and the intercept with the
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x-axis give log Kp, from which n and Ky can be, re-
spectively, calculated. The validity of the experimental
results depends on the correlation coefficient value R”: the
closer the coefficient is to unity, the more the results are
consistent with the model considered. Table 2 summa-
rizes the results of both isotherms. The R* correlation
coeflicient values for the Langmuir and Freundlich model
are 0.982 and 0.899 respectively; moreover, the maximum
adsorption capacity is 14.493 mg/g. These results show
that the Langmuir model has an R” value close to unity
and higher than that of the Freundlich model, suggesting
that the Langmuir model has a good fit to experimental
data of MB adsorption on CNZL and that the adsorption
occurs in monolayer and involves independent identical
sites in limited number according to Yang et al. [67]. The
adsorption characteristics of the Langmuir R; isotherm
also have values between 0 and 1, which confirm that the
adsorption process of MB on CNZL is favorable.

3.6. Thermodynamic Study of Adsorption. Thermodynamic
parameters, such as thermodynamic equilibrium con-
stant K, Gibbs energy change (AG,), standard enthalpy
change (AH,), and entropy change (AS,) are of great
importance to study the feasibility and spontaneity of the
adsorption process. The plot of In K, versus T~ is shown
in Figure 13, and the thermodynamic parameters were
obtained from the slope and intercept of the plot of In K,
versus 1/Tand are presented in Table 3. This study reveals
negative values of AG, indicating that the adsorption of
MB dye on CNZL is spontaneous and thermodynamically
favorable. In general, the free energy change for phys-
isorption is between —20 and 0 kJ/mol, but chemisorption
is between —80 and —400kJ/mol [68]. Therefore, the
obtained values of AG, are all less than 10k]J/mol, sug-
gesting that the adsorption of the MB dye on CNZL is
physical in nature. In addition, the positive values of AH,
show that the adsorption is endothermic and supported
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TABLE 2: Parameters of the adsorption isotherm.
Langmuir Freundlich
Gmax (Mg/g) K; (L/mg) R? Ky (mg.g™") (L.mg’l)”n 1/n R?
CNZL 14.493 1.50 0.982 6.45654229 0.926 0.899
0
3,1 3,2 3,3 34 3,5
-0,2
. ®
3
¥ 04
S
*
-0,6
-0,8
T-110% (K)
FiGure 13: Evolution of Ln (K;) versus T~'.10° for the adsorption of MB. T=1h, m (CNZL)=0.1g, and [MB] =25 mg/l.
TaBLE 3: Thermodynamic parameters of MB adsorption on CNZL.
AG, (kJ/mol
Dye R? AH, (kJ/mol) AS, (kJ/mol.K) o (KJ/moD)
298 K 303K 313K 323K
MB 0.983 40.09 143.41 —41.97 —43.41 —44.84 —46.28

by the increase in dye adsorption capacity with increasing
temperature. Moreover, the positive values of AS, show
the affinity of the adsorbent for the MB and the increase in
randomness at the solid-liquid interface.

4. Conclusion

This study was carried out in order to prepare an activated
carbon from a biomaterial by using a manufacturing
process based on chemical and thermal activations. The
chemical activation was carried out by sulfuric acid
(H,SOy4, 98%) with a mass contribution (1:1), and the
carbonization was conducted at a temperature of 500°C
during 2 h. Characterization results by scanning electron
microscopy and Fourier transform infrared spectroscopy
reveals the presence of a porous structure having different
functions on the surface of CNZL. Moreover, results
show that the adsorption process is very fast and that
the adsorption isotherm data are well fitted with the
Langmuir monolayer model. Kinetic modeling of MB
adsorption on CNZL activated carbon follows the
pseudo-second-order model well. Hence, the peculiarity
of this study, which aims to activate the fruits of a plant
that is very well known locally, available but poorly
valued have been well demonstrated. Furthermore, the
obtained results show that the nuclei of Ziziphus lotus
(Nbeg) represent an interesting source of raw material
for the preparation of high-quality activated carbon
and proved that this carbon: CNZL can be used as a new

low-cost carrier for the remediation of urban and in-
dustrial wastewater loaded with organic pollutants such
as dyes. Finally, this carbon should be promoted and
considered as a cheaper alternative to commercial ad-
sorbents. However, a pilot study is planned to better
exploit this raw material which opens large industrial
application perspectives and justify largely the economic
impact of this study. This study also provided new per-
spectives on the valorization of agricultural by-products
such as the cores of Ziziphus lotus for the preparation of
activated carbon.
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