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Abstract: In the information contained herein, we fabricated biochar by means of a pyrolysis process;
it used Prosopis juliflora waste (PJW) as a biomass source. The physical and chemical material
characterization was carried out through FTIR, thermogravimetric, BET-N2 isotherm, and SEM-
EDX assays. We studied the methylene orange (MO) adsorption onto PWJ biochar. The PJW
biochar displayed a maximum percentage of MO removal of 64%. The results of the adsorption
study indicated that Temkin isotherm was suitable to describe the MO adsorption process on PJW
biochar; it suggests that the MO adsorption on PJW biochar could be a multi-layer adsorption
process. Results showed that the pseudo-second-order model was accurate in demonstrating the
MO adsorption on PJW (k2 = 0.295 g mg−1min−1; qe = 8.31 mg g−1). Furthermore, the results
made known that the MO removal by PJW biochar was endothermic (∆H = 12.7 kJ/mol) and a
spontaneous process (∆G = −0.954 kJ/mol). The reusability test disclosed that after four consecutive
adsorption/desorption cycles, the PWJ biochar reduced its MO removal by only 4.3%.

Keywords: environmental remediation; adsorption; biochar; recalcitrant compounds

1. Introduction

Industrial development is responsible for the great deterioration of the aquatic envi-
ronment by producing high concentrations of recalcitrant compounds (e.g., dyes, chem-
ical solvents, hormones, and pesticides) [1,2]. The textile industry generates more than
7 × 1011 tons of dyes annually, putting flora and human beings in danger [3,4]. These
dyes have complex chemical structures (e.g., aromatic rings and various functional groups
having π-electrons), which make them more difficult to remove from effluents than nat-
ural dyes. In addition, these compounds can bio-accumulate into the environment, and
they are toxic to human beings [5,6]. The accumulation of these synthetic dyes in aquatic
systems reduces sunlight; they affect plants’ growth by increasing the chemical oxygen
and biochemical demand [7,8]. According to the chemical structure, the synthetic dyes
include several kinds of chemical compounds (e.g., azo, Anthraquinone, benzodifuranone,
polycyclic aromatic carbonyl, Indigoid, Xanthere, Phtalein, Polymethine, styryl, phthalo-
cyanines, Quinophthalones, Sulfur, Nitro, and Nitroso dyes) [9]. Among these mentioned
compounds, azo dyes are frequently used around the world (e.g., 60% of the world de-
mand); Methyl Orange (MO) belongs to this dye category [10]. Figure 1 shows the chemical
structure of MO (it is a sulfonated azo dye). This dye is used in the textile industry and as a
pH indicator in the biomedical industry. The sulphonic group is responsible for the high
MO solubility in water; in addition, the main drawback of MO is the harm to the environ-
ment and human beings [11]. Many strategies have been reported to remove MO from the
aquatic environment (e.g., biological treatments [12], oxidation [13], membranes [14], ad-
sorption [15], photocatalytic degradation [16], and coagulation–flocculation [17]). However,
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despite different options, the traditional methods have some disadvantages that include
energy requirements, costs, incomplete removal, and harmful by-products [18,19].
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Among these options, the adsorption method is an attractive removal option due to
different advantages (e.g., great efficiency, easy implementation, recyclability, versatility,
and smaller cost than other technologies) [20]. Different adsorbents have been reported
to remove dyes from various matrices [21]: (i) Activated carbon is a traditional option for
MO removal; however, the costs of synthesis and recycling are high [22]. (ii) Bio-sorbents
are materials with biological origin (e.g., plant leaves, fish scales, tree bark, and egg shells)
that can be transformed to remove different kinds of pollutants from water; they are in-
expensive, and they are available. Furthermore, living and dead biomass can be used to
remove a number of pollutants [23]. (iii) Nanoparticles of transition metal oxides (e.g., FeO,
ZnO, TiO2, Cr2O3, and graphene) are chemically and physically stable and have a great
active area for adsorption of different pollutants [24]. (iv) Clays from various sources (e.g.,
zeolite, kaolinite, goethite, and bentonite) reported great adsorption capacities for dyes,
and they are highly valued as adsorbents [25]. (v) Polymers and resins (e.g., polyamide
resin, polyamine resin, chitosan, and hydrogels) can be utilized as sorbents in both natural
and synthetic forms. The great ease of processing methodology and great versatility of
physical forms (e.g., beads and members) are some of the main advantages of polymers as
sorbents [26]. (vi) Biochar is a special type of material that has attracted attention in the
purification water field. Biochar is considered a potential source of solid energy; in addition,
it is suitable for the disposal of agricultural biomass waste [27]. The thermochemical con-
version of biomass derived from carbonaceous materials in an oxygen-reduced atmosphere
is called biochar [28]. The final properties of biochar depend on the experimental condi-
tions and the method employed to fabricate it. Thermochemical methods can be divided
into (i) pyrolysis, (ii) gasification, (iii) liquefication, and (iv) direct combustion. Among
these, pyrolysis stands out as the most cost-effective method because of the versatility of
its by-products (e.g., bio-oil, biochar, and syngas) [29]. Traditionally, biochar is utilized
to remove toxic metal ions (e.g., Pb2+ and Cd2+) from the water [30–32]. However, In
recent decades, biochar has been utilized to remove dyes from the water. Table 1 lists some
different adsorbent materials utilized in dye removal from an aqueous solution.

Table 1. Adsorbent materials utilized in various dye removal from water.

Material Adsorbent/Reference Dye Adsorption Capacity (mg g−1)

Chitosan [33] Indigo carmine 118
Goethite [34] Methylene orange 55
Zeolite [35] Crystal violet 1217

Carbonized pine needles [36] Malachite green 97
Coir pith [37] Crystal violet 66

MgO–TiO2 zeolite [38] Methylene orange 95
Coir pith [37] Crystal violet 66

Fe-Mn oxide nanoparticles [39] Methylene blue 72
leaves of populous tree [40] Methylene orange 90

Orange peel biochar [41] Congo red 155

The feedstock of biochar can be waste biomasses from plant and/or animal origin.
This is a potential opportunity to include sustainability into the agro-industrial process for
transforming materials from waste to value-added products. This is a special challenge
from the perspective of a circular economy, where recycling and reusing materials is an
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important requirement [42]. Currently, studies on the synthesis and practical development
removal applications of biochar are a prominent topic of research around the world [43].
Conventionally, natural waste by-products are rejected; nevertheless, they have the po-
tential to transform into biochar [44]. Shalini et al. obtained biochar through agricultural
waste as a sustainable alternative to carbon sources to reduce CO2 emissions [45]. He et al.
discussed the advantages of biochar being used in the treatment of municipal wastewa-
ter [46]. There are numerous reviews about using biochar from different biomass wastes
to develop sustainable applications that verify the importance of biochar production for
environmental stability and applications for circular bio-economy [47–49]. A special ap-
plication of biochar is the removal of dyes from aqueous samples. Sew et al. reported
Congo red and crystal violet removal by using biochar obtained from four different sources.
They reported that Korean cabbage showed higher adsorption capacity (1304 mg g−1) for
crystal violet dye [50]. Nithyalakshmi et al. reported the study of dye removal of three
different dyes when using biochar obtained from two different sources; in the best case,
they reported an efficiency of 87% in the removal of basic fuchsin red from water [51].
Elhamid et al. reported a removal efficiency of 44.6 mg g−1 for crystal violet dye onto
biochar obtained from rice straw waste [52]. Every agricultural country around the world
has the potential to become a waste source to produce biochar. Actually, in the Colombian
Caribbean region, Prosopis juliflora waste (PJW) is widely available, affordable in cost, and
can grow in arid climates. Prosopis juliflora plants are located in the tropical dry forest
region of the department of Atlántico in Colombia. This plant is grown in the backyards of
the local houses to reduce internal temperatures. During the first quarter of the year, these
plants begin the production of their seeds, which become wastes that are subsequently
burned, and this causes problems of environmental pollution, or the wastes are eliminated
as solid waste in the garbage [53]. The PJW bioaccumulates and becomes a risk to the
region because PJW can contribute to the transmission capacity of parasitic diseases [54].
The PJW is rich in cellulose and lignin. These compounds can be used to prepare activated
carbons by pyrolysis [55]. The PJW has demonstrated its potential as biochar. In a previous
report, we studied the removal efficiency of methylene blue from an aqueous solution using
biochar produced from PJW. In that report, PJW was able to remove 69% of methylene dye
from water [56].

In this work, we used PJW as a source of biochar to remove MO from an aqueous
solution.

2. Materials and Methods
2.1. Synthesis and Characterization of Biochar

First, PJW was collected at Piojó (Atlántico–Colombia). Next, the sample was washed
and dried at 105 ◦C. Then, the clean biomass was milled and put in a pyrolysis reactor.
After that, the pyrolysis was performed using a heat rate of 5 ◦C/min until it reached
500 ◦C. Finally, the sample was espoused at 500 ◦C for 2 h [57]. The physical–chemical
properties of the sorbent were determined through scanning electron microscopy (an
Quanta FEG 650 microscope, Brand FEI, Oregon, USA was used), Fourier Transform
Infrared spectroscopy (ECO-ATR α—FTIR spectrometer, Brand Bruker, MA, USA), and
Differential Scanning Calorimetry analysis (a TGA 5500-Discovery analyzer, Brand TA
Instruments, New Castle, USA was used).

2.2. Kinetic and Thermodynamic Study

We used two different concentrations of MO (20 ppm and 150 ppm) to study MO
removal on PJW biochar (Volume = 25 mL, pH = 6.0, and temperature of 298 K). For
each test, we utilized 0.100 g of PJW biochar. The MO concertation was determined by
spectrophotometry at 464 nm (MO calibration curve, R = 0.997). We studied the effect of
pH and ion strength on the MO removal efficiency. The pH value was changed between 6.0
and 11.0, and the ion strength was changed by a salt addition method by adding KCl in the
adsorption system [58].
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In the kinetic study, we obtained the MO adsorption capacity on PJW biochar according
to the following:

qt =
((C0 − Ct)·V)

m
(1)

where Ct (mg/L) is the MO concentration in the solution as a function of time. To model
kinetic results, we utilized the pseudo-first-order (2) [59]:

ln(qt − qe) = ln(qe)− k1t (2)

where qt is the MO amount of anchored per unit mass of the adsorbent (mg g−1) every
time. qe is the maximum sorption capacity (mg g−1) and k1 (min−1) is the rate constant. We
also applied pseudo-second-order (3):

t
qt

=
1

k2qe
2 +

t
qe

(3)

where k2 (g mg−1min−1) is the rate constant. Finally, we utilized the intraparticle diffusion
model (4):

qt = kidt1/2 + C (4)

where the kid (mg/g−1min1/2) is the intraparticle diffusion rate constant.
In the isothermal study, we determined the adsorption capacity of MO on the PJW

biochar according to the following:

qe =
V(C0 − Ce)

m
(5)

where qe is the amount (mg) of MO adsorbed per gram of biochar (mg/g) at equilibrium;
C0 is the initial MO concentration (mg/L); Ce is the MO concentration at equilibrium; V (L)
is the volume of the system; and m (g) is the amount of biochar. Adsorption data were fit to
the Freundlich, Langmuir, and Temkin isotherm models. The Langmuir isotherm model
according to the following [60]:

Ce

qe
=

1
KLqm

+
Ce

qm
(6)

where qe (mg/g) is the MO amount (mg) adsorbed on biomass (g) at equilibrium condition;
qm is the Langmuir maximum uptake of MO per gram of biomass (mg/g); KL (L/mg) is the
Langmuir constant. We applied the Freundlich isotherm model [61]:

Ln qe = Ln KF +
1
n

LnCe (7)

KF ((mg/g)(L/mg)1/n) and n are Freundlich constants, and Ce (mg/L) is the equilib-
rium concentration of MO. Finally, we applied the Temkin isothermal model [62]:

qe =
RT
bT

LnAT +
RT
bT

LnCe (8)

where bT is the Temkin constant, which is related to the heat of sorption (J/mol), AT is
the equilibrium binding constant (L/mg), T is the absolute temperature, and R is the gas
constant. The fitting correlation coefficient (R2) and an average relative error (ARE) were
used to determine the best-fitting isotherm:

ARE =
100
n

n

∑
i=1

∣∣∣qe − q f

∣∣∣
qe

(9)
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where qe is the experimental value, qf is the fitted value, and n is the number of data points.
Finally, we calculated the thermodynamic parameters of the adsorption process, Gibbs free
energy (∆Go), enthalpy (∆Ho), and entropy (∆So) according to the following:

K =
qe

Ce
(10)

∆Go = −RTlnK (11)

lnK =
∆So

R
− ∆Ho

RT
(12)

Here, T is the absolute temperature (K); R is the universal gas constant (8.314 J mol−1K−1);
and K is the thermodynamic equilibrium constant.

3. Results and Discussion
3.1. PJW-Biochar Characterization

The FTIR spectrum of PJW biochar is shown in Figure 2. The broad band located
between 2850 and 2750 cm−1 corresponds to C-H stretching (sp2) and C-H stretching (sp3),
respectively. The broad band located between 2428 and 2314 cm–1 is related to deformation
vibrations in the C≡C plane [63]. This is an important chemical group because the MO
molecule can interact through electrostatic π-π interaction to anchor to the biochar surface.
This band appears in the FTIR spectrum of the biochar derived from maize straw [64].
The bands located near 1650 and 1460 cm−1 are assigned to C=C stretch and C-C inside
of the aromatic ring. At the region of 1002 cm−1, the strong band is assigned to the C-O
stretching vibration in cellulose and hemicellulose [65,66]. Furthermore, it is related to
materials with a high content of cellulose and lignin, which confirms the major constituent
PJW biochar [67]. After MO adsorption on the biochar surface, the main signals are
conserved. Although a broad band appears located between 3500 and 3000 cm−1, this band
corresponds to the -OH bond [68]. The signal located at 1002 cm−1 reduces its intensity due
to the MO adsorption and the surface covering. The broad band located between 1670 and
1511 cm−1 is shifted in comparison with the biochar spectrum; this shifting and broadening
are attributed to the MO anchoring, and this band can overlap the corresponding peaks to
the C-H bending of aromatic rings (peaks located at 1676 cm−1 and 1646 cm−1). In addition,
-N=N- stretching vibrations (peaks located at 1600 cm−1 and 1516 cm−1) corresponds to
the MO molecule [69].

Figure 3 shows the BET isotherms of N2(g) onto PJW biochar. Results demonstrate a
typical behavior that relates to isotherm type II. This behavior is associated with porous
solids with a crack-like shape. The BET surface area was 1.28 m2g−1, and the pore size was
26 nm, with a pore volume of 1.14 × 10−4 cm3/g. These results are comparable with other
previous reports about other biochars. Pawar et al. reported a surface area of 0.987 m2g−1

for a biochar obtained from P. juliflora [70], and Selvarajoo et al. reported a surface area of
0.272 m2g−1 for a biochar obtained from palm fiber [71]. Stylianou et al. reported a surface
area of 1.53 m2g−1 for a biochar obtained from spent coffee grounds [72]. Antonangelo et al.
reported a surface area of 1.0 m2g−1 for a biochar derived from switchgrass [73]. However,
the BET area was smaller than other biochar reports: 8 m2g−1 for biochar obtained from
straw [74] and 372 m2g−1 for biochar obtained from Miscantus [75]. In spite of the small
BET area of PJW, this chemical modification is a sustainable option to utilize agricultural
waste. It is an opportunity to generate value added to the agriculture waste.
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Figure 3. BET N2(g) isotherm adsorption onto PJW biochar.

The results for the thermal characterization of PJW are shown in Figure 4. Results
exhibit the thermogravimetric thermograph, and Table 2 lists the data and the assignation
for each loss of weight. During pyrolysis, the basic components of biomass (e.g., lignin
and cellulose) degraded between 250 and 600 ◦C; according to Figure 4, this process occurs
between 420 and 570 ◦C with a loss of weight of 68%. This result is according to a material
with a high content of cellulose and lignin [70,71]. The final composition of biochar is
affected by (i) the type of feedstock material utilized as a biochar source, (ii) the pyrolysis
condition (temperature and temperature ramp), and (iii) modification approaches. The
DSC curve for PJW biochar is shown in Figure 4b. Results show an endothermic peak; this
signal is associated with the typical endothermic melting of biochar at 139 ◦C.
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Figure 4. (a) TGA thermograph of PJW biochar. (b) DSC thermograph curve for PJW biochar.

Table 2. Thermogravimetric results.

Temperature (◦C) Loss (%) 1 Assignation

20–50 5 H2O volatile organic solvent
420–570 68 Cellulose degradation and lignin oxidation
570–800 10 Carbonization

1 Data obtained from Figure 3a.

Figure 5 shows the SEM images for PJW biochar. Results show that the PJW surface
morphology was heterogeneous and structurally complex. Results show a mesoporous
and rough texture. These cavities are large enough to allow the diffusion of MO (the MO
molecular diameter is estimated to be about 6–8 nm) [76]. The porosity is associated with
the freeing of small molecules (e.g., water, methane, and carbon dioxide) throughout the
synthesis process and the losses of lignin and cellulosic derivatives during pyrolysis [72].
Additionally, Figure 6 shows the EDX spectrum of PJW biochar. This figure shows PJW
biochar was composed mainly of carbon, oxygen, and other remaining elements (e.g., Mg,
K, Ca, and P). The EDX assay was carried out in three areas on the surface, and Table 3 lists
the average composition results. The adsorption properties are affected by the composition
of feedstock due to the presence of minerals that can contribute to the formation of the
additional active site on biochar to improve its potential removal capacity.
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Figure 5. SEM images of PJW were obtained in this work with different magnifications: (a) ×100,
(b) ×600, and (c) ×6000.
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Table 3. Content of elements of the PJW biochar.

Element Line Area 1 (wt.%) 1 Area 2 (wt.%) 1 Area 3 (wt.%) 1 Average (wt.%) 1

C K 74.65 64.81 69.22 69.56
O K 14.75 14.19 13.50 14.14

Mg K 1.15 1.32 0.42 0.96
P K 1.03 1.72 -- --
K K 5.25 11.91 9.52 8.89
Ca K 1.39 1.72 -- --
ClK 1.77 5.12 5.94 4.27
MoL -- -- 1.25 --

1 Data obtained from EDX assay.

EDX results (Table 3) show that PWJ biochar was composed mainly of carbon (69.56%)
and oxygen (14.14%). After the pyrolysis process, the resulting biochar was rich in carbon
elements; this is an important aspect because this material can be suitable for removing
organic and inorganic pollutants from water [77]. Among the remaining elements, potas-
sium was in the highest ratio. The presence of those ions needs to be monitored carefully.
A high potassium ion concentration element is associated with agglomeration problems; in
our case, K content was (7%). Other authors reported that those inorganic components can
affect the gasification reactivity [71].

3.2. Kinetic Study of MO Adsorption on PJW Biochar

Two different concentrations of MO (20 ppm and 150 ppm) were used to study the MO
concentration impact on the removal efficiency. Figure 7 shows the impact of concentrations
of MO on the removal percentage. Figure 7 shows the MO removal efficiency was increased
as contact time was increasing. Results show the saturation time of the surface was reached
after 15 min. Moreover, when the initial MO concentration was increased, the MO removal
was reduced; this behavior can be associated with the overload of the available sites for
dye anchoring on the PJW surface. Similar behaviors have been reported to Cd adsorption
on biochar [59,78]. Figure 8a shows the effect of pH solution on MO removal using PJW.
Since the pH value of the solution can affect the charge of the biochar surface, the solution
pH value is one of the most important parameters that affect the removal capacity of the
biochar. The best removal percentage was obtained at pH = 6.0. Figure 8a shows that at
pH values higher than 6.0, the removal efficiency decreases significantly near 0.38% at
pH = 11.0. At pH higher than 4.4, the stable chemical structure of MO corresponds to the
structure shown in Figure 1. The MO is a typical anionic azo dye; thus, the MO sorption
will be favored if the charge of the biochar surface is positive. However, results indicate
that as the pH value increases, the MO removal efficiency decreases, indicating that the pH
of the surface becomes more negative as pH increases. Van-Phuc reported a pH solution
of 5.5 as the optimal in the removal of Pb2+ and Cd2+ onto biochar obtained from pomelo
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fruit peels. They reported the same tendency in the removal efficiency as a function of the
pH [79].
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Figure 7. Removal efficiency vs. time for different initial concentrations of MO on PJW biochar
(Co = 10 mg/L, PJW dosage = 0.1 g; stirring rate = 150 rpm, temperature = 298 K, pH = 6.0, error
bar = SD, and n = 3).
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Figure 8. Effect of (a) pH solution and (b) ionic strength on the MO removal efficiency on PJW biochar
(Co = 10 mg/L, PJW dosage = 0.1 g; stirring rate = 150 rpm, temperature = 298 K, error bar = SD, and
n = 3).

The ionic strength is another parameter of the MO removal efficiency of the biochar
since it affects the electrostatic interaction between the biochar surface and the adsorption
ions. Figure 8b shows the effect of ionic strength on the MO removal of PJW biochar.
The plot indicates removal efficiency decreases as the KCl concertation increases. It is
known that electrostatic interactions may also be reduced by increasing the ionic strength
of the solution; this behavior is a consequence of the electrostatic screening. As the KCl
concertation increases, the electrostatic screening increases, and the charge makes it more
difficult for charged particles to be adhered to the surface [80].

We used three kinetic models to study the kinetic mechanism of MO adsorption onto
the biochar surface (Equations (2)–(4)). Figure 9 shows the kinetic fitting results, and Table 4
lists the parameters for each model. The mechanism of MO adsorption on biochar can
include physical and chemical processes [21].
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Figure 9. Kinetic fitting of MO on PJW biochar (PJW dosage = 0.1 g; stirring rate = 150 rpm,
temperature = 298 K, error bar = SD, and n = 3).

Table 4. Results of kinetic modeling of MO adsorption on PJW biochar.

Fitting Model Kinetic Values 1

Pseudo-first order
qe (mg g−1) k1 (min−1) R2 ARE (%)

5.41 0.163 0.914 21.3

Pseudo-second order
qe (mg g−1) k2 (g mg−1min−1)

8.31 0.295 0.994 4.4

Intraparticle diffusion C (mg g−1) kid (g mg−1min−1)
1.86 1.22 0.841 10.8

1 Data obtained from fitting of kinetic models.

The intraparticle diffusion fitting showed the worst fitting results; Figure S1 shows
the linear fitting for experimental data. The total data reveal an R2 = 0.841; however, two
different regions are distinguished; they suggest the MO adsorption on PJW is not only
under intra-particle diffusion but under the control of different mechanisms (e.g., external
diffusion and adsorption onto active sites) [81]. Taking into account the PJW pore size
(26 nm, Section 3.1) and the estimated value of the molecular diameter of MO (about
6–8 nm [76]), the intra-particle diffusion process could be present during the adsorption
process. Nonetheless, the multilinearity of results in Figure S1 indicates that several stages
can be available because they determine the kinetics of the adsorption process. Both regions
of the plot (Figure S1) must be analyzed independently. The interpretation of these regions is
confusing due to different authors responding differently to this phenomenon [82]. Gulliapi
et al. attributed the initial part of the curve to the diffusion in the micropores during the
adsorption of selenium through rice husk ash. They reported the diffusion in the meso- and
microporesis represented by the bi-linear in the intraparticle fitting (Figure S1) [83]. In the
study of biosorption of methylene blue using Paspalum notatum, Kumar et al. explained
this region as part of the diffusion in the limit layer [84]. Wang et al. hypothesized that
the intraparticle diffusion model occurs in the first part of the model (see black line Figure
S1), and the equilibrium of intraparticle diffusion in pores is achieved when both lines are
matched. According to Wang et al., if the fitting line (black line Figure S1) passes through
the origin point (0, 0), the adsorption is dominated by the intra-particle diffusion; if not, it
is a multiple adsorption process [85]. In our case, the fitting line of the first section of the
model did not pass exactly through the origin point (0, 0). Thus, intraparticle diffusion is
not the only speed-limiting step of the process.

Among kinetic models, the pseudo-second-order (PSO) model showed the best-fitting
results. Kinetic results and the ionic strength study suggest that electrostatic interaction
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between MO and biochar surface could be an important interaction during the adsorption
process. Qiu et al. suggested that pyrolysis temperature >400 ◦C can lead to an increase
in the electrostatic interaction of the biochar [86]. The PSO model has been reported
as best-fitting for the removal of various pollutants on biochar previously [87]. Ghani
et al. reported that during the pyrolysis process with temperatures lower than 500 ◦C,
the lignin is not converted into a hydrophobic hydrocarbon, and biochar becomes more
hydrophilic [88]. Due to the presence of a dye sulphonic group, the MO dye will anchor
easily on a hydrophilic surface. The adsorption of methylene blue on PWJ biochar reported
qe = 2.94 mg/g and k2 = 0.0867 [56]; in our case, both of them (qe and k2) were greater
evidence that PWJ biochar is better in the removal of anionic (MO) dye than cationic dye
methylene blue.

3.3. Isothermal Study of MO Adsorption on PJW Biochar

Figure 10 shows the results of the isothermal study of MO adsorption on PJW biochar.
Table 5 lists the physical–chemical parameters. Adsorption data show an L shape, which
indicates there is no competition between molecules of water and MO to fill the available
sites on the PJW biochar surface [89]. The Temkin and Langmuir models showed the
best-fitting results. The Temkin model assumes the adsorption enthalpy is reduced as the
adsorption coverage rises and the anchoring energy is dispersed over the anchoring site;
this is according to multi-layer adsorption on the heterogeneous biochar [76,90]. Among
isothermal models, the Temkin model has the best-fitting values since it suggests MO
adsorption on PJW biochar is a multi-layer process that is suitable for the characterization
results (Section 3.1). However, if it is compared with other reports (see Table 6), most
of them reported that the Langmuir isotherm is the best-fitting model. The Langmuir
isotherm assumes a dynamic equilibrium between the rates of sorption/desorption of
dye on the biochar surface [91]. In our case, PJW biochar shows a heterogeneous surface
according to a multi-layer process. In this case, it is possible that more than one model fits
the experimental data because they state that several adsorption processes occur during
dye anchoring. The mechanism of MO adsorption on biochar can be explained by various
processes (e.g., ion exchange, electrostatic interaction, and pore filling and precipitation).
The sulphonic group can interact easily with oxygen that contains groups located on the
surface of biochar, and the rest of the MO molecule can interact through an electrostatic
π-π interaction to anchor to the surface [92]. During the MO adsorption process onto
PJW biochar, multiple steps could be present: (i) external mass transfer, (ii) intraparticle
diffusion, and (iii) π-π interaction and electrostatics interactions [93]. Figure S3 shows a
diagram of the process.

Wu et al. studied MO adsorption onto halloysite nanotubes and chrysotile nanotubes,
and they reported that the Temkin model was suitable to describe the adsorption process [76].
Comparing the qmax = 8.08 mg/g obtained for PWJ biochar with typical reports for active
carbon, clays, and nanoparticles of composites, the value reported herein is small. However,
the biochar adsorbents obtained from waste contribute to reducing the bio-accumulate process
in the environment [44] and offer an alternative for carbon storage [94].

Table 5. Results of isothermal modeling of MO adsorption on PJW biochar.

Isothermal Model Parameters 1

Langmuir qmax (mg g−1) kL (L·min−1) R2 ARE (%)
8.08 0.0731 0.995 5.4

Langmuir KF (mg g−1)(L g−1)1/n !/n
1.45 0.368 0.981 8.3

Temkin
BT AT (L min−1)

1.52 1.14 0.999 1.1
1 Data obtained from fitting of isothermal models.
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Figure 10. Fitting results for isothermal adsorption of MO on PJW biochar (PJW dosage = 0.1 g;
stirring rate = 150 rpm, temperature = 298 K, error bar = SD, and n = 3).

3.4. Thermodynamic Study

We determined the temperature effect on the MO adsorption process in four tempera-
tures (30, 40, 50, and 60 ◦C). The thermodynamic parameters were determined from the
linear fitting of the Arrhenius equation (Equation (12)). Figure S2 shows the linear fitting
plot, and Table 6 lists fitting results for PJW biochar and other adsorbent materials. Table 6
shows the MO adsorption process is thermodynamic spontaneous (∆G = −0.954 kJ/mol) on
PJW. Also, the reduction in ∆G at higher temperatures verifies that the adsorption process
is thermodynamically allowed at higher temperatures. On top of that, MO adsorption was
an endothermic type process (∆H = 12.7 kJ/mol). Comparing the results of PJW with other
thermodynamic reports for MO removal from water, they are comparable (see Table 6). The
value of ∆G was negative for all reports listed, and most of the sorbents reported in Table 6
show positive enthalpy adsorption values related to the endothermic process.

Table 6. Thermodynamic properties for MO removal on various adsorbent materials.

Adsorbent Materials Isotherm Model Temperature (K)
Thermodynamic Parameters 1

∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/molK)

PJW Temkin

303 −0.954 12.7 45.2
313 −1.406
323 −1.859
333 −2.311

Active carbon—Vittis vinifera L. [95] Freundlich
288 −0.17 39.1 133
303 −1.91
318 −3.13

CuO [96] Langmuir
303 −0.256 15.8 58
318 −1.07
333 −1.89

Modified silkworm exuviae [97] Langmuir
303 −3.37 2.54 20
313 −3.54
323 −3.78

PVP-ZnO composite [98] ---

298 −51.2 49.9 171
308 −52.9
318 −54.6
298 −51.2
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Table 6. Cont.

Adsorbent Materials Isotherm Model Temperature (K)
Thermodynamic Parameters 1

∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/molK)

Orange peels [99] Langmuir

303 −9.19 49.3 256
313 −11.3
323 −13.5
303 −9.19

Orange peels [100] Langmuir
298 −25.8 −23.1 9.1
313 −25.9
333 −26.2

Sugar scum powder [101] Langmuir
293 −14.6 −14.14 2.03
303 −14.9
318 −14.7

Chicken manure biochar [102] Langmuir
303 −2.24 7.56 32.9
313 −2.63
323 −2.90

1 Data obtained from Arrhenius equation fitting.

The reusability of biochar is a critical property for industrial applications. The ad-
sorbent stability can be tested under different experimental conditions to determine its
impact on the removal capacity of biochar (pressure, temperature, acid and alkali medium,
and recyclability) [103]. Figure 11 shows the recyclability capability of PJW biochar after
four sorption/desorption cycles. Results showed that after four consecutive cycles, the
removal capacity of PJW biochar was reduced by only 4.3%. This suggests that PJW biochar
is suitable for removing MO from the water after repetitive cycles. This is an important
aspect to include sustainability in the physical transformation process; the biomass waste
problem is solved after the biochar production, and the biochar can be used in various
cycles to remove a dye from water.
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rate = 150 rpm, temperature = 298 K, error bar = SD, and n = 3).

Finally, the PJW is an attractive option to be used as an inexpensive and sustainable
biochar source to remove MO from the water.
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4. Conclusions

We obtained biochar using PJW as a source of carbonaceous material. The material
was heterogeneous and structurally complex. PJW shows a rough texture with a pore size
of 26 nm. The FTIR results were suitable with a biochar obtained from a biomass with a
high lignin and cellulose content. The PJW biochar displayed a maximum percentage of
MO removal of 64%. The pH study showed the removal efficiency was reduced as pH was
increased, and besides the ionic strength, results indicated that the electrostatic screening
could be presented. The PSO model was suitable to describe the MO adsorption process
(k2 = 0.295 g mg−1min−1; qe = 8.31 mg g−1). The thermodynamic results showed the MO
removal by PJW biochar was a spontaneous process (∆G = −0.954 kJ/mol) and endothermic
type process (∆H = 12.7 kJ/mol). The reusability test indicated that PWJ biochar was stable
after four consecutive adsorption/desorption cycles. Finally, all the results indicated the
PJW is an attractive option to be used as an inexpensive and sustainable biochar source to
remove MO from the water.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemengineering7060114/s1. Table S1. List symbols & abbre-
viations. Figure S1. Intra-particle diffusion fitting for experimental data of MO adsorption on PJW
biochar; Figure S2. Linear fitting of Arrhenius equation for MO adsorption on PJW biochar. Figure S3.
Possible diagram for MO sorption onto PJW biochar.
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