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This study investigates the production of biochar from sludge derived from industrial and
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indicating monolayer adsorption with a high correlation coefficient (R2=0.99). Kinetic
analysis suggests that the adsorption process adheres to pseudo-second-order Kinetics,
implying chemisorption, with a higher correlation coefficient (R?=0.9788) than pseudo-first-
order kinetics (R2=0.8445), highlighting the biochar's potential as an efficient and eco-
friendly adsorbent for dye removal in wastewater treatment.

1. Introduction

In recent times, waste management has confronted
unprecedented challenges, particularly in handling sewage
sludge. This sludge, resulting from wastewater treatment
processes, embodies a complex mixture of organic and
inorganic substances, presenting potential environmental
hazards [1]. The urgency for innovative and sustainable
waste treatment and valorization methods has never been
critical [2]. Among the myriad of valorization strategies,
the chemical conversion of sewage sludge, especially
through pyrolysis, stands out as a noteworthy solution [3-
4]. This technique involves the thermal processing of
sludge at elevated temperatures to transform its organic
matter into valuable byproducts, such as biochar [5].

Pyrolysis, in addition to other thermochemical
techniques such as hydrothermal treatment [6-7],
gasification [8-9], and combustion [10], is a versatile and
effective approach for sludge management. This research
focuses on the pyrolysis process, aiming to convert the
organic constituents of sewage sludge into biochar, a
carbon-rich, porous material renowned for its exceptional
adsorption properties. The focus is particularly riveted on
biochar's ability to remove organic pollutants, notably dyes,
from wastewater, leveraging its porous nature [11-12].
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The utility of biochar as an adsorbent for removing
organic contaminants, including dyes, through adsorption
has emerged due to its high efficiency, cost-effectiveness,
and straightforward application [13-14]. This study aimed
to scrutinize the adsorptive properties of biochar,
specifically in terms of reducing color contamination in
water bodies, with a focus on methylene blue. Furthermore,
efforts have been made to explore the feasibility and
practicality of biochar for real-world applications in
industrial and municipal wastewater treatment, thus
presenting a sustainable solution to a pressing
environmental challenge.

2. Experimental
2.1. Biochar production

This study utilized residual sludge from a wastewater
treatment plant in Ifrane, Morocco. To produce biochar, the
sludge was first dried in an oven at 150°C overnight to
eliminate moisture. It was then ground and sieved to
achieve a particle size of less than 120 um. This fine
powder underwent pyrolysis carbonization in a
programmable furnace at 550°C for one hour at a heating
rate of 10°C/min.
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2.2. Adsorbate (MB) preparation

Methylene blue (MB), a cationic dye with the chemical
formula C16H18N3SCI-3H20, was chosen as the
adsorbate for this study. A stock solution was prepared by
dissolving 1 g of methylene blue in 1 L of distilled water.
This solution was then diluted to achieve concentrations
ranging from 20 to 60 mg. L-1, intended for use in
adsorption experiments.

2.3. Characterizations of biochar

The biochar surface functional groups were identified using
Fourier transform infrared spectroscopy (FTIR) on a
Nicolet iS50 instrument set at a resolution of 4 cm-1 across
a spectral range of 400 to 4000 cm-1. X-ray diffraction
(XRD) analysis was performed to study the biochar's
crystalline structure using a Shimadzu 6100 powder
diffractometer with a monochromatic beam (ACuKoa =
1.541838 A). These measurements were carried out at room
temperature, covering a 20 range of 10 to 70° with a
scanning speed of 2° per minute.

2.4. Adsorption Experiments

For the adsorption experiments, 0.6 g of the prepared
biochar was dispersed in 50 mL of methylene blue solution
(60 mg/L) in a beaker, and the solution was maintained at
room temperature and a pH of 8.5. The mixtures were
agitated for 3 hours to reach adsorption equilibrium and
then filtered through a membrane with pore sizes between
16 and 40 um. The filtrates were analyzed using a UV—
visible spectrophotometer at 664 nm to determine the
concentration of methylene blue remaining in solution. The
adsorption capacity of the biochar was calculated using
Equation 1[16]:

_ (Co=Ce)xV
q= )

where Cy and C, are the initial and equilibrium
concentrations of methylene blue (mg. L%, V is the
volume of the solution (L), and m is the mass of the biochar
used as adsorbent (g).

2.5. Theoretical background
2.5.1.  Adsorption isotherms

The Langmuir and Freundlich models are critical for
elucidating the adsorption mechanisms on surfaces [17].
The Langmuir model is calculated with the following
equation [18]:
1 1 1 1
Qe - QmKL X Ce + Qm (2)

elates to monolayer adsorption, where Q,, and K, are the
maximum adsorption capacity and adsorption constant,
respectively. The Freundlich model is expressed as [19-20]:

1
nQ, = InKy + - InC, 3)

describes multilayer adsorption on heterogeneous surfaces,
with K¢ and 1/n; indicating the adsorption capacity and
intensity, respectively.

2.5.2.  Adsorption kinetics

Kinetic analyses using pseudo-first order and pseudo-
second order models help researchers understand the time-
dependent adsorption process [20]. The pseudo-first-order
model is depicted as [21]:

n(Q. — Q) = InQ, — Kyt 4)
focusing on the adsorption rate K;. The pseudo-second-
order model better accounts for the entire adsorption
mechanism [22]:

t 1 1 t (5)

0 K203 Qe
where K, represents the rate constant for the second-order
reaction.

3. Results and discussion
3.1. Characterization of biochar
3.1.1. Infrared spectroscopy

Figure 1 shows the Fourier transform infrared
spectroscopy (FTIR) spectra of the raw urban sludges and
biochar, denoted as (a) and (b), respectively. The analysis
of the spectrum for raw urban sludges reveals several
distinct features. The broad peak at 3276.46 cm~ ! indicates
the presence of -OH groups involved in hydrogen bonding,
which are typically found in alcohols or phenols.
Absorption bands suggestive of aliphatic -CH groups,
possibly originating from the glycidic components of lipids,
are observed at 3050.08 cm™ ¢, 2973.30 cm™ ¢, and within
the range of 2919.69 to 2844.49 cm™ 1. Additionally, a peak
at 1639.20 cm™ t signifies -C=0O groups in lipids. The
protein structures are indicated by the peak at 1537.95
cm™ 1, which is related to amide II, while the peak
attributed to the stretching of aromatic C=C bonds is noted
at 1417.42 cm™ L. The spectrum also displays a band at
1240.97 cm™ 1, indicative of C-O groups in carboxylic
acids, and a peak at 1030.77 cm™ 1, likely corresponding to
C-O stretching in alcohols, ethers, or esters. The peak at
880.34 cm™ ! is associated with Si-O valence vibrations.
Following pyrolysis, significant changes are observed in
the spectrum, including the disappearance of peaks at
3276.46 cm™ 1, 3050.08 cm™ 1, and 2973.30 cm™ 1, within
the range of 2919.69 to 2844.49 cm™ 1, and at 1417.42
cm™ 1 The intensities of the peaks at 1639.20 cm™ 1,
1537.95 cm™ 1, and 1030.77 cm™ ! are notably reduced,
whereas the peak at 880.34 cm™ ! remains unchanged,
highlighting the alterations in chemical composition and
structure induced by the pyrolysis process [23].

3.1.2.  Structural analysis

Figure 2 illustrates the mineralogical composition of the
initial raw sludge and the resulting biochar after pyrolysis.
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The diffractograms of the raw sludge reveal the presence of
specific mineral compounds, including calcium carbonate
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Fig. 1. Infrared Spectra of Raw Urban Sludge (a) and Biochar (b)

(CaCO0y), quartz (SiO,), dolomite (Ca(Mg,Fe)(COs),), and
alumina (Al,Os). A significant peak indicative of organic
matter is observed in the urban sludges. The presence of
quartz is attributed to retained clay and sand particles from
post-wastewater treatment processes. Additionally, CaCOs
is detected, likely resulting from the intentional addition of
lime to enhance sewage sludge dehydration and mitigate
odors. After pyrolysis, as shown in Figure 2(b), the
dolomite found in the sewage sludge partially decomposes
into CaCO;, and organic carbon is transformed into
amorphous organic carbon, as evidenced by a shift in the
peak toward lower 20 angles. This indicates that the
resulting biochar retains some mineralogical characteristics
from the raw sludge, which is attributed to the relatively
low temperature employed during the pyrolysis process
[24].
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Fig. 2. XRD diffractograms of (a) urban sludge and (b) biochar
3.2. Kinetic analysis

The collected experimental data are graphically
represented in Figure 3, illustrating the fit of the pseudo-

first order (a) and pseudo-second order (b) models to the
adsorption kinetics of methylene blue on biochar. The
kinetic parameters derived from each model are
summarized in Table 2.
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Fig. 3. Comparison of Pseudo-First Order (a) and Pseudo-Second Order
(b) Models for the Adsorption Kinetics of Methylene Blue on Biochar

Table 2 reveals significant differences between the pseudo-
first order and pseudo-second-order Kinetic models.
Notably, the correlation coefficient (R?) for the pseudo-
second-order model (0.9788) is substantially greater than
that for the pseudo-first-order model (0.8445), indicating a
better fit of the second-order model to the experimental
data. This discrepancy highlights the limitations of the first-
order model in accurately predicting the equilibrium
adsorption capacity, as evidenced by the differences
between the experimentally observed (0e.xp) and calculated
(Qecar)) Values. In contrast, the pseudo-second-order model
demonstrates a closer alignment between the experimental
and calculated values, suggesting that the adsorption of
methylene blue on biochar is better described by this
model. The superior fit of the pseudo-second-order model
underscores the likelihood of chemisorption as the
predominant mechanism, characterized by electron
exchange processes at the solid—liquid interface [26-27].

Table 1
Kinetic parameters for the adsorption of MB on biochar

Pseudo-First order model Pseudo-Second order model

k k
Ceexp Qe,cal ( mi;-1) R’ Qe,exp Qe,cal & mg-12 min_l) R’
33.25 22.86 0.016 0.845 33.25 37.59 0.00075 0.979

3.3. Isotherm analysis

Using the Langmuir and Freundlich mathematical
models, we were able to derive essential adsorption
parameters and ascertain the maximum adsorption capacity.
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Figure 4 shows the adsorption isotherms of methylene blue,
modeled by the Langmuir (a) and Freundlich (b) equations.
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Fig. 4. Adsorption isotherms of methylene blue modeled by the (a)
Freundlich and (b) Langmuir equations

Table 2
Adsorption parameters for MB on biochar

Langmuir Adsorption Isotherm Freundlich Adsorption

Isotherm
gm(mgg™) Ki(Lg) R® R Ke 1/n R
32.47 4.40 0.99 0.009- 22.19 0.3322 0.9176

0.043

4. Conclusion

This study successfully produced biochar from urban
sludge and demonstrated its efficacy as an adsorbent for the
removal of methylene blue from aqueous solutions,
underscoring the potential of sustainable materials in
wastewater treatment. Characterization revealed significant
differences in the material properties and provided insights
into the changes in mineral composition that are critical to
the adsorption process. The Langmuir isotherm model, with
an adsorption capacity of 32.47 mg/g, underscored the
suitability of this model for describing the adsorption
behavior, suggesting a monolayer adsorption mechanism.
Kinetic analyses supported the predominance of pseudo-
second-order Kkinetics, indicative of a chemisorption
process involving electron exchange at the solid-liquid
interface. These findings not only highlight the potential of
biochar as an effective adsorbent for dye removal in
wastewater treatment but also contribute to the broader
search for environmentally friendly and efficient pollution
mitigation strategies.
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