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Abstract

In this study, we delve into the synthesis of Conocarpus (pruning waste) biochar (C.biochar)
and its composite with Iron/Manganese (Fe/Mn-C.biochar) through a modified wet impregnation
method. Batch adsorption experiments were conducted to evaluate the methylene blue (MB) remov-
al efficiency of C.biochar and Fe/Mn-C.biochar composite from aqueous solution. Several key factors
were analyzed, namely, contact time, adsorbent dose, pH level, and MB concentration. Fe/Mn-C.bio-
char composite showcased remarkable MB removal efficiency, exhibiting a 100% removal rate, where-
as C.biochar alone removed 25% MB. Adsorption capacity peaked at 97.41 mg g within 60 minutes
of contact time. pH values significantly influenced the adsorption process, indicating improved removal
efficacy at both acidic and alkaline conditions. This improvement is potentially attributed to surface
complexation and the interaction between metal ions in the composite. A kinetic study was conducted,
favoring the pseudo-second-order model. MB dye removal data exhibited best fit to Temkin and D-R
models that showcased chemisorption, reinforcing the suitability of the composite for successful ad-
sorption. FTIR analysis revealed the presence of diverse functional groups in the synthesized nanocom-
posites. For Fe/Mn-C.biochar composites, the IR analysis exhibited peaks associated with metal-oxygen
vibrations, emphasizing the incorporation of Fe and Mn. However, the peak intensities related to Fe
and Mn reduced after the adsorption of MB, suggesting the creation of complexes between the dye
molecules and metal oxides. Additionally, morphological studies and EDS analysis further confirmed
that the weight ratio of Fe and Mn decreased in the MB-adsorbed nanocomposites. These mechanisms

provide a sustainable and optimistic solution for the elimination of MB dye.
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Introduction

The scarcity of water is a significant worldwide is-
sue, placing immense pressure on both the environment
and humanity [1]. Communities worldwide are facing
a growing need for freshwater that frequently exceeds
the available supply, presenting a significant challenge.
For example, this shortage of water is more noticeable
in arid areas where population densities are increasing,
and water resource management strategies are inadequate
[2]. As agricultural land becomes scarcer, risks to agricul-
ture, industry, and overall social health also increase [3, 4].
The widespread issue of water pollution only adds to this
challenge, creating a new layer of complexity in the global
water crisis. Industrial chemicals, including methylene blue
(MB), play an important role in the contamination of wa-
ter sources. It is commonly used in industries like textile
and printing because of its unique chemical properties that
make it necessary to be removed from water systems [5].
The continuity of these pollutants within natural aquatic
environments threatens species richness, ecosystem ser-
vices, and health outcomes among people who depend on
such sources [6].

Water pollution should be addressed because it is very
critical in ensuring that there is sufficient clean water. This
is because standard water treatment approaches usually fail
to remove particular contaminants, such as MB, effectively
[7]. As a result, the need for innovative and sustainable
water purification technologies is increasing. This brings
us to the focal point of our investigation: There is a need
to investigate synergistic mechanisms of the biochar with
Fe/Mn in MB adsorption. Currently, considerable research
has been dedicated to biochar derived from diverse materi-
als using the pyrolysis technique, which is regarded as a po-
tential substance for water treatment [8], and at the same
time, a mixture of iron (Fe) and manganese (Mn) coupled
with biochar is a very interesting pathway for improved
adsorption capacity [9].

A highly carbonaceous material, biochar, is obtained
through the process of pyrolysis with biomass and has
been attracting a lot of attention due to its diverse uses
in water treatment [10]. Compared to many other ad-
sorbents that are used for removing pollutants such as
heavy metals and organic dyes, biochar has proven to
be a very efficient one. Lu et al. discussed the high ad-
sorption capabilities of biochar derived from agricultural
wastes to remove organic contaminants in the water [11].
Nevertheless, despite these virtues, biochar possesses
many limitations, such as the limited affinity for some
pollutants, requiring additional improvements towards
customization based on the water treatment application
niches [12]. To deal with the limitations of current biochar,
significant investments were made in developing modern
composite materials. One of such emerging composites is
the Fe/Mn-C.biochar composite. This composite shows
a particular Fe, Mn, and C composition that strongly
increases the adsorption capacity, especially for certain
contaminants. Research has shown that the Fe and Mn
biochar addition improves the selectivity levels as well

as affinity towards target compounds, hence a substantial
increase in the overall performance of water treatment is
observed.

In a recent study that focused on improving the removal
of contaminants, Shi et al. investigated both the metallic
and biochar oxides effects in combination [ 13]. While these
composite materials show an enhanced absorption capacity,
weaknesses such as agglomeration and limited stability un-
der some conditions are still inevitable disadvantages [14].
Balancing the adsorption efficiency and stability of materi-
als is very important for the operation of biochar-metals
composite systems.

Among the large number of combinations between met-
al and other metals that have been investigated, the Fe/Mn
binary system has proven to be an excellent direction [15].
The catalytic activity and redox potential of Fe/Mn com-
posite contribute significantly to enhancing the adsorp-
tion efficiency of biochar [16]. A recent study showed
that Fe/Mn-loaded biochar has great potential for textile
wastewater treatment [17]. Thus, addressing the limitations
of biochar and metals for the synthesis of metal-loaded bio-
char offers an attractive and effective wastewater treatment.
The study of these materials is caused by their characteris-
tics to work synergistically together, thus forming a system
that works more effectively and efficiently in eliminating
MB from water.

Material and Methods
Materials

Ferric chloride hexahydrate (FeCl;-6H,0) and man-
ganese dichloride tetrahydrate (MnCl,-4H,0) were pur-
chased from Surechem Products Limited, UK. MB was pur-
chased from Sigma-Aldrich, Co., Spruce Street, St. Louis.
The chemicals utilized in this study were analytical grade.
The aqueous solution was prepared using distilled water.

Material Synthesis
Biochar Synthesis

The waste from pruning Woody Conocarpus was
gathered from the male campus of King Saud University
in Riyadh, Saudi Arabia. The biomass was thoroughly
washed multiple times using ultrapure water, after which it
was oven-dried for 48 hours at 105°C, and finally ground.
The resulting particles from grinding were stored for
the next stage.

The pristine C.biochar was synthesized by subjecting
the biomass (Woody Conocarpus pruning) to pyrolysis
when heated to 800°C for three hours at a rate of 5°C per
minute in a Nabertherm GmbH (Germany) box furnace with
limited oxygen. The obtained biochar underwent several
washes with ultrapure water and then dried in an oven at
105°C for 24 hours. The synthesized biochar was termed
C.biochar and was utilized for further adsorbing the model
dye, i.c., methylene blue (MB dye).
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Fe/Mn-C.biochar Composite Synthesis

Wet impregnation techniques [ 18] with a slight modifi-
cation were employed to synthesize the Fe/Mn-C.biochar
composite. FeCl;-6H,0 and MnCl,-4H,0 served as sources
of iron and manganese, respectively. In a typical method,
15 g of Conocarpus pruning waste biomass powder was
added to a 180 mL solution of FeCl3-6H,O (0.70 mol L)
and MnCl,-4H,0 (0.35 mol L"). The solution was thor-
oughly mixed and stirred on a magnetic stirrer plate for
4 hours at 60°C. Subsequently, the slurry was retrieved
and dried in a drying oven for 24 hours at 80°C. The dried
product was then pyrolyzed under the same conditions
as those used to prepare pristine C.biochar. The resulting
Fe/Mn-C.biochar composite underwent multiple washes
with ultrapure water and was subsequently kept in a drying
oven for 24 hours at 105°C. Following the drying process,
the composite was stored in a desiccator until further char-
acterization and experiments.

Batch Reactor Adsorption Studies

Batch experiments were performed in the aqueous
phase utilizing C.biochar and Fe/Mn-C.biochar composite
in the presence of MB dye. The experiments were performed
at temperatures of 25+2°C. Erlenmeyer flasks with a capacity
of 250 mL were utilized, each having 50 mL of varying initial
concentrations of MB dye ranging from 20 to 70 mg L.
The doses of C.biochar and Fe/Mn-C.biochar composite
ranged from 0.10 to 0.4 g L. The pH of the solutions was
adjusted within the range of 3 to 10 using either 0.1 M HCl
or 0.1 M NaOH solutions. The flasks underwent agitation
using a shaking incubator operating at 150 rpm for specific
contact times ranging from 10 to 180 minutes to achieve
equilibrium. Subsequently, the filtrates were examined using
aT80" spectrophotometer (PG instruments) at 668 nm wave-
length. The adsorption capacities at time and equilibrium,
i.e., g;and g, in mg g’', along with the percentage MB dye
removal for both C.biochar and Fe/Mn-C.biochar composite,
were determined using Eq. 1-Eq. 3.
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Where: V' is volume in L, m is the mass of the adsorbent
in g, C,, C, and Cyare the initial, at time “t” and final MB
dye concentrations (mg L), respectively.

Kinetic Modelling

Kinetic studies on adsorption play a vital role in op-
timizing the conditions of the adsorption process for

the removal of contaminants. In this study, the kine-
tics of the MB dye adsorption process were examined
through commonly used models: the first order (FO)
model, the pseudo-second order (PSO) model, and the in-
traparticle diffusion model (IPD). These models can be
mathematically represented by Eq. 4—Eq. 6. The adsorp-
tion kinetics were investigated at various initial dye
concentrations (20, 30, 40, 50, 60, and 70 mg L!) over
a period of 180 minutes.

InC; = -k, + InC, 4)
(11

Z_ kquz " qe )

g = kigt>> + 1 (6)

Here: k, k,, and kiq denote FO, PSO, and IPD model con-
stants, respectively. / determines the boundary layer thick-
ness in the [IPD model.

Adsorption Isotherm Analysis

Adsorption isotherm models are extensively utilized
mathematical tools for characterizing various aspects
of the adsorption process, such as the extent of molecule
coverage, the homogeneity or heterogeneity of the adsor-
bent surface, the strength of binding energies, the nature
of the physical and chemical interactions involved, as
well as the adsorption heat of the molecules. In this
study, the equilibrium data of MB dye adsorbed on
Fe/Mn-C.biochar was analyzed using linearized versions
of four commonly employed isotherm models: Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich (D-R).
Subsequently, the parameters and constants of these
models were calculated based on the obtained results.
The linearized forms of the Langmuir, Freundlich, Tem-
kin, and D—R isotherm models are represented by Eq. 7—
Eq. 10, respectively.

é - KL;max ) CL " qnllax )
logg. = log + = logC. ®)
g. = Bylnd + BenC. ©)
.= Ing, — KE (10)

Where: ¢, and gn.x are the equilibrium and maximum
adsorption capacities, K, Ky, Br and K are the Langmuir,
Freundlich, Temkin, and D-R constants, respectively. &
and A are the adsorption potential and equilibrium binding
constant, respectively.
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Results and Discussion
Characterization
Fourier Transform Infrared Spectroscopy Analysis

The Fourier transform infrared (FTIR) spectra were
scanned for the C.biochar, MB dye-loaded C.biochar,
Fe/Mn-C.biochar, and Fe/Mn-C.biochar containing MB.
The spectrum of all four materials indicated the presence
of various functional groups. In all C.biochar and Fe/Mn-C.
biochar composites, the peaks at 1024 cm™! are associated
with C-O stretching and Fe/Mn-C.biochar displays addi-
tional peaks at 444 cm™ (Mn-0), 531 cm™! (Fe-O vibrations)
[19], a peak at 1616 cm™ was attributed to aromatic C=C
stretching, and peaks at 2845 cm™ and 2910 cm! were at-
tributed to C-H stretching [20].

In addition, a peak at 3410 cm™! is assigned to the -OH
stretching [21]. These results therefore indicate the pres-
ence of oxygen-containing groups in aromatic structures
and aliphatic hydrocarbons. Nitrogen-containing groups
were present at 1016 cm™' (C-N stretching), 1701 cm!,
and 1731 c¢m™ (C=O stretching) in the MB-loaded na-
nocomposites [22]. Moreover, vibrations under 600 cm’!
represent tensile vibration to metal-based compound
formation [23]. As a result of the adsorption process,
Mn-O and Fe-O peaks observed in Fe/Mn-C.biochar were
reduced, implying interactions of metal oxides with MB
dyes to form complexes. These findings were supported
by the EDS analysis (Fig. 1b and Fig.1d) that revealed Mn
and Fe reduction (weight%) after the adsorption reaction.
Previous studies showed that the electrostatic interactions,
complexation, or redox reactions with dye molecules are
due to the presence of Fe/Mn, which enhances the adsorp-
tion capacities of the nanocomposites. The decreased peak
intensities were observed and changes in weight% of Mn
and Fe indicate that a complexing process occurs between

dye molecules trapped by the Fe/Mn oxide presented within
C.biochar [24]. The characterization results agree with
the reaction studies, as Fe/Mn modified C.biochar showed
higher adsorption capacity and percent removal compared
to C.biocar.

Scanning Electron Microscopic Analysis

Scanning electron microscopy (SEM) and energy dis-
persive spectroscopy (EDS) were used to understand the sur-
face morphology of the C.biochar and Fe/Mn-C.biochar
before and after the adsorption reaction. Fig. 2a—Fig. 2d il-
lustrates the surface characteristics of C.biochar, Fe/Mn-C.
biochar, and MB-loaded C.biochar and Fe/Mn-C.biochar.
The images of C.biochar and MB-loaded C.biochar exhibit
smooth surfaces, while MB loading is evident in Fig. 2b.
Upon the introduction of Fe/Mn- into C.biochar, a distinct
spherical shape is observed in Fig. 2c. However, after
the adsorption of MB dye, agglomeration becomes appar-
ent. The coexistence of Fe, Mn, and C is evident in the EDS
analysis shown in Fig. 2 (la—1d).

In addition, the EDS analysis depicted that C was
the dominant element in both C.biochar and MB-loaded
C.biochar (Fig. 2 (1a and 1b)). However, after the wet
impregnation process of Fe/Mn introduction, a decrease
in C contents (96% to 71%) was observed. The contents
(weight%) of Mn and Fe were 2.9 and 9.2, respectively.
This implies that more Mn and Fe oxides were impreg-
nated in Fe/Mn-C.biochar, which eventually contributed
to the efficient adsorption of MB dye [25]. Moreover, after
adsorption of MB dye, the Mn and Fe contents (weight%)
decreased to 0.5 and 2.5, respectively (Fig. 2 (1c and 1d)).
The reduction in Mn and Fe contents after MB dye adsorp-
tion suggests the formation of surface complexes or coor-
dination bonds, likely involving hydrogen bonding, n—n
interactions, and ion exchange processes between the metal
oxides and dye molecules on the biochar surface [26].

Transmittance (%)
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=== C.biochar (MB dye)
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== C.biochar
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Fig. 1. FTIR analysis of the C.biochar, MB loaded C.biochar, Fe/Mn-C.biochar, and MB loaded Fe/Mn-C.biochar.
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Effect of Different Reaction Parameters
Effect of Contact Time

MB dye adsorption was studied across a wide range
of contact times, ranging from 0 to 180 minutes. The data
collected demonstrates a gradual increase in the adsorp-
tion capacity of MB dye over time, as clearly illustrated
in Fig. 3. The maximum adsorption capacity 0f97.41 mg g!
(97.38%) was achieved at 60 minutes, with no further
notable increase in the adsorption. This phenomenon can
be attributed to the abundance of unoccupied sites initially
present on the surface of the Fe/Mn-C.biochar composite
[27], which facilitates the rapid adsorption of MB. Moreo-
ver, as time progresses, the remaining unoccupied sites
become less accessible to the MB dye molecules due to
potential repulsion between the already adsorbed molecules
and the molecules present in the solution [28]. The point
of equilibrium signifies the instance when the absorbent
reaches a state of saturation and can no longer adsorb ad-
ditional dye molecules. Consequently, no further enhance-
ment in the MB adsorption capacity was observed after
60 minutes. This moment was designated as the equilibrium
time, prompting the execution of the rest of the batch ex-
periments to explore the remaining influential factors until
equilibrium was attained.

Effect of Adsorbent Dose

The effect of the amount of C.biochar and Fe/Mn-C.
biochar composite on the adsorption of MB dye was
observed by adsorbing a constant concentration of dye
(40 mg L") at varying amounts (0.1 to 0.4 g L") under
ambient conditions as depicted in Fig. 4a and Fig. 4b.
The increase in adsorbent dosage resulted in an increase
in MB removal for both C.biochar and its nanocompos-
ites. This phenomenon can be ascribed to an increased
quantity of available sites for adsorption. When the dose
of C.biochar and Fe/Mn-C.biochar composite was 0.1 g L},
the adsorption capacity for MB was 38.51 mg g! (9.624%
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removal) and 159.55 mg g (39.87% removal), respec-
tively. Upon increasing the adsorbent dose to 0.4 g L,
the removal percentage for C.biochar and Fe/Mn-C.biochar
composite increased to 18.32% and 97.38% respectively.
However, the adsorption capacity decreased to 18.33 mg g™!
for C.biochar and 97.41 mg g*' for Fe/Mn-C.biochar com-
posite. The elevated concentration of MB in the system
for lower amounts of the adsorbent indicates the presence
of numerous active sites for adsorption and consequently
a high adsorption capacity. However, as the amount of ad-
sorbent continues to increase, the removal rate tends to
increase because more empty adsorption sites become
available. However, once the MB adsorption amount reach-
es saturation, the removal rate does not increase even if
the amount of adsorbent is increased. The observed trend
of higher adsorption capacity at low adsorbent doses with
lower MB removal percentages, and vice versa at higher
doses, can be attributed to various factors in the adsorp-
tion processes. Initially, at a low dosage of the composite,
the underutilization of available surface sites and faster
mass transfer contribute to an increased adsorption capacity
[29] but decreased removal percentages. As the adsorbent
dose increases, surface saturation, aggregation of adsorbent
particles, mass transfer limitations, competition for active
sites, and diffusion constraints within particles become
prominent [30], leading to a decrease in adsorption capacity
but higher removal percentages.

Effect of pH

Solution pH is also a crucial determinant in the ad-
sorption of MB onto the absorbents. Fig. 5a and b de-
picted the MB removal efficacy and adsorption capacity
of C.biochar and Fe/Mn-C.biochar nanocomposite at a se-
ries of pH values (3—10). The adsorption of MB on both
absorbents consistently increased as the pH increased. For
C.biochar, the removal percentage was recorded between
15 to 19% at a pH range of 3 to 10. However, the introduc-
tion of Fe and Mn led to a sharp increase in the removal
percentage for both acidic and alkaline pH ranges. With
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Fig. 3. Effect of contact time on the MB adsorption. a) C.biochar; b) Fe/Mn-C.biochar composite.



Abdulrahman Ali Alazba, et al.

oY)
~

~@— Adsorption capacity (mg g™) 20
- 40 - ~~Removal (%)
» - _--~-B |l
20 \ =
g 354 \ /s
= \ P -16 &
z . . <
S 40 \ ’ S
§ 30 N - 14 g
8 y=! £
g 25- RN e
g P -~ o - 12
e. I ﬁ ~
: g =
201 4
| ~ - 10
< - ®
15 8

0.10 0.5 020 025 030 035 040
Adsorbent Dose (g L)

Fig. 4. Effect of adsorbent dose on the MB adsorption. a) C.biochar; b) Fe/Mn-C.biochar composite.

a)
20 22
—@)— Adsorption capacity (mg g)

~ ~™ - Removal (%) ----

i 21
o194 ~

/
£ o s
-—- - N
g 187 - L19 =
£ " s
< / = o
g 174 / , 4 -18 &
S I &
- s L

£ & = 17

] /

o 164 -

= / 16
< s 7

15 T L] L) T T L) Ll T 15
2 3 4 6 7 8 9 10 11
pH

b)
- @ — Adsorption capacity (mg g')
—_ 1601 @ ~ ™~ Removal (%) - - 100
D \ -
w1501 N - L 90
£ 140 N A <
> \ s 80 X
5 s g —
< - \ <
) 130 - [0 S
S A g
= 1204 B~ 5
) 4 S o F60 o7
-8 , -
21104 s S o
8 4 ~ B 50
2 100 . S
E ~
< - © tao
90 T T T T T T T
0.10 0.15 020 025 030 035 040
Adsorbent Dose (g L")
b)
120 100
- =
—_ -
o = N
21104 - =
E rd ~ ~ B 90
= - \E =
=
%’ 100 1 - <
[] - <
= - ~ 80 >
S e - e o
= 904 - So £
g & e [~
I
- 70
% 804
2 ~@~ Adsorption capacity (mg g)
~M™ - Removal (%)
70 T T T T T T T T 60

9 10 11

)
w
IS
9}
=)
N
o0

Fig. 5. Effect of pH on the adsorption of MB. a) C.biochar; b) Fe/Mn-C.biochar composite.

an increase in pH (3—10), the MB removal rate reached
approximately 90%, and at pH >7, the removal rate was
almost 100% for Fe/Mn-C.biochar. This information illus-
trates the importance of an electrostatic interaction binding
mechanism. The biochar surface exhibits chemical groups
such as -OH and -COOH, and the dye pH induces altera-
tions in the charge and electrical properties of these groups
[31]. When pH is lower, the absorbent surface is enriched
with a notable amount of H" ions, leading to electrostatic
repulsion with the cationic dye (MB) [32], thereby im-
peding MB adsorption. With the rise in pH, the H' ions
concentration reduced, attenuating the specific reaction
and competitive adsorption between MB and H', ultimately
resulting in improved MB dye adsorption.

Effect of MB Concentration
Investigations of the removal efficiency of C.biochar

and Fe/Mn-C.biochar nanocomposite for different initial
MB concentrations ranging from 20 to 70 mg L' were

conducted. Fig. 6a illustrates the initial adsorption and re-
moval rate of MB solution over C.biochar. In the begin-
ning, the removal rate reached 27%. However, as the ini-
tial concentration increased, the removal rate gradually
decreased. In the case of Fe/Mn-C.biochar, the removal
rate was nearly 100% at 20 mg L' MB concentration
but decreased to 66.51% when the concentration reached
70 mg L (Fig 6b). The observed decrease in the percent
removal could be attributed to the reduced availability
of active sites necessary for higher dye concentrations.
Conversely, the adsorption capacity exhibited a rapid in-
crease with higher solution concentrations, primarily due
to the intensified adsorption driving force and enhanced
contact between the adsorbent and MB dye. At 70 mg L™
MB concentration, the adsorption capacity reached an
impressive 116.41 mg g”!'. As MB concentration increases,
more dye molecules are available for adsorption, leading
to an apparent increase in adsorption capacity [33]. How-
ever, the higher concentration may also result in increased
competition among dye molecules for available adsorption
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Table 1. Kinetic parameters and constant for first order, pseudo second order, and Intra particle diffusion model fitness.

FO PSO IPD
Co 30.341 e (cal) 102.04 kiq 6.60
[ 15.36 qe (exp) 97.38 I (thickness) 28.56
k 0.0451 k, 0.002 R? 0.8031
R? 0.9623 R? 0.9971

sites, possibly leading to incomplete coverage of the adsor-
bent surface and reduced removal efficiency [34]. Further-
more, when the concentration of dye is increased to a point
of saturation, this could lead to a reduction in the overall
removal rate but higher adsorption capacity as the active
sites may become saturated more quickly [35]. These
results reveal the importance of the concentration effects
and support the use of Fe/Mn-C.biochar nanocomposites
in wastewater treatment processes.

Adsorption Kinetics

The adsorption mechanism of the Fe/Mn-C.biochar
nanocomposite was studied by fitting the data in FO, PSO,

a)
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and IPD kinetic models. Table 1 depicts the kinetic pa-
rameters. Fig. 7a shows that a straight line (R?= 0.9623)
in the FO kinetic fitting was obtained by the linear fit, how-
ever, differences were observed in the calculated and exper-
imental initial concentrations (30.34 mg L' and 40 mg L™!
respectively). On the contrary, the linear fitting performance
of the pseudo-second-order dynamic model was outstand-
ing, showing minimal deviation between the experimental
(97.38 mg g!) and calculated qe (102.04 mg g™') (Fig. 7b).
The correlation coefficient (R?) for fitting the adsorption pro-
cess of the Fe/Mn-C.biochar composite under various initial
MB concentrations using the pseudo-second-order kinetic
equation was 0.9971 (Table 1). This result suggests that
the pseudo-second-order model provides a more accurate
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Fig. 8. Adsorption isotherm analysis. a) Langmuir; b) Freundlich; ¢) Temkin; d) D-R isotherm model.
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description of MB adsorption onto the Fe/Mn-C.biochar
composite. It implies the potential engagement of multiple
adsorption mechanisms [36]. Earlier studies have shown
that the rate of MB adsorption onto porous carbonaceous
materials is predominantly governed by internal diffusion
within the particles [36]. To confirm this phenomenon, an
intra-particle diffusion model was employed. The linear
plot of q versus t*°, yielding I (mg g!') and K;4 (mg g!
min "?) from the intercept and slope, respectively, indicates
that the IPD model explains the adsorption phenomenon
well, with a coefficient of determination (> 0.80) (Fig. 7c)).
The high Kj4 values further signify the involvement of dif-
fusion processes in MB dye uptake by the Fe/Mn-C.biochar.

Adsorption Isotherm Studies

In Fig. 8, the adsorption isotherms for MB on Fe/
/Mn-C.biochar using Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich (D—R) isotherm models are de-
picted, while Table 2 presents different kinetic parameters
of these models. The Langmuir isotherm (Fig.8a), assum-
ing monolayer adsorption on a homogeneous surface with
uniform energy sites, exhibited a good fit (R? = 0.9018) to
the experimental data, with Ry values ranging from 0 to 1,
signifying favorable adsorption [37]. The experimentally de-
termined adsorption capacity (97.38 mg g™!) closely matched
the modeled maximum capacity (99.70 mg g), reinforcing
Fe/Mn-C.biochar composite suitability for MB adsorption.

The Freundlich isotherm (Fig. 8b), reflecting multi-
layer adsorption on a heterogeneous surface, demonstrat-
ed favorable MB adsorption on Fe/Mn-C.biochar, sup-
ported by an increase in adsorption capacity (Ky) [38].

Table 2. Langmuir, Freundlich, Temkin, and D-R isotherm pa-
rameters.

Model Parameters Value
q. (mg g™) 97.38
Qmax (Mg g7) 99.70
Langmuir
Ky (L mg?) 89.47
R? 0.9018
1/n 0.0999
Freundlich Ke(Lgh) 85.54
R? 0.9355
BT 7.9053
A 78743.85
Temkin
bt 310.4091
R? 0.9617
qor (mol g) 0.00051
B (mol J1)? 3.09 x 10°
D-R
E (kJ mol™) 2.89 x 10*
R? 0.9606

The experimental data showed a good fit to the Freun-
dlich model (R? = 0.93), indicating its appropriateness for
describing the adsorption process. The Temkin isotherm
(Fig. 8c), which considers a linear decline in adsorption heat
[39], exhibited a superior fit (R? = 0.96) compared to Lang-
muir, Freundlich, and D-R models. Lastly, the D-R iso-
therm (Fig. 8d), assessing the potential energy distribution
of adsorption sites [40], displayed a good fit (R?>=0.96) but
yielded a mean free energy value (E) of 2.8 x 10*kJ-mol!,
indicative of chemisorption. This comprehensive analysis
of various isotherm models enhances our understanding
of the intricate adsorption behavior of MB on Fe/Mn-C.
biochar.

Conclusions

Fe/Mn-C.biochar composite was synthesized from
Conocarpus (pruning wood waste) biochar using a modi-
fied wet impregnation method. Different characteriza-
tion techniques were employed to study the physico-
chemical properties of the synthesized nanocomposites.
FTIR analysis indicated the presence of various func-
tional groups, including C-O stretching, aromatic C=C
stretching, and C-H stretching. Fe/Mn-Biochar exhibited
additional peaks associated with metal-oxygen vibra-
tions below 600 cm™'. Subsequent investigations on MB
adsorption revealed that Fe/Mn-Biochar demonstrated
higher removal efficiency (100%) compared to biochar
(25%). The adsorption capacity increased with contact
time until equilibrium was reached at 60 minutes. pH
influenced adsorption, with Fe/Mn-Biochar showing
enhanced removal at both acidic and alkaline pH val-
ues. The adsorption capacity increased with the initial
MB concentration, but higher concentrations led to in-
creased competition among dye molecules for available
sites, impacting removal efficiency. Adsorption kinet-
ics revealed that the pseudo-second-order model best
described the MB adsorption onto Fe/Mn-C.biochar.
Adsorption isotherm studies using Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich models highlighted
the suitability of Fe/Mn-C.biochar for MB adsorption,
with the Temkin and D-R model providing the best fit
and indicating chemisorption. Overall, the findings sug-
gest that the introduction of Fe/Mn in biochar enhances
its adsorption capabilities, potentially through a combina-
tion of surface complexation and metal ion interactions.
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