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A B S T R A C T

Baobab shell activated carbon (BAC), hematite (HEM), and a hematite–baobab shell ac-
tivated carbon composite (HB) were prepared for the adsorption of Congo red (CR) from
an aqueous medium. Physicochemical and spectroscopic investigations were performed
on the individual adsorbents and the composite. The effects of concentration, dosage, pH,
and contact time on the adsorptive removal process were evaluated. The equilibrium data
for BAC and HB fitted the Langmuir isotherm model well, with R2 values of 0.9954 and
0.9292, respectively. HEM was best described by the Freundlich model (R2 = 0.9243),
but also showed a good fit to the Langmuir model (R2 = 0.8747). The Langmuir mono-
layer adsorption capacities of BAC, HEM, and HB, which are close to the experimental
values, were 322.58, 158.73, and 172.41 mg/g, respectively. The pseudo-second-order
model best described the adsorption kinetics, suggesting a chemisorption process. BAC,
HEM, and HB can be effectively employed in the remediation of wastewater contain-
ing anionic dyes such as Congo red. Furthermore, the adsorption capacity of hematite
can be enhanced by adding baobab shell activated carbon because of the high adsorption
efficiency of BAC alone towards the dye.
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1. INTRODUCTION
Dyes are chemical compounds, mostly synthetic, with a particu-
lar colour that can be chemically attached to a substrate to impart
colour [1]. The textile, paper, leather, plastic, cosmetic, and phar-
maceutical industries use dyes [2, 3]. Among these industries,
the textile industry uses substantial quantities of water; typically,
1.0 kg of cotton requires 150 L [4]. According to Bharathi and
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Ramesh [3], the industry ranks first in the use of dyes to colour fi-
bres, andwastewater from textile dyeing contributes significantly
to water pollution. This is a serious concern because the wastew-
ater contains highly stable carcinogenic compounds, such as azo
dyes.

Azo dyes are the most commonly used dyes, account-
ing for about 60% of all dyes [5]. Congo red (CR) (dis-
odium 4-amino-3-[4-[4-(1-amino-4-sulfonato-naphthalen-2-
yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-sulfonate)
(Figure 1) is a benzidine-based anionic diazo dye with a stable
structure that makes it difficult to biodegrade and gives it a
strong affinity for cellulose fibres [6, 7]. In addition, the release
of untreated Congo red dye effluent into water bodies can
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impair photosynthesis by reducing sunlight penetration and, in
extreme situations, can cause aquatic life to suffocate because
of a substantial reduction in oxygen levels [8, 9]. It also acts as
a skin and eye irritant in humans, and its decomposition results
in carcinogenic products [10].

Figure 1. Molecular structure of Congo red dye.

Several methods have been employed to treat Congo red dye,
including photocatalytic degradation [11], advanced oxidation
processes [12], ultrafiltration, flocculation/electrocoagulation,
and biological processes using fungi, bacteria, and plants [6, 13].
Nevertheless, these techniques often entail high costs, limited
removal efficiency, and the risk of generating secondary pollu-
tants. In contrast, adsorption has attracted significant interest
because of its high adsorption capacity, simple operation, cost-
effectiveness, eco-friendliness, and the wide range of available
adsorbent materials [14].
Iron oxides are mineral compounds widely distributed in na-

ture and occur in different polymorphic forms [15]. Because
of their low toxicity, chemical inertness, biocompatibility, and
the possibility of synthesising them in the laboratory from vari-
ous iron precursors at relatively low cost, iron oxides have gar-
nered significant attention [2]. They occur in three commonly
cited forms: hematite (α-Fe2O3), maghemite (γ-Fe2O3), and
magnetite (Fe3O4) [16]. Iron oxide materials have been used
in water-treatment technology for several years [17].
Hematite is the most stable among the iron oxides under am-

bient conditions [18]. It is a cost-effective, non-hazardous, and
versatile material. Hematite is widely used as a catalyst in indus-
trial synthesis, as a pigment, and in batteries [19, 20]. Compared
with other oxide forms of iron, hematite is easier to synthesise
[15, 21]. It can be prepared by different techniques, such as pre-
cipitation, sol–gel [22, 23], hydrolysis, and hydrothermal meth-
ods [24].
Various adsorbents have been studied for their ability to re-

move dyes from aqueous solutions, including goethite [25],
burned roots of Eichhornia crassipes [6], a chitosan/hematite
nanocomposite [2], and ackee apple pods [26]. This study as-
sesses the efficacy of synthetic hematite, baobab shell activated
carbon, and a hematite–baobab shell activated carbon composite
for the adsorptive removal of Congo red dye. It also examines
how various adsorption parameters influence adsorption capac-
ity in batch mode.

2. MATERIALS AND METHODS
2.1. MATERIALS
The baobab fruit shell used in this work for the production of
activated carbon was obtained from a baobab tree at the Univer-

sity of Ilorin. All reagents were of analytical grade and were
obtained from Sigma-Aldrich. The chemicals included ferric
nitrate [Fe(NO3)3·9H2O], orthophosphoric acid (85% H3PO4),
sodium hydrogen carbonate (NaHCO3), potassium hydroxide
(KOH), potassium chloride (KCl), sodium hydroxide (NaOH),
hydrochloric acid (HCl), and Congo red (C32H22N6Na2O6S2).

2.2. PREPARATION OF BAOBAB SHELL ACTIVATED CARBON
The baobab fruit shell was broken into smaller pieces, thoroughly
washed with deionised water to eliminate impurities, and air-
dried for 48 h. The baobab shell fragments were impregnated
with 85% orthophosphoric acid (H3PO4) at a weight ratio of
1:1.75 (w/w) for 24 h, then washed to neutral pH and dried at
room temperature. The dried baobab was carbonised for 3 h
in a furnace at 500 ◦C. The as-prepared carbon was washed to
eliminate residual acid, dried in an oven at 105 ◦C for 30 min,
pulverised, and then sieved using a 90 µm mesh. The resulting
material, referred to as BAC, was stored in an airtight container
for further use.

2.3. SYNTHESIS OF HEMATITE
Hematite was synthesised in the laboratory using a modified fer-
rihydrite method [31]. For the synthesis, 300 mL of 1.0 M KOH
was added to 500 mL of 0.1 M Fe(NO3)3·9H2O. Then, 50 mL
of 1.0 M NaHCO3 was added to the resulting brown precipitate.
The suspension (pH 8–9) was maintained in a closed polypropy-
lene beaker at 90 ◦C for 48 h. Each solution was preheated to
90 ◦C before being combined to form the mixture. The final
product, hematite (HEM), was centrifuged, filtered, and dialysed
in deionised water to remove nitrates and was then dried in an
oven at 40 ◦C.

2.4. PREPARATION OF HEMATITE–BAOBAB SHELL
ACTIVATED CARBON COMPOSITE

The composite was prepared by adding 27 g of baobab shell acti-
vated carbon (BAC) to 500 mL of a 0.1 M Fe(NO3)3·9H2O solu-
tion with continuous stirring. The mixture was then treated with
300 mL of 1.0 MKOH to facilitate precipitation, followed by the
addition of 50 mL of 1.0 M NaHCO3. The resulting suspension
was maintained in a closed polypropylene beaker at 90 ◦C for
48 h. The hematite–baobab activated carbon composite was then
filtered and washed repeatedly with deionised water until the fil-
trate reached a pH of 8–9. The obtained precipitate was crushed,
oven-dried at 90 ◦C, and stored in an airtight container.

2.5. CHARACTERISATION
Functional groups on the adsorbents were identified using
Fourier-transform infrared spectroscopy (FTIR; Thermo Scien-
tific Nicolet IS5). Surface morphology was observed by scan-
ning electron microscopy (SEM; ASPEX 3020). The X-ray
diffraction (XRD) peaks of the synthesised hematite were also
obtained.
The point of zero charge (pHPZC) of the adsorbents was deter-

mined using the pH-drift method with 0.1 M KCl solution. The
initial pH values (pH0) of the KCl solution, ranging from 2.0
to 12.0, were adjusted using either 0.1 M HCl or 0.1 M NaOH.
Subsequently, 0.02 g of each adsorbent was added separately to
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50 mL conical flasks containing the salt solutions at the respec-
tive pH values. The flasks were sealed and agitated in an orbital
shaker for 24 h, after which the final pH (pHf ) was measured.
The pHPZC value was obtained from the plot of (pHf − pH0)
versus pH0 at the point where the curve intersects the zero line
[26].

2.6. ADSORPTION EXPERIMENTS
Batch adsorption experiments were conducted to evaluate the ef-
fects of initial Congo red (CR) concentration, adsorbent dosage,
pH, and contact time on the adsorption performance of BAC,
HEM, and HB. In a typical experiment, 0.05 g of adsorbent was
added to 25 mL of CR solution at initial concentrations ranging
from 100 to 1000 mg/L in a 100 mL conical flask. The mixtures
were agitated on an orbital shaker at 25 ◦C for 3 h to attain equi-
librium. Subsequently, 10 mL of the suspension was withdrawn
and centrifuged at 2500 rpm for 10 min. The residual CR con-
centration in the supernatant was determined using a UV–visible
spectrophotometer at a maximum wavelength (λmax) of 495 nm.
The influence of adsorbent dosage (0.012–0.062 g), pH (1–10),
and contact time (10–180 min) was systematically investigated.
Equations (1) and (2) were used to determine the amount (qe) and
percentage of CR adsorbed by the adsorbents, respectively.

qe =
C0 − Cf

M
× V , (1)

%adsorption =
C0 − Cf
C0

× 100, (2)

where C0 and Cf (mg/L) are the initial and final concentrations
of CR solution, respectively, V (L) is the volume of solution, M
(g) is the mass of adsorbent, and qe (mg/g) is the quantity of dye
adsorbed.

2.7. ADSORPTION ISOTHERM
The adsorption equilibrium data were described using the Lang-
muir, Freundlich, and Temkin adsorption isothermmodels [equa-
tions (3a), (4) and (5a), respectively].

Ce
qe

=
1

qmKL
+
Ce
qm

, (3a)

RL =
1

1 + KLC0
, (3b)

log qe = logKf +
1

n
logCe, (4)

qe = B lnA+ B lnCe, (5a)

B =
RT
b

. (5b)

Here, C0 and Ce (mg/L) are the initial and equilibrium con-
centrations of adsorbate, respectively; qe (mg/g) is the amount
of adsorbate adsorbed per unit mass of adsorbent; qm (mg/g) is
the monolayer adsorption capacity; KL (L/mg) is the Langmuir
adsorption constant; RL is the separation factor; n is an empir-
ical parameter related to adsorption intensity; Kf (mg/g) is the
Freundlich constant representing adsorption capacity; A (L/g) is

the Temkin isotherm equilibrium binding constant; b (J/mol) is
the Temkin isotherm constant related to the heat of adsorption;
R (8.314 J/mol K) is the gas constant; and T (K) is the absolute
temperature.

2.8. ADSORPTION KINETICS
The experimental data from the contact-time study were fitted
to pseudo-first-order and pseudo-second-order equations [equa-
tions 6 and (7), respectively].

ln(qe − qt) = ln qe − k1t, (6)

t
qt

=
1

k2q2e
+

1

qe
t, (7)

where k1 (min−1) is the rate constant of pseudo-first-order ad-
sorption, k2 [g/(mg min)] is the rate constant of pseudo-second-
order adsorption, and qe and qt (mg/g) are the quantities of ad-
sorbate adsorbed at equilibrium and at time t , respectively.

3. RESULTS AND DISCUSSION
3.1. CHARACTERISATION
The physicochemical properties of the three as-prepared adsor-
bents are presented in Table 1. Activated carbon (BAC) is black,
whereas hematite (HEM) is brown. The introduction of activated
carbon into hematite during composite formation resulted in a
black colour for the composite (HB). The percentage yield of
activated carbon relative to the initial biomass at the carbonisa-
tion temperature indicates that the biomass contains a significant
amount of carbonaceous material. HEM has the highest bulk
density, and this decreased in HM with the introduction of BAC.
This is an improvement in terms of lower bulk density [32]. The
pH of the three adsorbents ranges from 6.84 to 7.45. The points
of zero charge (pHPZC) for BAC, HEM, and HB (Figure 2a) are
8, 8.3, and 8.3, respectively. Above these pHPZC values, ad-
sorption of cations is favoured, whereas adsorption of anions is
favoured below them [33]. The lower ash content and higher io-
dine number of the activated carbon indicate good stability and
better performance, respectively [34].

Table 1. Physicochemical properties of BAC, HEM, and HB adsorbents.
Physicochemical parameter BAC HEM HB
Appearance Black Brown Black
Yield (%) 50 ND ND
Bulk density (g/cm3) 0.406 1.43 0.498
pH 6.84 7.45 7.24
pHPZC 8 8.3 8.3
Moisture content (%) 12 ND ND
Ash content (%) 7.33 ND ND
Iodine value 507.6 ND ND

ND: Not determined.

Figure 2b shows the FTIR spectra of BAC, HEM, and HB. The
FTIR spectrum of the synthesised Fe2O3 sample shows a broad
band at 3404.11 cm−1 that can be assigned to the O–H stretch-
ing vibration of H2O molecules. The peak at 1626.43 cm−1 can
be assigned to the bending vibrations of H2O molecules. O–H
deformation is responsible for the band at 939.69 cm−1, and the
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Figure 2. (a) Point of zero charge and (b) FTIR spectra of BAC, HEM, and HB.

Figure 3. SEM images of (a) BAC, (b) HEM, and (c) HB.

peak at 450.26 cm−1 indicates the presence of the Fe–O vibration
mode of Fe2O3 [22, 35].

In BAC, the band observed at 3440.90 cm−1 can be attributed
to –OH groups. The peak at 1595.50 cm−1 can be attributed to
aromatic C=C [36] or C–O–C (ester, ether, and phenol) [37]. The
weak peak at 873.99 cm−1 can be assigned to phosphorus species
in the sample. The composite (HB) displays bands observed in
the BAC and HEM spectra, with different intensities.

The surface morphologies of BAC, HEM, and HB were anal-

ysed from the SEM images. Figure 3b depicts SEM micrograph
of HEM, which consists of spherical particles that appear to ag-
glomerate. It also shows irregular thread-like shapes with many
pores that may aid adsorption. Figure 3a shows the SEM micro-
graph of BAC with pores and a honeycomb-like arrangement.
The SEM result for HB (Figure 3c) shows irregular, rod-like
hematite grains. The external surface of the rod-like structure
reveals a crack, suggesting the presence of BAC.

The XRD pattern of hematite (HEM), compared with the ref-



Opadiran et al. / Recent Advances in Natural Sciences 4 (2026) 356 5

erence obtained from the Materials Project database (card no.
mp-19770), is presented in Figure 4. It shows peaks at 2θ =
23.756◦, 32.821◦, 35.407◦, 40.550◦, 49.177◦, 53.647◦, 62.109◦,
and 63.793◦, typical of Fe2O3 [38]. Similar XRD diffractograms
were previously reported by Adegoke and Adekola [31] and
Ibrahim et al. [16]. BAC did not exhibit a significant diffrac-
tion pattern (Figure not shown) because carbon is amorphous.
Consequently, no new peaks were expected for HB apart from
those of HEM.

Figure 4. XRD pattern of HEM.

3.2. ADSORPTION EXPERIMENTS
3.2.1. Effect of initial concentration
The adsorption of Congo red on BAC, HEM, and HB was inves-
tigated over concentration ranges of 100–1000 mg/L for HEM
and HB and 300–1000 mg/L for BAC, as illustrated in Figure 5a.
Other parameters, such as adsorbent dosage (0.05 g), pH (6.8),
and contact time (180 min), were fixed. The initial dye concen-
tration provides the driving force needed to overcome resistance
to mass transfer of dye molecules between the aqueous and solid
phases [30]. The amount of Congo red adsorbed increased with
increasing initial dye concentration up to 900 mg/L, as shown in
Figure 5a, with maximum adsorption capacities of 306.61, 153,
and 184.36 mg/g for BAC, HEM, and HB, respectively. The per-
centage removal decreased with increasing dye concentration be-
cause of reduced available surface area and saturation of active
sites [39]. Similar trends were reported by Roy and Mondal [6]
and Radoor et al. [40].

3.2.2. Effect of adsorbent dosage
Figure 5b illustrates how the dosages of BAC, HEM, and HB
affect the adsorption of Congo red from aqueous solution at a
constant concentration (900 mg/L), pH (6.8), and contact time
(180 min). The adsorption capacities decreased as the adsorbent
dosage increased. The decrease in adsorption per unit mass with
increasing adsorbent dosage may be due to overlapping adsorp-
tion sites [41], thereby reducing the concentration of adsorbate
molecules per available active site.

3.2.3. Effect of pH
Solution pH is crucial to the dye adsorption process because it
influences the active sites on the adsorbent surface and the prop-
erties of the dye [13]. A pH range of 1–10, with a fixed dosage
(0.012 g), concentration (900 mg/L), and contact time (180 min),
was examined to assess the effect of pH. Congo red undergoes
a red-to-dark-blue transition in acidic media before turning solid
red at pH 6–7 because of protonation or deprotonation. Figure 5c
shows that the adsorption capacity decreased as pH increased
from 1 to 10. The removal percentages for BAC, HEM, and HB
were 98.3%, 99.89%, and 99.5%, respectively, at pH 2, where
the maximum CR adsorption was observed. All adsorbents have
a pHPZC between 8 and 8.3. The surface of an adsorbent is neg-
atively charged at pH> pHPZC, which inhibits the adsorption of
anionic dye species because of electrostatic repulsion between
the negatively charged surface and dye molecules. The higher
adsorption of CR at low pH is due to strong electrostatic attrac-
tion between anionic CR molecules and the cationic adsorbent
surface [25, 26].

3.2.4. Effect of contact time
The influence of contact time on CR adsorption at a constant con-
centration of 900 mg/L, pH 2, and adsorbent dosage of 0.012 g
is depicted in Figure 5d. Adsorption was rapid during the ini-
tial contact period (0–45 min for BAC and 0–10 min for both
HEM and HB) because of the availability of active sites. Then
the adsorption rate gradually decreased, reaching equilibrium
within 45 and 180 min for BAC; 10 and 180 min for HEM;
and 10 and 120 min for HB. At this stage, fewer binding sites
are available. Similar behaviour was reported by Wanyonyi et
al. [9] and Roy and Mondal [6]. At equilibrium, 945.37 mg/g
(52.52%), 1796.56 mg/g (99.81%), and 1797.62 mg/g (99.88%)
were achieved for BAC, HEM and HB, respectively.

3.3. ADSORPTION ISOTHERM
Adsorption isotherms describe equilibrium relationships be-
tween adsorbents and adsorbates at a constant temperature. In
this study, data from the initial-concentration experiments were
analysed using the Langmuir, Freundlich, and Temkin isotherm
models. Table 2 lists the parameters of the isotherm models,
while the respective plots are shown in Figure 6a–c. Based on
the regression coefficients (R2) shown in Table 2, the order of fit
is Langmuir (0.9954)> Temkin (0.9468)> Freundlich (0.9165)
for BAC; Freundlich (0.9243) > Langmuir (0.8747) > Temkin
(0.803) for HEM; and Langmuir (0.9292)> Freundlich (0.8771)
> Temkin (0.8614) for HB.

The fit of the equilibrium data for BAC and HB (excellent) and
HEM (good) to the Langmuir model assumes that adsorbate ad-
sorption occurs as a monolayer on homogeneous adsorbent sur-
faces with energetically identical sites available for interaction
with the adsorbate [42]. Further analysis of the Langmuir model
using the separation factor (RL) showed that the values for CR
are in the range 0 < RL < 1, indicating favourable adsorption
of CR by the adsorbents. Cong et al. [43] and Su et al. [44] re-
ported similar observations for Congo red adsorption. However,
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Figure 5. Effect of (a) concentration, (b) adsorbent dosage, (c) pH, and (d) contact time on the adsorption of Congo red dye onto BAC, HEM, and HB.

Figure 6. (a) Langmuir isotherm, (b) Freundlich isotherm, and (c) Temkin isotherm for the adsorption of Congo red dye onto BAC, HEM, and HB.

the high R2 values from the Freundlich model indicate some het-
erogeneity of the surfaces. Table 3 compares the monolayer ad-
sorption capacity (qm) values obtained in this study with those

reported for other adsorbents used for Congo red removal.

The higher Freundlich R2 value for HEM than for BAC and
HB suggests that the adsorption mechanism involved a more het-
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Table 2. Isotherm parameters for the adsorption of Congo red dye onto BAC, HEM, and HB.
Adsorption isotherm Parameter BAC HEM HB

Langmuir qm (mg/g) 322.58 158.73 172.41
KL (L/mg) 0.029 5.519× 10−3 0.0103

RL 0.037 0.168 0.097
R2 0.9954 0.8747 0.9292

Freundlich n 3.621 2.335 2.259
1/n 0.276 0.428 0.443

Kf (L/mg) 61.787 8.048 9.811
R2 0.9165 0.9243 0.8771

Temkin B 59.673 32.956 39.254
b (J/mol) 41.519 75.178 63.116
A (L/g) 0.459 0.068 0.088
R2 0.9468 0.803 0.8614

Table 3. Comparison of the monolayer adsorption capacity of BAC, HEM, and HB with other adsorbents for Congo red dye.
Adsorbent qm (mg/g) Reference

BAC 322.58 This study
HEM 158.73 This study
HB 172.41 This study

Groundnut shells charcoal (GNC) 117.6 [27]
Eichhornia charcoal (EC) 56.8 [27]
Cabbage waste powder 2.313 [28]

α-Fe2O3 nanorod 78.13 [29]
γ-Fe2O3 nanorod 232.56 [29]

Activated carbon coffee waste (ACCW) 90.90 [30]
Burned root of Eichhornia crassipes (BREC) 14.49 [6]

Figure 7. (a) Pseudo-first-order and (b) pseudo-second-order kinetics for the adsorption of Congo red dye onto BAC, HEM, and HB.

erogeneous surface. Analysis of n and 1/n provides information
about adsorption intensity and surface heterogeneity. Values of
1/n within the range 0–1 indicate favourable Freundlich adsorp-
tion. From Table 2, values of n > 1 indicate a high affinity of
the dye for the three adsorbents, consistent with chemisorption.
Similar findings were reported by Kaur et al. [27] and Omidi
Khaniabadi et al. [7].

The Temkin model states that the heat of adsorption of every
molecule in the layer decreases linearly with coverage because of

interactions between adsorbents and adsorbates [45]. For BAC,
HEM, and HB, the Temkin constant b, which is related to the
heat of adsorption, is 41.519, 75.178, and 63.116 J/mol, respec-
tively. The lower BAC value indicates improved interaction be-
tween BAC and the dye.

3.4. ADSORPTION KINETICS
The adsorption data obtained as a function of contact time were
analysed using the two most common kinetic models, pseudo-
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Table 4. Kinetic parameters for the adsorption of Congo red dye onto BAC, HEM, and HB.
qe,exp Pseudo-first-order Pseudo-second-order

Adsorbent (mg/g) k1 (min−1) qe,cal (mg/g) R2 k2 [g/(mg min)] qe,cal (mg/g) R2

BAC 945 0.0095 156.66 0.1237 7.579× 10−4 833.33 0.9928
HEM 1796.56 0.015 6.675 0.8682 9× 10−3 1666.67 1
HB 1797.62 0.009 1.732 0.2835 0.12 1666.67 1

first-order and pseudo-second-order, as depicted in Figure 7a
and b, respectively. The best-fit model was selected based on
the proximity of the correlation coefficient (R2) to unity and the
agreement between the experimental quantity adsorbed (qe,exp)
and the calculated quantity (qe,cal). As shown in Table 4, the
pseudo-second-order kinetic model exhibited excellent linear-
ity, with R2 values close to unity. The pseudo-first-order model
yielded an R2 value of 0.8682 for HEM. The pseudo-first-order
model does not describe the kinetic data for dye adsorption
onto the adsorbents because of the significant discrepancy be-
tween the calculated and experimental values of qe. The pseudo-
second-ordermodel best describes Congo red adsorption onto the
three adsorbents, with qe,cal and qe,exp in relatively close agree-
ment. This suggests that chemisorption may be involved in the
adsorption process through a mechanism involving the exchange
or sharing of valence electrons between the adsorbate and ad-
sorbent. Similar results were observed for Congo red adsorption
from aqueous solution onto tea waste [46] and for Congo red re-
moval by biowaste materials [27].

4. CONCLUSION
The adsorption efficiencies of baobab shell activated carbon
(BAC), hematite (HEM), and the hematite–baobab shell acti-
vated carbon composite (HB) towards Congo red (CR) dye were
studied. The adsorption process was influenced by the adsorp-
tion parameters, especially pH and concentration. Maximum ad-
sorption was observed at pH 2 and an optimum concentration of
900mg/L. The Langmuir model described the adsorption data for
CR onto BAC and HB, whereas the Freundlich model best fitted
HEM. The adsorption process fitted pseudo-second-order kinet-
ics well. Based on the results of this study, BAC, HEM, and HB
can be effectively employed to treat dye-laden wastewater. The
adsorption capacity of HEM for Congo red dye was improved
by incorporating BAC, although BAC alone showed the highest
adsorption based on the experimental concentration and dosage
results and the Langmuir monolayer capacities. Consequently,
biomass can provide sustainable materials for water remediation.
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