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This study investigates the synthesis and application of eco-friendly activated biochar derived
from peach kernels (PK) for the removal of phenol from wastewater. The PK material was
chemically activated using phosphoric acid and characterized using FTIR, SEM, BET, and XRD
techniques. The activation process significantly enhanced the adsorbent’s surface area (from
0.54 to 928.47 m?/g) and porosity, as confirmed by BET analysis. Batch adsorption experiments
revealed that phenol removal efficiency improved dramatically after activation, reaching over
99% under optimal conditions (pH 3-5, 200 rpm, 0.8 g dose, and 90-150 min contact time).
Adsorption isotherm studies indicated that the Langmuir model best fit the experimental data (R?
= 0.9973), suggesting monolayer adsorption. Kinetic analysis showed that the adsorption
followed a pseudo-second-order model (R? = 0.999), indicating that chemisorption was the
dominant mechanism. The findings highlight the potential of peach-kernel-derived activated
biochar as an efficient and sustainable adsorbent for phenol removal in water treatment
applications.

1. Introduction

wastewater include chemical, petrochemical,
pharmaceutical, paper, textile industries, and

With the rapid growth of industrial society,
environmental  pollution has become an
increasingly critical issue [1], [2]. Among various
forms of pollution, water contamination is of
particular concern due to its direct impact on
human health [3], [4]. Industrial and urban
development, while essential for economic
progress, have also emerged as major sources of
water pollution [5], [6]. Phenol is one such
hazardous pollutant, recognized for its toxicity
and potential carcinogenicity, even at low
concentrations[7]. Major sources of phenol in

domestic waste[8] .

Various treatment methods exist, yet adsorption
has proven to be one of the most effective due to
its simplicity, cost-efficiency, and availability of
diverse adsorbents [9], [10]. Activated biochar, in
particular, has gained attention for its high
adsorption  capacity, attributed to its
heterogeneous surface and abundance of
functional groups ([11], [12]. Using biochar
derived from fruit waste offers an eco-friendly
approach to phenol removal while contributing to
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waste  reduction and circular economy
strategies[13]. The porous structure and active
sites of fruit waste—based biochar enhance its
potential in wastewater treatment applications
[14],supporting global efforts toward sustainable

water management [15].

2. EXPERMINTAL WORK

2.1. Collection and preparation of peach kernel
(PK)

Collected peach kernel then broken to extract the
seeds inside after that washed with distilled water
to remove the dust and unknown substances then
dried in oven at 105 C° for 24 h figure (3-3)(A)
then ground in a grinder into a fine powder and
sieved to particles < 1mm to prepare the

adsorbents before activation process (3-3)B . [16]
Figure 1(b).

b)

Figure 1. step preparation (PK) before activation process

2.2. Chemical activation process

The use of phosphoric acid (H3PO4) with
concentration of 85% in the activation of
activated biochar has sparked widespread interest
due to its usefulness in improving the adsorptive
capacities of activated biochar for various
pollutants, particularly phenolic chemicals. As a
dehydrating agent, phosphoric acid promotes the
creation of a porous structure within the carbon
matrix obtained from agricultural leftovers, hence
increasing both surface area and porosity. This
property is critical because a bigger surface area
usually results in a greater number of active sites
available for adsorption.[17].

According to [18], activated biochar was
generated utilizing the PK chemical activation

procedure with phosphoric acid (H3PQOy). In brief,
100 g of crushed PK was soaked in phosphoric
acid at a 1:3 (w/w) ratio. The mixture was slightly
stirred to ensure acid penetration, heated to 70°C
for 2 hours, then left overnight at room
temperature. The mixture was placed in a muffle
furnace and heated to 500°C for 2 hours at a rate
of 5°C per minute. The acid was removed with
distilled water until the pH was 6.8.The activated
charcoal was dried at 105°C for 24 hours using an
electric oven. So, the substance is ready after
activation. Figure 2.
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Figure 2. preparation (PK) after activation process

2.3. Preparation of stock solutions:

To avoid any additional pollutants or materials
that could affect the accuracy and quality of the
results, the adsorption experiments were carried
out by preparing previously prepared simulated
solutions with the required concentrations, as
well as a stock solution containing 1000 ppm
phenol. Amount of 1 g of phenol A was
dissolved in one liter of distilled water [19]. The
dissolving procedure was carried out manually
for 15 minutes at room temperature

2.4. Characterization techniques

The samples were analyzed before and after
activation using a variety of techniques to
determine structural and surface changes. The
analyses included FTIR for functional group
identification, SEM for morphology and surface
investigation, BET for surface area and porosity
assessment, and XRD for crystalline structure
study. These methodologies enabled a thorough
assessment of the impact of activation on
material characteristics.

3. RESULTS AND DISCUSSRION

3.1. Adsorbent Characteristics
3.1.1. FTIR test

The FTIR spectra before activation, after
activation, and after phenol adsorption are

shown in Figure 3. The wide OH stretch peaks
observed at 3416 cm-1 before and after
activation are attributed to alcohols present in
the lignocellulosic matrix as well as absorbed
water. However, following the adsorption of
phenol, this absorption band will overlap with
the adsorbed phenolic hydroxyl groups. The
peak intensities of the OH groups in the
activated sample were lower than those in the
unactivated sample. C=C bonds may be
responsible for the intense peaks around 1635
cm—1. The peak at 1751 cm™ can be associated
with the carbonyl group of esters. Before the
activation sample, the double peaks around
2926 and 2852 cm™ may correspond to the
asymmetric and symmetric stretching of CH2
and CH3 groups, respectively, as well as their
bending vibration around 1465 cm™. Compared
to the prior activation sample, sharper peaks
were seen at 1117 after activation, indicating a
rise in functional groups with single oxygen
bonds, such ethers, esters, alcohols, phenols,
and lactones. The peaks at 1383 cm™ and 1465
cm ' correspond to the methyl rock (1382 cm™)
and CH scissoring (1468 cm™), respectively.

The OH peak, which is less prominent after
activation and adsorption, suggests that the
activation process has improved specific
characteristics of the base material.
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Figure 3. The FTIR spectrum of PK

3.1.2. SEM(SEM) analysis was conducted to
investigate the morphological changes of the
material before and after activation. The pre-
activation SEM images revealed a rough and
non-uniform surface morphology, characterized
by the presence of large, irregular agglomerates
and visible interparticle voids see in figure (4-
5)A. These features indicate that the material
had not yet undergone effective dispersion or
structural refinement. The particle size,
measured at approximately 77.42 nm, was
relatively large for nanoscale materials, and the
lack of homogeneous distribution suggested
limited surface area and reduced reactivity see
in figure (4-5)C.

SEM MAG: 5.00 kx WD: 5.77 mm
SEMHV: 15.0kV 10 pm

Following activation, the SEM images
demonstrated significant structural
transformations. The surface appeared markedly
rougher, with improved particle dispersion and
enhanced porosity see in figure (4-5)B. Notably,
the average particle size decreased to
approximately 47.88 nm, see in figure (4-5)D
indicating that the activation process effectively
disintegrated the larger agglomerates into
smaller, more uniformly distributed
nanoparticles. This structural refinement is
expected to enhance the material’s surface area
and active sites, thereby improving its
performance in applications such as catalysis,
adsorption, or energy storage.

SEM MAG: 5.00 kx WD: 5.82 mm
Det: SE SEM HV: 15.0kV | 10 pm
Date(midly): 03106125 SUT - FESEM
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D1=77.42 nm

D1 = 47,88 nm

d)

Figure 4. The SEM of PK ,(a and b) before activation ,(b and c) after activation

3.1.3. Brunauer-Emmett-Teller (BET)

The results showed in table 1 a good increase
in surface area, as the surface area increased
from 0.54655 m2/g before activation to 928.47
m?/g after activation, which reflects the high
efficiency of the activation process in opening
the pores and increasing the adsorption
efficiency of the material. The results also
showed that the pore volume doubled from
0.00277005 cm3/g to 0.6988 cm?3/g, which is a

formation of a new internal pore network after
activation. The results also showed that the
average pore diameter decreased (from 19.764
nm to 3.0105 nm), which indicates the
structure shift from mesopores/macropores to
micropores, which is common after charcoal
activation.

The above improvement in properties makes
this material suitable and promising for
adsorption, pollutant removal and storage
applications within the adsorbent.

significant  improvement indicating the
Table 1. Main results of BET analysis
property Before activation After activation
1 Average pore diameter 19.764 nm 3.0105 nm
2 Langmuir area 0.5717 m3/g 863.94 m3/g
3 Surface area (BET) 0.54655 m?/g 928.47 m3/g
4 | Total pore volume 0.0027005 cm°/g 0.6988 cm°/g

3.1.4. X-ray Diffraction (XRD)

The XRD pattern before phenol adsorption
shows varying peak intensities across different
20 angles, which reflects the crystalline
arrangement of the material. The peaks
represent distinct crystal planes and their
corresponding  spacings, indicating  the
material's original structure. After phenol
adsorption, the XRD pattern(Blue Curve) in
figure (4-8) hows noticeable changes in peak
intensities at certain 20 angles. These changes

suggest that phenol adsorption has affected the
material's crystal structure, potentially altering
the spacing between the crystal planes or the
overall arrangement. The increase or decrease
in peak intensity indicates that adsorption may
have caused structural rearrangements or
changes in the phase composition. (Red curve)
in figure (4-8).

The comparison between the two patterns
clearly demonstrates the impact of phenol
adsorption on the crystalline properties of the
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Figure 5. The (XRD) Analysis PK, before and after phenol adsorption

3.2 Batch adsorption studies for Phenol
removal
3.2.1. PH Levels Tested

The effect of pH on phenol removal efficiency
was investigated before and after the activation
process. The results demonstrated a significant
improvement in adsorption capacity following
activation. Before activation, the removal
efficiency was notably low across all pH levels,
with a maximum of only 8.1% at pH 3 and
decreasing to 2.02% at pH 11. However, after

activation, the material exhibited a remarkable
increase in removal efficiency, reaching over
99% at acidic pH levels (99.252% at pH 3 and
99.718% at pH 5). Although the efficiency
slightly decreased with increasing pH, it
remained high, maintaining values of 92.252%,
89%, and 86.7% at pH 7, 9, and 11,
respectively. This notable enhancement
indicates that activation significantly improved
the surface properties of the adsorbent
(Memon et al., 2008)

100 +

80+

60

Removal%

40

20

Before Removal

PH

Figure 6. Effect of Acidic Function (pH) on Removal of phenol by PK before activation and after activation, At (initial
phenol concentration 50 mg/l, adsorbent dosage 0.8 g, contact time 120 min and speed 200 rpm)

3.2.2. Contact Time

The impact of contact time on phenol removal efficiency
was evaluated over a range of 30 to 150 minutes,
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revealing substantial improvements after the activation
of the adsorbent. Prior to activation, the removal
efficiency remained low throughout the time intervals,
peaking at 8.1% at 90 minutes and then declining,
suggesting limited adsorption capacity and active site
availability. In contrast, after activation, the adsorbent
exhibited a significant enhancement in removal
efficiency, starting at 85.89% at 30 minutes and reaching

a maximum of 99.964% at 150 minutes. The sharp
increase between 30 and 60 minutes (from 85.89% to
99.634%) indicates a rapid adsorption phase, followed
by a plateau, suggesting saturation of active sites. These
findings highlight that activation greatly enhanced the
adsorbent’s surface characteristics, facilitating faster and

more efficient phenol uptake over time. [20]
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Figure 7. Effect of time on Removal of phenol by pk before activation and after activation, At (initial phenol concentration
50 mg/l, adsorbent dosage 0.8 g, PH 7, and speed 200 rpm)

3.2.3. Agitation Speed

The influence of agitation speed on phenol
removal efficiency was assessed at different
speeds ranging from 100 to 250 rpm. Before
activation, the removal efficiencies were
consistently low, ranging from 2.3% to
6.132%, with only slight improvements as
speed increased. After activation, however, a

substantial enhancement in performance was
observed. The adsorption efficiency increases
significantly (from 2.8% to 99.99%) when the
rpm increased from 100 to 250 rpm. This trend
indicates that higher agitation speeds improved
the dispersion of adsorbent particles, reduced
boundary layer resistance, and enhanced mass
transfer rates, thereby facilitating more
effective phenol adsorption post-activation.[21]

1004
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Figure 8. Effect of agitation speed on Removal of phenol by pk before activation and after activation, At (initial phenol
concentration 50 mg/l, adsorbent dosage 0.8 g, contact time 120 min speed 200 rpm)
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3.2.4. Initial phenol concentration

The effect of initial phenol concentration on removal
efficiency was studied in the range of 50 to 250 mg/L.
Prior to activation, the adsorbent exhibited very low
removal efficiencies, ranging from 4.1% at 50 mg/L to
as low as 1.29% at 250 mg/L, indicating limited
adsorption capacity and active site availability. After
activation, a significant improvement was observed, with
removal efficiency reaching 99.718% at the lowest
concentration (50 mg/L). However, as the initial phenol
concentration  increased, the removal efficiency

gradually declined to 68.16% at 250 mg/L. This inverse
relationship can be attributed to the saturation of
available adsorption sites at higher concentrations, where
the fixed number of active sites becomes insufficient to
adsorb the increasing number of phenol molecules. The
results confirm that while activation enhances the
adsorbent’s capacity, its performance still depends on the
initial pollutant load, with higher concentrations
requiring either higher doses of adsorbent or longer

contact times for optimal removal. . [22]

100+

804
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Before Removal

T T
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T
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200 250
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Figure 9. Effect of initial concentration on Removal of phenol by pk before activation and after activation, At (PH 7,
adsorbent dosage 0.8 g, contact time 120 min speed 200 rpm)

3.2.5. Dosage of adsorbent

The effect of adsorbent dose on phenol
removal efficiency was examined using doses
ranging from 0.4 to 1.2 g. Prior to activation,
removal efficiency was generally low,
increasing slightly with higher doses—from
3.16% at 0.4 g to 9.36% at 1.2 g—indicating a
limited availability and effectiveness of the
native adsorbent surface. After activation, a
dramatic improvement in removal performance
was observed. The removal efficiency rose
from 67.22% at 0.4 g to over 99.7% at doses of
0.8 g and above. This enhancement is
attributed to the increased number of active
sites and improved surface characteristics
following activation. The data also suggest that
beyond a certain dosage (0.8 g), the system
approaches saturation, as further increases in
dose do not significantly improve removal
efficiency. This behavior confirms that
activation greatly enhances adsorbent
effectiveness, and that 0.8 g can be considered

an optimal dose under the given conditions.
[ 2 3 ]
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Figure 10. Effect of dose on Removal of phenol by pk before activation and after activation, At (initial phenol
concentration 50 mg/l, PH 7, contact time 120 min speed 200 rpm

3.3. Adsorption Isotherm Models

The adsorption equilibrium data were analyzed
using four isotherm models: Langmuir,
Freundlich, Temkin, and Dubinin—-Radushkevich
(D-R). Among these, the Langmuir model
showed the best fit to the experimental data, with
the highest coefficient of determination (R? =
0.9973), indicating excellent fitting quality. This
suggests that the  adsorption  process
predominantly follows a monolayer adsorption
mechanism on a homogeneous surface with a
finite number of identical sites.

The Freundlich and Temkin models both
provided reasonably good fits, with R? values of
0.9751 and 0.9752, respectively, reflecting good
fitting quality. The Freundlich model implies a
heterogeneous surface adsorption and suggests

the presence of sites with varying affinities,
while the Temkin model points to adsorbate—
adsorbent interactions and uniform energy
distribution along the surface.

In contrast, the Dubinin—Radushkevich (D-R)
model displayed the lowest correlation with the
experimental data, with an R? value of only
0.6786, indicating poor fitting quality. This
result suggests that pore-filling or chemisorption
mechanisms, typically described by the D-R
model, are less dominant in the current system.
Overall, the results confirm that Langmuir
adsorption is the most suitable model to describe
the behavior of the activated adsorbent used,
implying that phenol molecules were likely
adsorbed onto a uniform surface through a
monolayer mechanism.

Table 2. A comparison between adsorption isotherm modelS

Model R2 Value Fitting Quality Dominant Mechanism

Freundlich 0.9751 Good Multilayer on
heterogeneous surface

Langmuir 0.9973 Excellent Monolayer on
homogeneous surface

Temkin 0.9752 Good Adsorbate—adsorbent
interaction

D-R 0.6786 Poor Pore filling /
Chemisorption (not
dominant)

langmuir isotherm plot for
PK °
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Figure 11. Application of Adsorption Isotherm Models ,(a) langmuir isotherm plot ,(b) Freundlich isotherm plot ,(c)
Temkin plot ,(d) Brunauer-Emmett-Teller, () Dubinin—Radushkevich

3.4. Kinetic Models Analysis

the adsorption kinetics of phenol onto the
activated adsorbent were investigated using three
kinetic models: pseudo-first-order, pseudo-
second-order, and intraparticle diffusion. The
pseudo-second-order model exhibited the best
correlation with the experimental data, with an
R? value of 0.999, indicating an excellent fit.
This suggests that the adsorption process is
likely controlled by chemisorption, involving
electron sharing or exchange between phenol
molecules and active sites on the adsorbent
surface.

In contrast, the pseudo-first-order model showed
a very poor fit, with an R? value of only 0.0125,

suggesting it is unsuitable for describing the
system. The intraparticle diffusion model yielded
a moderate correlation (R? = 0.864), indicating
that while intraparticle diffusion may influence
the overall rate, it is not the sole rate-limiting
step. Therefore, the adsorption kinetics are best
described by the pseudo-second-order model,
highlighting the significance of chemical
interactions during phenol uptake.

Table 3. . A comparison between kinetic models analysis

Model R2 Value Interpretation
First-order 0.0125 Poor fit; model not suitable for
this system
Second-order 0.999 Excellent fit; chemisorption is
the dominant mechanism
Intraparticle Diffusion 0.864 Moderate fit; contributes but not
rate-limiting
first order kinetic plot) second order kinetic plot for PK
0.5 15
°
0 o——— - o
5.0 50 100 150 200 o 10 T
E_l ............................... > - @ y:0.0774x+0.3245
& L4 R?=0.999
-1.5 ® o yg-00021x-0.6708 0
) R?=0.0125 0 50 100 150 200
Time Ti
(a) (b) ime
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Figure 12. Application of Kinetic Models Analysis (a) pseudo-first order kinetic ,(b) pseudo-second order
kinetic, (c) Intraparticle Diffusion

4. Conclusions

The experimental findings of this study
confirm that chemical activation of peach
kernel biochar using phosphoric acid
significantly improves its physicochemical
properties, notably surface area, pore
volume, and functional group diversity.
These enhancements translated into a
substantial increase in phenol adsorption
capacity, with removal efficiencies
exceeding 99% under optimized
conditions. The strong agreement with the
Langmuir isotherm model suggests that the
adsorption occurred primarily as a
monolayer on a uniform surface.
Moreover, the pseudo-second-order kinetic
model fitting indicates that the rate-
limiting step is likely chemisorption
involving valence forces through electron
exchange or sharing.

The improvement in adsorption
performance across various operational
parameters—such as pH, contact time,
agitation speed, initial concentration, and
adsorbent  dosage—demonstrates  the
robustness and adaptability of the activated
PK adsorbent. These results highlight the
potential of peach kernel waste as a low-
cost, sustainable material for water
treatment applications.
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