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INTRODUCTION

Wastewater poses significant environmen-
tal and public health challenges due to its com-
plex composition and the increasing volume 
generated by human activities. The problem is 
exacerbated by inadequate treatment facilities 
and the discharge of untreated or poorly treated 
wastewater into natural water bodies (Kumar et 
al., 2021) (Nasir et al., 2022), This leads to pol-
lution, degradation of aquatic ecosystems, and 
health risks for humans and wildlife (Bashir et 
al., 2020). The issue is global, affecting both de-
veloped and developing countries, with varying 
degrees of severity depending on the effective-
ness of wastewater management systems in place 
(Nirmala et al., 2021). the general components 
include: organic matter, solid materials, chemi-
cal substances, nutrients, microorganisms, gas-
es, toxic substances (Sharma et al., 2020) (Saber 
et al., 2023). The presence of these components 

can significantly alter water quality, leading to 
detrimental effects on aquatic life and posing 
serious health risks to humans. Effective man-
agement strategies are crucial to mitigate these 
risks and ensure the sustainability of freshwater 
resources for both ecological and human health 
benefits (Chen et al., 2022; Malik et al., 2020). 
One of those chemicals is phenol, it can lead 
to serious health issues such as skin irritation, 
respiratory problems, and long-term effects in-
cluding cancer upon prolonged exposure (Pratap 
et al., 2023). Phenolic compounds belong to the 
group of priority pollutants and are very toxic 
even at low concentrations (Komnitsas et al., 
2015). The wastewater sources of phenol can be 
classified under the following main areas, Chem-
ical Industries, Petroleum and Petrochemical In-
dustries, Pharmaceutical and Medical Industries, 
Paper and Wood Industries, Textile and Dye 
Industries, Hospitals and Laboratories and Do-
mestic Wastewater (Eryılmaz and Genç, 2021). 
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Removing phenol from wastewater is essential 
due to its toxicity and environmental impact. 
There are several effective treatment techniques, 
categorized into physical, chemical, and biologi-
cal methods (Anku et al., 2017). A common ap-
proach of treatment is adsorption, which refers 
to the process of phenolic compounds attaching 
to the solid materials, so that its concentration 
in wastewater decreases (Xie et al., 2020). Fruit 
waste is a natural adsorbent used in this study 
because of its relative abundance and also the 
ability to bind phenolic compounds which can 
be applied in wastewater treatment processes 
in an eco-friendly way (Benaddi et al., 2023; 
Seghairi et al., 2018), The synthesis of biochar 
from agricultural waste is, therefore, an innova-
tive approach in the area of phenol removal from 
water it is commonly produced from vegetal 
residues called cellulosic biomass, such as fire-
wood or rice residues. In recent years, other raw 
materials have been studied to produce biochar, 
such as algae, food waste, manure, and animal 
tissue (Babalola et al., 2024; Díaz et al., 2024) 
Biochar is a sustainable adsorbent for phenol re-
moval from wastewater to recycle organic waste 
materials and improve water quality, Braghiroli 
et al. (Braghiroli et al., 2018) have reported a 
high sorption capacity of phenols and chemical 
intermediates with the use of activated biochar 
and other biochar-based materials for treating 
phenolic compounds, such as phenol, bisphenol 
A, p-nitrophenol, and pentachlorophenol, are 
toxic to health and the environment (Ahmaru-
zzaman, 2021). Its application in wastewater 
treatment not only enhances pollutant removal 
but also contributes to environmental sustain-
ability by utilizing agricultural waste materials 
(Krajčovičová et al., 2023) Moreover, the use 
of activated biochar derived from agricultural 
waste can significantly improve the efficiency of 
phenolic compound removal from contaminated 
water sources (Jagadeesh and Sundaram, 2023). 
The combined environmental remediation as 
well as waste treatment aspects highlight the 
promise of using biochars in addressing water 
pollution and formulating circular economies 
(Zhao et al., 2020). As more research focuses 
on the development of production protocols and 
identification of appropriate raw materials for 
conversion, biochar could represent a vital part 
of a much-needed strategy for a cleaner global 
water and ecosystem (Adamović et al., 2023)

EXPERIMENTAL WORK

Collection and preparation of mix shells

Almond shells, pistachio shells, peanut shells, 
and walnut shells (APPWS) were collected and 
washed with distilled water to remove any left-
over organic residues or impurities that could im-
pede the adsorption process. After that, they were 
dried in oven at 105 °C for 24 h, as shown in Fig-
ure 1a then ground in a grinder into a fine powder 
and sieved to particles < 1 mm (Said et al., 2021). 
Then, equal weights of each were mixed to pre-
pare the adsorbents before the activation process, 
as shown in Figure 1b.

Chemical activation process

The activation process of activated biochar 
using phosphoric acid has garnered significant 
interest due to its effectiveness in enhancing the 
adsorptive capabilities of activated biochar for 
various contaminants, particularly phenolic com-
pounds. Acting as a dehydrating agent, phos-
phoric acid facilitates the formation of a porous 
structure within the carbon matrix derived from 
agricultural residues, including nut shells, ulti-
mately increasing both surface area and porosity. 
This feature is crucial, since a larger surface area 
typically results in a higher number of active sites 
available for adsorption (Yang et al., 2021).

Activated biochar was prepared from APPW 
chemical activation process using phosphoric 
acid (H3PO4), according to (Hussain et al., 2023). 
In brief, crushed (100 g) of APPW were soaked in 
phosphoric acid in a ratio of 1:3 (w/w). The mix-
ture was slightly agitated to ensure penetration 
of the acid throughout it, heated to 70 °C for 2 h 
and left overnight at room temperature. After that, 
the mixture was placed in a muffle furnace, and 
the temperature was raised to 500 °C for 2 h at 
the rate of 5 °C/min. The acid was removed with 
distilled water until the pH reached 6.8. The ac-
tivated biochar was then dried at 105 °C for 24 h 
using an electric oven. Thus, the material is ready 
after activation. shown in Figure 2.

Preparation of stock solutions:

Avoiding any additional pollutants or materi-
als that could affect the accuracy and quality of 
the results, the adsorption experiments were car-
ried out by preparing the previously simulated 
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solutions with the required concentrations, using 
a stock solution of 1000 ppm of phenol concen-
tration. An amount of 1 g of phenol A was dis-
solved in one liter of distilled water (Alhamd et 
al., 2024). The dissolving process was conducted 
manually for 15 min at room temperature.

Characterization techniques

The samples were characterized before 
and after activation using various techniques 
to understand structural and surface changes. 

Analyses included FTIR for functional group 
identification, SEM for morphology and surface 
examination, BET for surface area and porosity 
measurement, and XRD for crystalline structure 
analysis. These techniques provided a compre-
hensive evaluation of the effects of activation on 
the material properties.

RESULTS AND DISCUSSION

Adsorbent characteristics

FTIR test

Figure 3 represents the FTIR spectra of be-
fore activation and after activation and after ad-
sorption of phenol. The broad peaks at 3429 cm-1 
(in before and after activation) are assigned to OH 
stretches of alcohols found in the lignocellulosic 
structure as well as absorbed water. However, 
after adsorption, this band will overlap with the 
adsorbed phenolic hydroxyl groups. After activa-
tion, the sample had lower peak intensities of -OH 
groups than before activation. These peaks were 
mostly noticed after activation. The sharp peaks 
at ~1628 cm−f could be assigned to C=C bonds. 
The peaks is located at 1742 cm-1 can be related to 
the to carbonylic group of esters. For before acti-
vation, the double peaks at ~2927 and ~2854 cm−c 
could represent C-H stretching of CH2 and CH3 
groups (asymmetric and symmetric stretches) and 
their bending vibration at ~1468 cm−g. In com-
parison to untreated sample, sharper peaks were 

Figure 1. Step preparation (APPW) before the activation process

Figure 2. Preparation (APPW) after 
activation process
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observed at 1105, for after activation, suggesting 
an increase in functional groups with single oxy-
gen bonds, e.g., ethers, esters, alcohols, phenols, 
and lactones. The peaks are located at 1383 cm-1 
and 1468 cm-1 can be attributed to the methyl rock 
(1383), C-H scissoring (1468), respectively.

SEM

SEM was employed to examine the morpho-
logical characteristics of the first material before 
(Figure 4 a and c) and after activation (Figure 4 b 
and d). The pre-activation SEM images revealed 
a compact surface structure composed of large, 
stacked layers and aggregated particles with ir-
regular boundaries. The morphology appeared 
relatively dense, with limited observable poros-
ity or surface roughness. At higher magnification, 
the particle size was measured at approximately 
118.57 nm, indicating a relatively coarse structure 
for nanomaterials. The accumulation of these large 
particles and their poor dispersion suggest a lower 
surface area and limited active sites, which could 
negatively impact the reactivity and functionality 
of the material in surface-dependent applications. 
After activation, the SEM images showed a sig-
nificant transformation in the surface texture and 
particle morphology. The post-activation surface 
appeared more fragmented and porous, indicating 
that the activation process facilitated the break-
down of the larger agglomerates. At the nanoscale 

level, the particle size was substantially reduced 
to approximately 27.42 nm, which reflects an in-
crease in dispersion and surface uniformity. The 
enhanced porosity and smaller particle size are 
expected to improve the surface-to-volume ratio 
of the material and, consequently, its performance 
in applications such as catalysis, adsorption, and 
chemical sensing.

Brunauer-Emmett-Teller (BET)

The results shown in Table 1 indicate a good 
increase in surface area, as the surface area in-
creased from 0.45427 m²/g before activation to 
1116.2 m²/g after activation, which reflects the 
high efficiency of the activation process in open-
ing the pores and increasing the adsorption effi-
ciency of the material. The results also showed that 
the pore volume doubled from 0.0026476 cm³/g 
to 1.0332 cm³/g, which is a significant improve-
ment, indicating the formation of a new internal 
pore network after activation. The results also 
showed that the average pore diameter decreased 
(from 23.313 nm to 3.7024 nm), which indicates 
the structure shift from mesopores/macropores to 
micropores, common after charcoal activation. 
The above-mentioned improvement in properties 
makes this material suitable and promising for 
adsorption, pollutant removal and storage appli-
cations within the adsorbent. 

Figure 3. The FTIR spectrum of APPWS 
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X-ray diffraction (XRD)

The XRD pattern in (Figure 5) before phenol 
adsorption shows varying peak intensities across 
different 2θ angles, reflecting the crystalline ar-
rangement of the material. The peaks represent 
distinct crystal planes and their corresponding 
spacings, indicating the material’s original struc-
ture. (Blue curve) After phenol adsorption, the 
XRD pattern shows noticeable changes in peak 
intensities at certain 2θ 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). The com-
parison between the two patterns clearly dem-
onstrates the impact of phenol adsorption on the 
crystalline properties of the material, highlighting 
the structural modifications that occurred during 
the adsorption process.

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

Table 1. Main results of BET analysis
No. Property Before activation After activation

1 Surface area (BET) 0.45427 m²/g 1116.2 m²/g

2 Total pore volume 0.0026476 cm3/g 1.0332 cm3/g

3 Average pore diameter 23.313 nm 3.7024 nm

4 Langmuir area 0.5693 m²/g 842.05 m²/g
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Batch adsorption studies for Phenol removal

The pH levels tested

The pH levels significantly affect the interac-
tion between phenol and adsorbent material. Fig-
ure 6 shows the effect before and after activation, 
Before activation, the removal efficiency at dif-
ferent pH values was relatively low, ranging from 
3.06% at pH 11 to 8.26% at pH 5. This indicates 
that the material or system used had limited ef-
fectiveness under varying pH conditions, likely 
due to insufficient active sites on the surface or 
suboptimal chemical interactions for pollutant 
adsorption. The variation in efficiency across the 
pH values before activation suggests that the sur-
face properties of the adsorbent and pollutant spe-
ciation were not favorable for efficient removal. 
After activation, a significant improvement in 
removal efficiency was observed, especially un-
der acidic conditions (pH 3 and 5), where the ef-
ficiency exceeded 99%. This enhancement can be 
attributed to the activation process, which likely 
increased the number of active sites and improved 
the surface characteristics of the adsorbent, there-
by facilitating stronger interactions with pollut-
ants. However, at higher pH values (pH 9 and 11), 
the removal efficiency declined, reaching 86.7% 
at pH 11. This reduction may be due to changes 
in the surface charge of the adsorbent or altered 
speciation of pollutants under alkaline conditions, 
leading to weaker adsorption forces and lower re-
moval performance. (Sani et al., 2020)

Contact time

In phenol extraction from water using AP-
PWS, contact duration significantly impacts ad-
sorption effectiveness. The removal efficiency of 

phenol in (Figure 7) using APPWS before acti-
vation shows inconsistency with contact time, 
indicating limited and unstable adsorption capac-
ity. At 30 minutes, the removal efficiency was 
14.924%, increasing slightly to 17.3% at both 60 
and 90 minutes. However, an unexpected drop is 
observed at 120 minutes (7.93%), followed by a 
slight rise at 150 minutes (12.266%). This irregu-
lar pattern suggests that the non-activated adsor-
bent lacks a strong or sustained interaction with 
phenol molecules over time. It may suffer from 
surface saturation, weak binding forces, or de-
sorption effects. Overall, the material before ac-
tivation does not demonstrate a reliable or effec-
tive performance across different contact times. 
In contrast, the activated adsorbent shows a clear 
and consistent increase in removal efficiency with 
contact time. Starting from 84.3332% at 30 min-
utes, the efficiency steadily rises to 96.7778% 
at 60 minutes, and then reaches near-complete 
removal at 90 minutes (99.746%), 120 minutes 
(99.136%), and 150 minutes (99.954%). This be-
havior indicates that the activation process signif-
icantly improved the adsorbent’s performance by 
enhancing surface area, porosity, and the avail-
ability of active sites. The efficiency curve stabi-
lizes after 90 minutes, suggesting that equilibrium 
was reached and further contact time does not sig-
nificantly change the removal rate. These results 
confirm the excellent and reliable performance of 
the activated material in removing phenol over 
time (Afsharnia et al., 2016; Ali et al., 2022)

Agitation speed

Identifying an ideal mixing speed is crucial 
for maximizing phenol adsorption while main-
taining APPWS structural integrity, (in Figure 8) 

Figure 5. The (XRD) analysis of APPWS, before and after phenol adsorption 



172

Journal of Ecological Engineering 2025, 26(10), 166–179

The results of phenol removal using the adsorbent 
before activation show a gradual improvement 
with increasing stirring speed. At 100 rpm, the 
removal efficiency was very low at 2.32%, and 
it progressively increased to 8.488% at 250 rpm. 
This trend suggests that increasing the mixing 
speed enhances the mass transfer of phenol mol-
ecules from the bulk solution to the surface of the 
adsorbent. However, the overall adsorption per-
formance remains limited due to the poor char-
acteristics of the non-activated material. Even at 
the highest speed tested (250 rpm), the efficiency 
did not exceed 8.5%, indicating that the material, 

in its raw form, lacks sufficient active sites or 
surface reactivity to achieve effective phenol re-
moval – even under improved mixing conditions, 
after activation, the data shows a significant and 
rapid improvement in removal efficiency with in-
creasing stirring speed. At 100 rpm, the remov-
al efficiency was 5.76%, but it jumped notably 
to 44.04% at 150 rpm, and reached near-com-
plete removal levels at 200 rpm (99.136%) and 
250 rpm (99.358%). These results indicate that 
the activation process greatly enhanced the ad-
sorbent’s effectiveness. However, optimal perfor-
mance is only achieved when sufficient mixing is 

Figure 6. Effect of acidic function (pH) on phenol removal by APPWS 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

Figure 7. Effect of time on phenol removal by APPWS before activation and after activation,
at initial phenol concentration 50 mg/l, adsorbent dosage 0.8 g, pH 7, and speed 200 rpm
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provided to facilitate the transport of phenol mol-
ecules to the newly activated binding sites. Once 
the mixing speed reaches 200 rpm, it appears that 
the active sites are fully utilized, explaining the 
high and stable removal efficiencies observed at 
the higher speeds. This highlights the critical role 
of mixing speed as a facilitating factor, especially 
when using highly effective and activated adsor-
bents (Zamouche et al., 2023). 

Initial phenol concentration

When examining the phenol removal effi-
ciency using the APPWS before activation, the 
results show a significant decline in efficiency as 
the initial phenol concentration increases. The 
removal efficiency was recorded (in Figure 9) 
at 7.928% at a concentration of 50 mg/L, and 
gradually decreased to 2.088% at 250 mg/L. This 
downward trend indicates that the non-activated 
adsorbent possesses very limited adsorption ca-
pacity and quickly loses effectiveness as more 
phenol molecules are introduced into the solu-
tion. This can be attributed to the limited num-
ber of active sites on the surface of the raw ad-
sorbent, or to inadequate surface characteristics, 
such as low surface area and poor pore structure, 
which hinder effective interaction with phenol 
molecules. Therefore, the performance of the 
material before activation is not sufficient for 
practical application in phenol removal, espe-
cially at higher concentrations. After activating 
the adsorbent, the results demonstrate a remark-
able improvement in phenol removal efficiency 
across all tested concentrations. At the lowest 
concentration of 50 mg/L, the removal efficiency 

reached 99.136%, indicating highly effective 
adsorption behavior. As the concentration in-
creased, the efficiency gradually decreased, yet 
remained relatively high – 89.389% at 100 mg/L, 
and 64.3776% at 250 mg/L. This significant en-
hancement can be attributed to the activation pro-
cess, which clearly improved the surface proper-
ties of the adsorbent, such as increasing surface 
area, opening up pores, and creating more active 
binding sites that interact effectively with phenol 
molecules. Activation transformed the adsorbent 
into a highly efficient material, suitable even for 
treating solutions with elevated phenol concen-
trations. Despite the gradual decline in efficiency 
with increasing concentration, the overall per-
formance after activation is considered excellent 
and practically viable for phenol-contaminated 
water treatment (El-Bery et al., 2022)

Dosage of adsorbent

The quantity of adsorbent used is crucial for 
adsorption efficacy. An optimal dosage ensures 
enough active sites for phenol while prevent-
ing agglomeration that limits accessibility (Fig-
ure 10). The data indicate that the removal effi-
ciency before activation was relatively low, with 
a removal percentage of 4.02% at a dose of 0.4, 
gradually increasing with higher doses to reach 
12.36% at a dose of 1.0, and slightly stabilizing 
at 12.58% at a dose of 1.2. This suggests that the 
material or system without activation possesses 
a limited capacity to remove the target sub-
stance. Although an increasing trend in removal 
efficiency is observed with dose increment, the 
overall efficiency remains low, highlighting the 

Figure 8. Effect of agitation speed on phenol removal by APPWS before activation and after activation,
at (initial phenol concentration 50 mg/l, adsorbent dosage 0.8 g, contact time 120 min speed 200 rpm)



174

Journal of Ecological Engineering 2025, 26(10), 166–179

need for system enhancement to improve perfor-
mance. Following the activation process, a sig-
nificant improvement in removal efficiency was 
observed. The removal percentage rose sharply 
from 4.02% to 82.11% at a dose of 0.4, and con-
tinued to increase with dose, reaching 99.758% 
at a dose of 1.0 and 99.778% at 1.2. This sub-
stantial enhancement demonstrates the critical 
role of activation in improving the properties of 
the material or system, likely by enhancing reac-
tive sites or catalytic activity, which ultimately 
resulted in near-complete removal of the target 
substance at higher doses (Garba et al., 2022) 
(Hawal et al., 2021)

Adsorption isotherm models

In this study, the equilibrium adsorption data 
were evaluated using various isotherm models 
namely Langmuir, Freundlich, Temkin, BET, and 
Dubinin-Radushkevich (D–R) – in order to better 
understand the nature of the adsorption process 
and the surface characteristics of the adsorbent. 
These models offer insights into whether the ad-
sorption occurs as a monolayer or multilayer, 
on homogeneous or heterogeneous surfaces, 
and whether the process is driven by physical or 
chemical interactions. The fitting of the experi-
mental data to each model was assessed based on 

Figure 9. Effect of initial concentration on phenol removal by APPWS before activation and after activation,
at (pH 7, adsorbent dosage 0.8 g, contact time 120 min speed 200 rpm)

Figure 10. Effect of time on phenol removal by APPWS before activation and after activation,
at initial phenol concentration 50 mg/l, PH 7, contact time 120 min speed 200 rpm
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the correlation coefficient (R²). Among the mod-
els tested, the BET model in Figure 11d provided 
the best fit with R² = 0.9928, indicating multilay-
er adsorption and strong interaction at the initial 
adsorption sites. The Freundlich model in Fig-
ure 11b also showed an excellent correlation (R² = 
0.9534), suggesting that the adsorption occurred 
on a heterogeneous surface and was favorable (n 
= 4.92, K_f = 14.27). The Langmuir model shown 
in Figure 11a, indicated a good fit (R² = 0.8995), 
with a calculated maximum adsorption capacity 
(q_max) of 30.03 mg/g and a Langmuir constant 

(b) of 0.6189 L/mg, which implies monolayer 
adsorption behavior. The Temkin model in Fig-
ure 11c presented a moderate correlation (R² = 
0.8571) with an estimated adsorption heat (b_T) 
of 546.6 J/mol, indicating physisorption. Mean-
while, the D–R model in Figure 11e showed the 
weakest correlation (R² = 0.7591), and although 
the estimated mean adsorption energy (E = 
70.7 kJ/mol) suggested chemisorption, the low R² 
value undermines the reliability of this interpreta-
tion. A comparison of all models is summarized 
in Table 2, which confirms the superiority of the 

Figure 11. Application of adsorption isotherm models, (a) Langmuir isotherm plot, (b) Freundlich isotherm plot, 
(c) Temkin plot,(d) Brunauer-Emmett-Teller, (e) Dubinin-Radushkevich
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BET and Freundlich models in describing the ad-
sorption behavior under the studied conditions.

Kinetic models analysis

Three kinetic models were applied to study 
the adsorption mechanism of the studied material, 
First-order, Second-order, and Intraparticle diffu-
sion models. The graphs were used to evaluate the 
degree of fit between the experimental data and 

each model. The analysis results are summarized 
in Table 3 and the results indicate that the second-
order kinetic model in Figure 12b is the most suit-
able for representing the adsorption data, as evi-
denced by the high R² value (0.9993), suggesting 
that the adsorption process is likely governed by 
chemisorption involving bimolecular interaction. 
The intraparticle diffusion model in Figure 12c 
showed partial agreement, implying that internal 
diffusion might be a secondary rate-limiting step. 

Table 2. A comparison between adsorption isotherm models
Model R² Value Fitting quality Dominant mechanism

BET 0.9928 Excellent Multilayer adsorption

Freundlich 0.9534 Very Good Heterogeneous surface

Langmuir 0.8995 Good Monolayer adsorption

Temkin 0.8571 Moderate Physisorption

D–R 0.7591 Weak Possibly chemisorption

Table 3. A comparison between kinetic models analysis 
Model R² Value Interpretation

First-order 0.0564 Very poor fit; the model does not represent the data

Second-order 0.9993 Excellent fit; adsorption follows second-order kinetics (chemisorption)

Intraparticle diffusion 0.7412 Moderate fit; intraparticle diffusion contributes partially to the process

Figure 12. Application of kinetic models analysis (a) pseudo-first order kinetic, (b) pseudo-second order kinetic, 
(c) intraparticle diffusion
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The first-order model in Figure 12a exhibited a 
very poor fit and does not adequately describe the 
adsorption behavior.

CONCLUSIONS

Using pyrolysis technique in this investiga-
tion, activated biochar was effectively generated 
from mix shells of APPWS. The characterization 
findings indicate that the final product has great 
physical and chemical qualities, including high 
porosity, large surface area, and acceptable ther-
mal and chemical stability.

The removal of phenol from water solutions 
was used to assess the effectiveness of the gener-
ated biochar. The findings showed a great adsorp-
tion capacity–up to 99.89% under different op-
erational parameters including, pH, contact time, 
initial phenol concentration, Mixing Speed and, 
Dosage of Adsorbent

Furthermore, isotherm and kinetic analy-
ses showed that the Freundlich isotherm model 
best describes the adsorption process, hence sug-
gesting a chemical adsorption phenomenon. The 
pseudo-second-order model best fits the kinetic 
data, which implies that chemisorption is the 
main process.
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