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INTRODUCTION

The rapid growth of industrialization, a grow-
ing population, and the urban environment attri-
bute for increasing of produced wastewater glob-
ally (Nasir et al., 2022; Önal and Küçük, 2020). 
Due to this, the water resources face a lot of pres-
sure, since the untreated or poorly treated waste-
water can enter the rivers, lakes and groundwater, 
causing, in the long term, damage to the environ-
ment (Chen et al., 2022). Not only does wastewater 
increase the demand on clean water supplies, but 
the mixture of pollutants within wastewater pres-
ents serious threats to public health and ecology 
(Kariem et al., 2018; Manasa and Mehta, 2020).

Industrial and municipal wastewaters are 
known for their complex composition, which in-
corporates a wide variety of pollutants, including 
heavy metals, synthetic dyes, pharmaceuticals, 
pesticides, hydrocarbons, and other organic and 
inorganic compounds. The removal of many of 
these contaminants poses a continuous environ-
mental science and engineering challenge; they 
are toxic, non-biodegradable, and resistant to tra-
ditional treatment processes (Hussain et al., 2023).

Phenolic compounds are one of the types 
of pollutants that have attracted significant con-
cerns due to their toxic effect at low concentra-
tions. Phenolic compounds are extensively dis-
charged into wastewater by the effluents from 
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petrochemical, pharmaceutical, plastic, resin dye-
ing, and paper industries. They are highly soluble 
in water and resist biodegradation, thus persisting 
in aquatic systems, where they may produce car-
cinogenic, mutagenic and teratogenic effects on 
humans and also lethally affect aquatic organisms 
(Al-Khalid et al., 2020). Phenols are priority pol-
lutants defined by the U.S. Environmental Protec-
tion Agency (EPA) and the World Health Organi-
zation (WHO), and their removal is increasingly 
urgent (Farzana et al., 2023).

Conventional treatment technologies have 
many drawbacks, such as high cost, incomplete 
dosage, and generation of secondary toxic prod-
ucts by means of chemical oxidation, organic 
degradation, membrane separation, etc. (Nhat-
Thien Nguyen et al., 2025). On the other hand, 
adsorption is widely accepted as one of the op-
timal and economic methodologies for phenolic 
compounds elimination because of its simple 
process, materials reusability, and high efficiency 
removal rate (El-Naas et al., 2010).

In recent years, there has been increasing in-
terest in the application of eco-friendly, low-cost, 
and sustainable adsorbents from agricultural by-
products (Alfyad et al., 2025; Saravanan et al., 
2021). Date seeds (date pits), commonly found in 
date-producing districts, are a potential candidate 
for this purpose (Bartolomeu et al., 2018). They 
are discarded, because they belong to a high 
agro-waste category of the date palm industry, 
even though they serve carbon-rich and plethora 
porous structures that can be improved through 
activation methods (Abdullah et al., 2025; Hual-
pa-Cutipa et al., 2022). The use of date pits as 

the adsorbent can not only offer a cost-effective, 
green method for phenol elimination, but also 
promote environmental sustainability through 
waste valorization and resource recovery (Ku-
mar et al., 2021).

While the phenol adsorption performance of 
biochar and activated carbon has previously been 
studied, few studies focused on phosphoric acid-
activated biochar obtained from detailed charac-
terization of date kernels, followed by applica-
tion to real refinery wastewater. In addition, most 
previous works focus only on removal efficiency, 
while the relationship between adsorption perfor-
mance and surface structural evolution, as well 
as adsorption mechanism and kinetic behavior 
are still not well correlated. Therefore, this study 
aimed to prepare and characterize phosphoric ac-
id-activated date kernel biochar and evaluate its 
performance for phenol removal under different 
operational conditions using both synthetic and 
real industrial wastewater samples. 

MATERIAL AND METHODS

Collection and preparation of Date Kernel

The collected kernel was washed with filtered 
water to remove dust and other unknown contam-
inants (Figure 1a). It was then heated to 105 °C 
for 24 hours in a hot oven, ground into a smooth 
powder in a grinding machine, and sieved to par-
ticles smaller than 1 mm (Mohamad Said et al., 
2021) to prepare the adsorbents before the activa-
tion process (Figure 1b).

Figure 1. Step preparation DK before activation process
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Chemical activation process

Although it effectively improves the adsorp-
tive capacity of the activated biochar (ABC) for 
a range of pollutants, especially phenolic sub-
stances, phosphoric acid activation of activated 
biochar has garnered a lot of attention. Phosphor-
ic acid functions as a dehydrating agent to facili-
tate the formation of a porous architecture inside 
the matrix of carbon obtained from agricultural 
waste, including nut shells, which ultimately im-
proves the surface area and porosity. Since more 
surface area typically translates into more active 
sites accessible for adsorption, this feature is cru-
cial (Yang et al., 2021).

According to Hussain (Hussain et al., 2023), 
phosphoric acid (H3PO4) was used in the DK 
chemical activation process to create activated 
biochar. In short, 100.0 g of crushed DK were 
steeped in the acid phosphoric at a ratio of 1:3 
(w/w). The mixture was gently agitated, heated 
to 70 °C for two hours, and subsequently allowed 
to rest at ambient temperature overnight to en-
sure thorough absorption of the acid. The mixture 
was subsequently positioned in a muffle furnace, 
which was heated up to 500.0 °C for 2 hours, at 
a constant rate of 5 °C per minute. The water that 
was distilled was used for the removal of acidic 
chemicals till the pH reached 6.8; subsequently, 
a conventional electric oven was utilized to dry 
the activated charcoal for 24 hours at 105.0 °C. 
Therefore, following activation, the material was 
ready, as seen in Figure 2.

Preparation of stock solutions

The tests on the ad were conducted using a 
1000 ppm phenol stock solution to eliminate other 
impurities or elements that could affect accuracy, 
as well as the quality of the results. One gram of 
phenol was dissolved in one liter of distilled water 
(Alhamd et al., 2024). An equal volume of ethanol 
was added to the filtered succinic acid, and gently 
mixed at room temperature for 15 mins. 

Batch experiments 

To determine the effect of different fac-
tors on phenol elimination, several experiments 
were carried out in a batch system. Each ex-
periment involved filling a 250 mL semicircu-
lar flask with 200 mL of distilled water and an 
adsorbate solute at different concentrations. 

The flask was then placed in an orbital shaker 
with different experimental settings. The sam-
ples were filtered at predetermined intervals 
using a manual sieve. The concentration of an 
aqueous solution in the test samples was then 
ascertained using a spectrophotometer. The 
equilibrium amount of phenol adsorbed onto 
DK was estimated using the formula below:  
Equations 1 and 2 for removal efficiency percent-
age and the adsorption capacity. Table 1 lists pa-
rameters used in these experiments.

	 𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑒𝑒)𝑉𝑉
𝑊𝑊   

 
 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒

𝐶𝐶𝑜𝑜
× 100  

 

	 (1)

	

𝑞𝑞𝑒𝑒 = (𝐶𝐶0−𝐶𝐶𝑒𝑒)𝑉𝑉
𝑊𝑊   

 
 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒

𝐶𝐶𝑜𝑜
× 100  

 

	 (2)

where:	 Co and Ce are the concentrations of solu-
tion contaminants at the starting and equi-
librium states (mg/L), respectively, the 
steady state pollutant uptake is reflected in 
DK (mg/g) via qe, V – Provides the pol-
luting solution’s amount (L), W – Indicates 
the mass of the used beads (g).

Figure 2. Preparation of DK after activation process

Table 1. The parameters used in these experiments

Parameter Rang

PH 3,5,7,9,11

Contact time (s) 30,60,90,120,150

Agitation Speed (rpm) 100,150,200,250

Initial phenol Concentration (p.p.m) 50,100,150,200,250

Dose of adsorbent (g) 0.4,0.6, 0.8,1,1.2
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Characterization techniques

Several methods were used to characterize the 
materials both before and after activation in order 
to comprehend surface and structural alterations. 
FTIR was used to identify the functional groups, 
SEM to examine the morphology and surface, 
BET to assess the surface area and porosity, and 
XRD to analyze the crystalline structure. These 
methods provide a thorough assessment of how 
activation affected the material’s characteristics. 
All batch adsorption experiments were conducted 
in triplicate under controlled laboratory condi-
tions, and the average values were reported. Ex-
perimental parameters were varied individually 
while keeping the remaining parameters constant 
to accurately evaluate the influence of each op-
erational factor on phenol adsorption. The experi-
mental error was maintained within ±5%.

Study samples and their collection

Prior to treatment, the adsorbents were ana-
lyzed on industrial water samples from the Daura 
refinery in Baghdad, and the concentration of phe-
nol in these samples was measured beforehand 
as well as after the adsorbent was added. Phenol 
analysis was performed using a spectrophotom-
eter with a commercial Merck reagent kit follow-
ing the manufacturer’s procedure. Predosed re-
agents and factory-prepared calibration standards 
supplied with the kit were used for the colorimet-
ric determination of phenol concentration.

RESULTS AND DISCUSSION

Adsorbent characteristics

FTIR test

The FTIR spectra shown in Figure 3 repre-
sent the times before, after, and three times after 
phenol adsorption. The large peaks at 3424 cm⁻¹ 
(both before and after activation) are caused by 
vibrations of stretching of hydroxyl surface struc-
tures, absorbed water, and OH stretch of alcohols 
contained in the lignocellulosic matrix. Never-
theless, after adsorption, this absorbed band will 
blend in with the sample’s adsorbed phenolic hy-
droxyl groups. The sample’s OH group peak in-
tensity is lower after adsorption, than prior to ac-
tivation; however, this peak’s strength increases 
following phenol adsorption. The strong peaks at 

about 1635 cm−1 may be caused by C=C bonds. 
Since phenol structures contain the c=c aromatic 
double bond, the strength of this peak rises as 
phenol groups are adsorbed. The carbonyl group 
of esters is linked to the peak at 1744 cm-1. The 
twin peaks at roughly 2922.0 and 2852.0 cm−1 in 
the before activation sample (B3) may indicate 
the CH stretching (asymmetric and symmetric 
stretches) of the CH2 and CH3 groups, as well 
as their bending vibration at about 1469.0 cm−1. 
During activation, sharper peaks at 1103 were 
seen compared to previously, indicating a rise in 
functional groups with single oxygen bonds, par-
ticularly in the COC group ( phenols, esters, lac-
tones, ethers, and alcohols). Methyl rock (13821/
cm) and CH scissoring (1468 cm-1) are matched 
at 1387 1/cm and 1469 1/cm, respectively. After 
activation and adsorption, the intensity of the OH 
peak decreases, suggesting that some elements of 
the base material have benefited from activation.

Scanning electron microscopy (SEM)

The pre- activation SEM micrographs show 
that the material is made up of large, asymmet-
rical agglomerates with extremely low surface 
pores and level of roughness, as shown in Figure 
4(a). The particles seem to be poorly dispersed 
and form agglomerates that mask the surface area 
available. However, at higher magnification, the 
average particle size measured was 64.25 nm, 
indicating that even though the nanostructure 
is fairly coarse and not extensively exposed, as 
shown in Figure 4(c). Such morphological fea-
tures indicate poor reactivity, possibly owing to 
the limited surface area and restricted active sites.

Upon activation, a drastic morphological 
change is evident in SEM images. As seen in Fig-
ure 4(b), the surface is considerably rougher and 
more porous, with a shift to thinner and evenly 
distributed nanoparticles. The particle size has 
significantly decreased to about 22.670 nm in the 
high magnification photograph.

Brunauer–Emmett–Teller (BET)

It showed a good increase in surface area 
from 2.1078 m²/g prior to activation, up to 1087 
m²/g following the activation process. In order 
to increase the adsorption efficiency of the mate-
rial and open its pores, the activation procedure 
proved to be highly successful. Additionally, the 
data showed that the pore volume doubled from 
0.00305490 cm3/g to 0.8180 cm3/g. This is an 
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Figure 3. The FTIR spectrum of DK

Figure 4. SEM images of date kernels: (a) before activation with rough non-porous surface,
(b) after activation showing porous structure, (c) particle size measurement before activation (64.25 nm),

(d) particle size measurement after activation (22.67 nm)
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important enhancement that indicates the devel-
opment of a new conventional internal porous 
architecture within the material upon activation.

As is often seen after biochar activation, the 
findings also showed that in addition to increased 
surface area, the average pore size decreased from 
5.7971 nm for the untreated biochar to 3.0124 
nm, suggesting a structural transformation of 
mesopores/macropores into micropores. This ma-
terial is appropriate and beneficial for adsorption, 
pollutant removal, and storage inside the adsor-
bate due to the aforementioned improvement in 
characteristics. Table 2.

Diffraction of X-rays

The pattern of XRD of the crystals appeared 
before phenol adsorption, with different intensi-
ties of peaks at different 2θ angles, indicating the 
arrangement of the crystalline structure of the 
material. The peaks correspond to every specific 
crystal plane and its spacing, which reflect the 
initial material structure, see Figure 5. The XRD 
pattern clearly displays variations in peak strength 
at specific 2θ angles following phenol adsorption 
(Blue Curve). Indeed, the observed differences 
indicate that phenol adsorption caused changes in 
the crystalline structure of the material, either by 

modifying the distance between crystal planes or 
affecting its degree of crystallinity. This change 
in maximum intensity indicates adsorption and 
possible structural rearrangements or the phase 
composition. As shown in Figure 5, the compari-
son between the two patterns clearly reveals the 
significant effects of phenol adsorption on the 
crystalline nature and structural modifications of 
the material due to phenol adsorption.

Phenol elimination using batch adsorption 
studies

PH levels tested

The results showed that phenol removal ef-
ficiency before activation was very low, ranging 
from 0.26% at pH 11 to 2.28% at pH 3, indicating 
the limited adsorption capacity of the raw mate-
rial. After activation, the efficiency increased sig-
nificantly, ranging from 71.30% to 99.34%, with 
the highest value at pH 5 and the lowest at pH 
11. This remarkable improvement is attributed to 
the increased porosity and number of active sur-
face sites after activation (Komnitsas and Zaha-
raki, 2016), in addition to the fact that the slightly 
acidic medium enhanced the binding of phenol 
molecules to the adsorbent, see Figure 6.

Table 2. Key findings from the BET analysis for DK

No. Proprietorship Before activation After activation

1 Langmuir area 3.1932 m²/g 914.73 m²/g

2 Total pore volume 0.00305490 cm3/g 0.8180 cm3/g

3 Average pore diameter 5.7971 nm 3.0124 nm

4 Surface area (BET) 2.1078 m²/g 1087 m²/g

Figure 5. XRD patterns of date kernels before and after phenol adsorption, showing changes
in crystalline structure and peak intensities
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Contact time

The results showed that phenol removal ef-
ficiency before activation was low, ranging from 
0.53% at 150 min to 12.53% at 60 min Figure 7, 
indicating unstable and limited adsorption perfor-
mance in the raw state. After activation, the efficien-
cy improved substantially, ranging from 69.22% at 
30 min to 99.97% at 150 min, with a steady increase 
over time. This significant improvement reflects the 
enhanced surface properties and the greater avail-
ability of active sites after activation, allowing for 
more effective and sustained adsorption as the con-
tact time increased (Dhidan, 2023).

Agitation speed

The data show that phenol removal efficiency 
before activation was very low, ranging from 0.3% 
at 100 rpm to 2.08% at 150 rpm, indicating poor 
adsorption in the raw material. After activation, 
efficiency increased significantly, ranging from 
25.44% at 100 rpm to 99.34% at 200 rpm (Díaz et 
al., 2024), with a slight decrease to 89% at 250 rpm. 
This suggests that moderate stirring speeds enhance 
adsorption by improving mass transfer, while very 
high speeds may reduce contact time between phe-
nol molecules and the adsorbent surface, slightly 
lowering removal efficiency, see Figure 8.

Figure 6. Impact of the acidic activity (pH) on the phenol removal of DK before and after activation at
(starting phenol content of 50 mg/l, adsorbent dosage of 0.8 g, contact time of 120 min, speed of 200 rpm)

Figure 7. Impact of the contact period on date kernel phenol effective removal, both prior to and after
activation process at pH 7.0, adsorbent quantity of 0.80 g, initial phenol concentration of 50 mg/L,

and the agitation rate of 200.0 rpm

Figure 8. Impact of speed of agitation on date kernel phenol removal effectiveness both prior to and
post- activation at starting phenol amount of 50.0 mg/L, dosages of a of 0.80 g, and contact period of 120.0 minutes
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Initial phenol concentration

The phenol removal efficiencies before ac-
tivation were extremely low: 1.68% at an initial 
concentration of 250 mg/L and 2.75% at an ini-
tial concentration of 150 mg/L, indicating low 
adsorption capacity of the raw material (Gha-
nadzadeh Gilani et al., 2019). Once activated, the 
efficiency increased significantly from 71.75% 
to 99.74%, with the greatest values recorded at 
a concentration of phenol ranging from 50 mg/L 
to 150 mg/l; although there was a slight decline 
at the higher concentrations (200–250 mg/l) due 
to enriched active sites on surfaces of adsorbent 
being reached, making binding to other phenol 
molecules less efficient, as seen in Figure 9.

Dosage of adsorbent

The low phenol removal efficiency in the un-
activated condition, from 1.53% at a dose of 0.4 
g to 4.46% at a dose of 1.2 g (A), indicates weak 
adsorption properties for the raw material. After 
activation, the efficiency increased significantly 

(73.56%–99.80%) (Figure 10), with the values 
gradually increasing from a dosage of 0.8 g to 
achieve the highest value with doses of 0.8 g or 
more. This significant enhancement is attributed 
to increased porosity and the number of active sur-
face sites, in addition to the effect of higher doses 
in providing a larger surface area for phenol mole-
cule adsorption (Ghanadzadeh Gilani et al., 2019).

Adsorption isotherm models

Different fit behaviors to experimental data 
were observed in the four adsorption models for 
phenol adsorption onto DK material, see Table 
3. The Langmuir model had the best coefficient 
of determination values (William Kajjumba et 
al., 2019), demonstrating a high accuracy of data 
fitting and indicating that the adsorption occurs 
on a didactic surface, covering through mono-
layer mechanics. Following this, the Dubinin–
Radushkevich (D–R) model was applied to pre-
dict and describe the adsorption behavior with 
high accuracy, while also providing information 

Figure 9. Impact of starting phenol concentration on date kernel removal effectiveness both before
and following activation at pH 7.0, adsorbent concentration of 0.80 g, contact period of 120.0 minutes,

and agitation rate at 200.0 rpm

Figure 10. Impact of adsorbent dosage on date kernel phenol removal efficiency both prior to and
after activation at pH 7, starting phenol amount of 50.0 mg/L, contact period of 120.0 minutes,

and agitation rate of 200.0 rpm
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about the type of process; energy calculations 
found from this model supported an energy low-
er than 8 kJ/mol, which confirms that the mecha-
nism is non-chemical in nature, as it follows van 
der Waals forces. The Temkin model provided 
a reasonable fit, considering the energy changes 
and interaction between adsorbed molecules. On 
the other hand, the Freundlich model was the 
least conformed to data corresponding to a het-
erogeneous surface, although it can have some 
applicability to this material in terms of phenol 
adsorption. In general, it means that the Lang-
muir model is the best in describing the adsorp-
tion process for this material, the D–R model is 
in the second position for this material, while for 
the other two last positions are the Temkin and 
the Freundlich models, see Figure 11.

Kinetic models analysis

The kinetics of phenol adsorption onto DK 
material were tested using first-order, second-
order, and intraparticle diffusion models. The 
second-order kinetic model had the highest 
correlation coefficient (R² = 0.999), indicat-
ing that the adsorption follows a second-order 
mechanism, which is characteristic of a chemi-
sorption type process and operates via valence 
forces through the sharing or exchange of elec-
trons between the adsorbent and adsorbate. In 
comparison, the first-order model exhibited a 
low fit (R²=0.3914), indicating that the first-
order kinetics cannot sufficiently describe the 
adsorption kinetic behavior of this system. The 
intraparticle diffusion model showed a high 

Table 3. Comparison of the adsorption isotherm models for phenol adsorption onto DK material

Model Linear equation R² Main interpretation

Langmuir (A) y = 0.0164x + 0.0082 0.9943 Best fit; homogeneous surface; monolayer adsorption

Temkin (B) y = 6.7035x + 43.383 0.9192 Considers energy changes and adsorbate–adsorbate 
interactions

Freundlich (C) y = 0.1629x + 1.6159 0.8412 Heterogeneous surface; less accurate fit

Dubinin–Radushkevich (D) y = -3×10⁻⁸x + 4.0258 0.9668 Good fit; indicates physical adsorption (E < 8 kJ/mol)

Figure 11. The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich adsorption isotherm models
are used to remove phenol
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Table 4. Comparison of the kinetic models for phenol adsorption onto DK material

Model Linear equation R² Main interpretation

First-order (A) y = -0.0086x + 0.7147 0.3914 Poor fit; does not represent adsorption kinetics well

Second-order (B) y = 0.0703x + 1.3929 0.999 Best fit; indicates chemisorption mechanism

Intraparticle diffusion (C) y = 0.5803x + 5.8126 0.9509 Significant contribution from intraparticle diffusion; not 
the only rate-controlling step

Figure 12. Three kinetic models – the pseudo-first-order model, the pseudo-second-order kinetics model,
and the intraparticle diffusion-based model – are applied to phenol adsorption

correlation coefficient (R²=0.9509), indicating a 
significant contribution of intraparticle diffusion 
to the overall adsorption process; meanwhile, 
the intercept value suggests that this mechanism 
itself is not the only rate-controlling step and it 
may be done in conjunction with boundary layer 
effects. In summary, the results confirm that the 
adsorption kinetics of phenol onto DK were de-
scribed by a second-order model followed by an 
intraparticle diffusion model, whereas the first-
order model is poorly suited to this system, see 
Table 4 and Figure 12. 

Results samples of the study

Before treatment, the concentration of phenol 
in a sample obtained from the AL Dora refinery 
was tested. The removal efficiency for DK was 

then determined by testing the products produced 
under normal conditions and measuring the con-
centration of phenol following a typical treat-
ment. Table 5 displays the results.

DISCUSSION

The adsorption behavior observed in the 
present study can be mechanistically attributed 
to the physicochemical interactions between the 
molecules of phenol and the active sites avail-
able on the synthesized biochar surface. The 
reasons for such a high removal efficiency are 
probably due to the large specific surface area 
and a large number of various surface functional 
groups, which increase the easy accessibility 
of adsorption sites. The adsorption process is 
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multifactorial, which can include mechanisms 
of electrostatic attraction, π–π interactions, hy-
drogen bonding, and pore-filling effects based 
on the surface chemistry of the prepared biochar. 
Moreover, the satisfactory fit of the experimen-
tal data with the Langmuir isotherm model in-
dicates that in adsorption, a mostly monolayer 
coverage on a relatively homogenous active 
site was shown. Similar adsorption behavior 
has been reported in previous studies involving 
nanostructured adsorbents for organic contami-
nant removal, where nanoscale morphology and 
surface functionalization played significant roles 
in improving adsorption capacity and pollutant 
affinity (Mustapha et al., 2026). Therefore, the 
obtained results confirm that the prepared nano-
material possesses favorable surface character-
istics for efficient adsorption of organic com-
pounds from aqueous solutions.

CONCLUSIONS

It was shown that the adsorption capacity of 
phenol by the date kernel biochar was augment-
ed by phosphoric acid activation. The presence 
of newly formed oxygen-containing functional 
groups and the creation of well-developed nano-
structure, highly porous surface morphology, 
after the activation procedure were confirmed 
via FTIR and SEM analyses, respectively. The 
substantial increment in surface area and pore 
volume indicated by the BET results validated 
this, which further correlated with the enhanced 
adsorption efficacy (over 99% at optimum con-
ditions). The structural changes were evidenced 
by XRD analysis after phenol adsorption, which 
suggested strong interactions between phenol 
molecules and the surface of biochar. Adsorp-
tion isotherm studies revealed that the best cor-
relation was observed with the Langmuir model, 
suggesting monolayer adsorption on a surface 
that is homogeneous, together with a fit with the 
Dubinin–Radushkevich model indicating con-
tribution of physical adsorption. Kinetic mod-
eling showed that the process was best fitted 

by the pseudo-second-order model, confirming 
that chemisorption is the controlling process in 
these systems, and that intra-particle diffusion 
also plays a role in the rate. However, some 
limitations should also be noted, although the 
synthesized biochar exhibited excellent adsorp-
tion performance for the removal of the studied 
phenol. The large-scale application may be in-
fluenced by factors such as material production 
cost, regeneration efficiency, structural stability, 
and long-term operational performance. Future 
research should also focus on pilot-scale imple-
mentation to enhance the practical applicability 
and industrial scalability of the developed ad-
sorption system. Overall, these results confirm 
that activated biochar derived from date kernels 
is a promising, low-cost, and eco-friendly ad-
sorbent with high potential for phenol removal 
from wastewater.
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