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INTRODUCTION

The aquatic environment is facing a rapid in-
crease in concentrations of various contaminants, 
particularly pharmaceutical compounds. The sig-
nificant increase in their concentrations is due to 
the increase in population and wide use. Statis-
tics report that around 6000 tons/year of tetracy-
cline is consumed in the United States (Aliyu et 
al., 2022). Pharmaceuticals are excreted from the 
human and animal bodies with urine and feces, 
resulting in detectable concentrations in waste-
water. They subsequently find their way to water 
resources through the discharge of wastewater. 
The improper disposal of leftover and expired 

pharmaceuticals has also led to an increase in their 
concentrations in water resources (Sellaoui et al., 
2023). Pharmaceuticals-loaded wastewater can 
be treated using biological, chemical, and physi-
cal processes. Different biological processes are 
being investigated to treat pharmaceutical waste-
water, such as constructed wetlands (Jain et al., 
2023), membrane bioreactors (Utami et al., 2024), 
and aerated filters (Abdullah et al., 2016; Chen 
et al., 2017). The chemical processes that are ap-
plied to remove pharmaceuticals from wastewater 
include coagulation (Jung et al., 2015), ozonation 
(Peralta-Hernández and Brillas, 2023), advanced 
oxidation (Qutob et al., 2022; Ramasamy et al., 
2021), photo-Fenton process (Durán et al., 2011), 
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photocatalytic degradation (Nasr et al., 2019; 
Negarestani et al., 2020). Physical processes have 
also been employed to remove pharmaceuticals 
from wastewater, including membrane filtration, 
reverse osmosis (Karaman et al., 2016), and ad-
sorption (Abudi et al., 2025; Nguyen et al., 2020). 
Removal of pharmaceuticals from wastewater 
should be fully managed at source, instead of 
focusing on the application and improvement of 
such treatment techniques, which are costly and 
unsustainable. Adsorption is favorable among 
these techniques as it is a cost-effective and envi-
ronmentally friendly method (Abudi et al., 2025).

Various adsorbent materials have been tested 
for the treatment of pharmaceutical wastewater. 
Moving towards the sustainability concepts, ad-
sorbents derived from natural materials have re-
cently been encouraged. Biochar as an adsorbent 
has attracted much attention because it is cheap, 
sustainable, efficient, and abundant (Qasim et al., 
2023). Biochar is a solid material originated ther-
mally from organic matter decomposition under 
a low-oxygen sealed environment. The perfor-
mance of biochar depends on its chemical and 
physical structure, such as ion exchangeability, 
pore size, and specific surface area (Du et al., 
2023). However, the adsorption capacity of bio-
char could be enhanced by specific chemical and 
physical modification procedures, which signifi-
cantly enlarge the surface area and porosity of the 
adsorbent (Qasim et al., 2023). Different modifi-
cations have been applied to biochar, including 
the addition of metals and carbonaceous materi-
als, as well as steam activation (a physical green 
modification). One of the efficient but expensive 
methods is modification using some organic mat-
ter such as methanol (Du et al., 2023). However, 
the most common technique is acid/base modi-
fication, which produces modified biochar with 
high adsorption characteristics (Jin et al., 2014; 
Peng et al., 2017).

Effective parameters that have a vital role in 
biochar adsorption are pH, temperature, amount 
of adsorbent, concentration of pollutants, and 
contact time (Abudi et al., 2025; Qasim et al., 
2023). The effective mechanisms that participate 
in biochar adsorption are electron donor/accep-
tor interactions, electrostatic interaction, surface 
complexation, pore filling, hydrophobic interac-
tions, hydrogen bonding interactions, and ion ex-
change (Du et al., 2023). 

Biochar has been derived from various raw 
materials such as banana peel (Patel et al., 2021), 

microalgae biomass (González-Hourcade et al., 
2022), macroalgae (Pimentel-Almeida et al., 
2023) and used to remove paracetamol. The im-
pact of biochar as an adsorbent modified through 
acid, base, and layered double hydroxide for the 
removal of acetaminophen from synthetic waste-
water is still inadequately reported. In order to 
fill this knowledge gap, the primary goal of this 
study was to assess the morphological, physico-
chemical, and textural properties using various 
biochar composites, including activated biochar, 
biochar synthesized with layered double hydrox-
ides, biochar modified with phosphoric acid, and 
biochar activated with potassium hydroxide, em-
ploying Fourier transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), energy-disper-
sive X-ray spectroscopy (EDS), scanning elec-
tron microscopy (SEM), and Brunauer-Emmett-
Teller (BET). The second goal was to examine the 
adsorption performance of acetaminophen (ACT) 
using the biochar composites and apply the kinet-
ic and isotherm adsorption models to investigate 
the variables that affect the removal rate of ac-
etaminophen, such as pH, initial ACT concentra-
tion, adsorbent dosage, and contact time.

MATERIALS AND METHODS

Materials

Tree leaves were gathered from Mustansi-
riyah University campus, Baghdad, Iraq. The 
used chemicals: acetaminophen, phosphoric acid 
(H3PO4), potassium hydroxide (KOH), magne-
sium nitrate (Mg(NO3)2.6H2O), aluminum nitrate 
(Al(NO3)3.9H2O), sodium hydroxide (NaOH), and 
sulfuric acid (H2SO4), were all analytical grade 
reagents, obtained from Aladdin, Ind., China, 
Shanghai. The stock solution of synthetic waste-
water was provided by dissolving 1000 mg/L of 
ACT concentration in deionized water (DI) and 
then stored at 4 °C. This solution was diluted to 
the desired concentrations prior each experiment.

Synthesis of agricultural waste biochar 

The collected leaves were washed properly 
with tap water and then with DI. The second step 
was drying the cleaned leaves using an air oven at 
105 °C for 24 hours. The dried leaves were then 
grounded and sieved using a 0.2 mm sieve. The 
powder passed through the sieve was collected 
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in an iron box with dimensions of 30 × 20 × 40 
cm. The final step is the pyrolysis process in 
which the iron box is exposed to a high tempera-
ture (360 °C) for 1 h under limited oxygen con-
ditions using a temperature-controlled furnace 
at a heating speed of 10 °C/ min (Qasim et al., 
2023). Thereafter, the agricultural waste biochar 
(AWBC) was identified using FTIR, XRD, EDS, 
SEM, and BET analyses. The residual biochar 
was preserved for more modifications.

Modification of biochar

Three methods were used to modify biochar 
in order to improve its characteristics. The first 
method was acid modification using phosphor-
ic acid (H3PO4), the second method was base 
modification using potassium hydroxide (KOH), 
and the last one was layered double hydroxides 
(AWBC-LDH (Mg-Al)). 

Modification of biochar with H3PO4 (AWBC-H3PO4)

Modification of AWBC by phosphorus acid 
was carried out by the impregnation of biochar 
in 47.5% phosphoric acid solution for 24 h at 
room temperature. The weight ratio of impregna-
tion (acid solution: biochar) was 1:1. Then, the 
sample was subjected to drying (overnight at 60 
°C) and pyrolysis under a nitrogen atmosphere at 
600 °C for 2 h. The sample was washed with DI 
after cooling, to ensure the removal of excessive 
phosphoric acid (within the pH value of 5.5–6.0). 
The sample was then dried, grounded, and passed 
through a 0.2 mm sieve (Peng et al., 2017). The 
obtained biochar (AWBC-H3PO4) was preserved 
in a sealed vessel and later analyzed with FTIR, 
XRD, EDS, SEM, and BET.

Modification of biochar with KOH (AWBC-KOH)

Modification of AWBC with potassium hy-
droxide was performed through mixing 2 g of 
AWBC with 500 ml of 2 M KOH solution for 1 h. 
Then, the mixed solution was filtered using filter 
paper. The filtered biochar was washed with DI 
and re-filtered. The process of washing and filtra-
tion was repeated several times until no signifi-
cant change in the pH of the filtrate was noticed. 
The sample was then oven dried at 105 °C for 10 
h and pyrolyzed under an atmosphere of nitrogen 
at 600 °C for 2 hr. The sample was washed after 
cooling with DI (ensuring the removal of exces-
sive KOH), dried, grounded, and sieved using a 

0.2 mm sieve (Jin et al., 2014). The biochar treat-
ed with KOH (AWBC-KOH) was preserved us-
ing a sealed vessel and subjected to FTIR, XRD, 
EDS, SEM, and BET analyses.

Modification of biochar with layered double 
hydroxides (AWBC-LDH (Mg-Al))

Biochar has a weak affinity towards the an-
ionic compounds, because of its negative surface 
charge. In order to improve the biochar capacity 
to absorb such compounds, the biochar surface 
should be modified. It has been shown that add-
ing layer double hydroxides (LDH (Mg-Al)) to 
the biochar improved its capacity to absorb an-
ionic substances (Fang et al., 2018). The copre-
cipitation was performed following the procedure 
implemented by Xue et al. (2016) to produce 
biochar with layered double hydroxides (AWBC-
LDH (Mg-Al)) (Xue et al., 2016). In brief, 100 
mL (0.25M Al(NO3)3·9H2O) and 100 mL (0.75M 
Mg(NO3)2·6H2O) were combined. Once the mix-
ture was shaken for an hour, 2.5 g of AWBC was 
added. When the shaking period finished, 2M 
NaOH was added to the mixture to bring the pH to 
about 10. Thereafter, the mixture was continually 
stirred for 10 hours at 85 °C. Following an oven-
drying process for 24 hours at 100 °C, the pre-
cipitate (AWBC-LDH (Mg-Al)) was preserved 
in a sealed vessel and subsequently subjected to 
FTIR, XRD, EDS, SEM, and BET analyses.

Characterization of biochar

The characteristics of AWBC and its modifi-
cations were analyzed before the adsorption pro-
cess. Functional groups were determined by FTIR 
test, elemental analysis was done by energy-dis-
persive X-ray spectroscopy (EDX), the crystal-
line structure was analyzed by XRD, surface area, 
pore size, and pore volume were determined by 
BET analysis. Biochar structure was observed by 
scanning electron microscopy (SEM). 

Batch adsorption experiments

In order to examine the ACT adsorption 
from aqueous solution using different biochar 
composites, the adsorption experiments were 
conducted on a batch basis. Each bottle (250 
mL glass) was filled with 100 mL of pharma-
ceutical synthetic wastewater. The bottles were 
shaken using a reciprocating shaker at 200 rpm 
under ambient temperature. The investigated 



252

Journal of Ecological Engineering 2025, 26(8), 249–262

parameters were pH (2–12), amended with 0.1M 
NaOH or 0.1M H2SO4), contact time (5–150 
min), ACT initial concentration (40–200 mg/l), 
and the dose of adsorbent (0.1–1.1 g). Other fac-
tors were fixed to determine the impact of a par-
ticular factor.

For one experiment, the solution was filtered 
after a specified duration of contact time, and a 
spectrophotometer was used to measure ACT 
concentrations in the resultant liquid. Residual 
paracetamol in the synthetic wastewater after the 
adsorption experiments was analyzed by UV-vis-
ible spectrophotometer at 243 nm. The average of 
the data was taken and displayed after the samples 
were tested in duplicate. Equations 1 and 2 were 
applied to determine the quantity of the adsorbed 
ACT and the removal percentage, respectively:

 

 

𝑞𝑞𝑒𝑒 =  𝑉𝑉· (𝐶𝐶𝑖𝑖𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 
 

%𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  (𝐶𝐶𝑖𝑖𝑖𝑖−𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜)
𝐶𝐶𝑖𝑖𝑖𝑖

· 100% (2) 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝐾𝐾1 (𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑑𝑑)   (3) 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝐾𝐾2 (𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑑𝑑)2  (4) 

 
𝑅𝑅𝑙𝑙 𝑞𝑞𝑅𝑅 = 𝑅𝑅𝑙𝑙 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛 𝑅𝑅𝑙𝑙 𝐶𝐶𝑅𝑅 (5) 
 

𝑐𝑐𝑒𝑒
𝑑𝑑𝑒𝑒

= 1
𝑘𝑘𝑙𝑙𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

+ 𝑐𝑐𝑒𝑒
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

 (6) 
 

𝑞𝑞𝑅𝑅 = 𝑅𝑅𝑇𝑇
𝐵𝐵𝑇𝑇

𝑅𝑅𝑙𝑙 𝐾𝐾𝑇𝑇 + (𝑅𝑅𝑇𝑇
𝐵𝐵𝑇𝑇) 𝑅𝑅𝑙𝑙 𝐶𝐶𝑅𝑅 (7) 

 
 

 (1)

 

 

𝑞𝑞𝑒𝑒 =  𝑉𝑉· (𝐶𝐶𝑖𝑖𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 
 

%𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  (𝐶𝐶𝑖𝑖𝑖𝑖−𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜)
𝐶𝐶𝑖𝑖𝑖𝑖

· 100% (2) 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝐾𝐾1 (𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑑𝑑)   (3) 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝐾𝐾2 (𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑑𝑑)2  (4) 

 
𝑅𝑅𝑙𝑙 𝑞𝑞𝑅𝑅 = 𝑅𝑅𝑙𝑙 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛 𝑅𝑅𝑙𝑙 𝐶𝐶𝑅𝑅 (5) 
 

𝑐𝑐𝑒𝑒
𝑑𝑑𝑒𝑒

= 1
𝑘𝑘𝑙𝑙𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

+ 𝑐𝑐𝑒𝑒
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚

 (6) 
 

𝑞𝑞𝑅𝑅 = 𝑅𝑅𝑇𝑇
𝐵𝐵𝑇𝑇

𝑅𝑅𝑙𝑙 𝐾𝐾𝑇𝑇 + (𝑅𝑅𝑇𝑇
𝐵𝐵𝑇𝑇) 𝑅𝑅𝑙𝑙 𝐶𝐶𝑅𝑅 (7) 

 
 

 (2)

where: qe(mg/g) – quantity of the adsorbed ACT/ 
unit mass of biochar; Cin(mg/L) – initial 
ACT concentration; Cout(mg/L) – ACT 
concentration at time (t); V(L) – solution 
volume; Ce(mg/L) – ACT concentration 
in solution at equilibrium; and m(g) – 
mass of biochar.

Kinetic study

Pseudo-first and second order kinetic models 
were employed to analyze the adsorption reaction 
of the applied initial ACT concentrations for the 
purpose of identifying the ACT adsorption route. 
Equations 3 and 4, respectively, provide a math-
ematical description of these models:
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where: qe and qt, expressed in mg/g, show the 
quantity of ACT adsorbed at equilibrium 
and at time t (minute), respectively, per 
unit mass of biochar. In the pseudo-first-
order model, K1 is a constant that shows 
the rate of sorption at equilibrium (g mg-1 
min-1). In the pseudo-second-order model, 
α is the initial rate of adsorption (mg/g.
min), ꞵ is the constant of desorption, and 
K2 is the rate constant (g mg-1 min-1).

Isotherm study

Freundlich, Langmuir, and Tempkin were 
used as adsorption isotherms to understand the 
connection between amount of adsorbate and con-
centration and determine the influence of initial 
ACT concentration on adsorption of the biochar 
composites (Zhu et al., 2018). Understanding the 
dynamic function of adsorption relies greatly on 
the adsorption isotherms. The Freundlich, Lang-
muir, and Tempkin isotherms are shown in Equa-
tions 5, 6, and 7 respectively:
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where: qe – mass of ACT adsorbed per unit bio-
char; kf and n – capacity factor and Freun-
dlich intensity constant, respectively; qmax 
– mass of adsorbed ACT to complete sat-
uration of the biochar unit mass (mg/g); 
Ce – ACT equilibrium concentration in 
solution after adsorption (mg/L); BT – 
constant of Tempkin isotherm (J mol-1); 
B – constant of experiment; T – absolute 
temperature; KT – Tempkin constant at 
equilibrium binding (L/g); and R – gas 
constant (8.314 J mol-1).

Statistical analysis

The average, standard deviation, and correla-
tion coefficient were calculated using excel soft-
ware (MS 2016). The figures were generated us-
ing the software of Origin Pro 2021.

RESULTS AND DISCUSSIONS 

Characterization of biochar

Characterization of AWBC and its modifica-
tions was conducted before the adsorption process 
using FTIR, XRD, EDX, BET, and SEM analyses.  
Figure 1 shows the FTIR results of the biochar 
composites. Regarding AWBC, the band at 3414 
cm-1 could be correlated to the stretching of O-H. 
Bands at 2922 and 2852 cm-1 are ascribed to the 
stretching of C-H. Peaks at 1703 cm-1 are a con-
sequence of C=O stretching, while C=C stretch-
ing vibration is reflected at 1612 cm-1. Peaks at 
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1444, 1361, 885, 831, and 779 cm-1 are ascribed 
to the C-H bending, whereas peaks at 1315, 1161, 
1107, and 1060 cm-1 are correlated to stretching 
vibration of C-O. Peaks at 596, 513, and 437 cm-1 
are attributed to the bending of O-H. Appearance 
of multiple peaks at the same functional group, 
suggesting the presence of this functional group 
within various compounds, which is anticipated 
in biochar derived from natural materials like ag-
ricultural waste.

Regarding AWBC-H3PO4, the peak at 3379 
cm-1 is attributed to the stretching of O-H. A clear 
diminution of this peak in comparison with the 
peak of AWBC, indicating the dehydration phe-
nomenon (Peiris et al., 2019). The peak at 2951 
cm-1 is a reflection of C-H stretching, whereas 
peaks at 1625 and 1527 cm-1 are linked to the 
stretching vibration of C=C. The peaks at 1442 
and 1404, 995 and 885 cm-1 are connected to 
the C-H bending. The effect of modification 
with phosphoric acid is appeared at 1136 cm-1 
as a stretching of P-O, revealing the successful 
modification and the embedment of phosphorus 
in the chemical structure of biochar (Chen et 
al., 2022). This result agrees with the results of 
EDX shown in Fig. 3, which indicates a high per-
centage of phosphorus among other elements in 
AWBC-H3PO4.

It can be indicated from Figure 1 that the 
functional groups of AWBC-KOH are relatively 
close to those of AWBC. The peak at 3450 cm-1 
is related to the O-H stretching, whereas the peak 
at 2904 cm-1 is a reflection of C-H stretching. The 

peak at 1637 cm-1 is linked to the stretching vibra-
tion of C=C, whereas the peaks at 1379, 947, 869, 
and 779 cm-1 are ascribed to the bending of C-H. 

The functional groups appearing in the FTIR 
results of AWBC-LDH (Mg-Al) are similar to a 
certain extent to the functional groups appearing 
in the FTIR of AWBC-KOH. The peak at 3415 
cm-1 is owing to the stretching vibration of O-H 
(Wang et al., 2020), while 2926 and 2850 cm-1 
peaks are connected to the C-H stretching. The 
peaks at 1716 cm-1 indicates the stretching of 
C=O, and 1635 cm-1 is linked to the C=C stretch-
ing. The peaks at 1377 and 1109 cm-1 are related 
to the bending of C-H (Wang et al., 2020). 

Although the effect of modification (by KOH 
and layered double hydroxides) on the appearance 
of new functional groups was not clear; it may 
appear with the increase or decrease in the inten-
sity of specific peaks or shifting in their positions. 
The same phenomenon was noticed by Ding et al. 
(2024). In general, most of the functional groups 
in the results of AWBC appeared the same in those 
with the biochar composites, such as C-H, O-H, 
C=C stretching, and C-H bending, highlighting 
the fact that the carbon skeleton of biochar did not 
change post to modification (Chen et al., 2022). 

The results of XRD analysis of biochar com-
posites are shown in Figure 2. The XRD spectra 
of AWBC showed that its main composition was 
crystalline cellulose, represented at 2θ = 15.19° 
(Wen et al., 2022). The strong absorption peak at 
2θ = 24.63° and 25.59° could be attributed to the 
existence of graphite (Zhang et al., 2022). The 

Figure 1. FTIR for AWBC and its three modifications
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peak at 2θ = 26.9° may represent the existence of 
silicon oxide (Chang et al., 2021). The peaks at 2θ 
= 30.32 and 31.62 are correlated to calcium-based 
compounds, whereas the peak at 2θ = 36.217 is 

ascribed to silicon oxide (Hamid et al., 2022). 
Peak at 2θ = 38.38 is attributed to calcium oxide 
(Zhang et al., 2022).

The peaks in the XRD spectra of AWBC dis-
appeared from those of AWBC- H3PO4, and hence 
the results of AWBC- H3PO4 did not show dis-
tinct peaks. This is due to the ability of H3PO4 
to promote the amorphous carbon and change 
the crystalline structure (Chen et al., 2022). The 
results of AWBC-KOH showed a similar pattern 
as AWBC, indicating the neglected impact of the 
modification process on the AWBC structure, 
although some changes were expected from the 
addition of potassium. The XRD of AWBC-LDH 
(Mg-Al) showed a peak of 2θ = 34.9, attribut-
able to the magnesium compounds (Wen et al., 
2022), while 2θ = 38.74 and 61.07 could be re-
lated to aluminum oxide. These results showed a 
significant change in the crystallinity of AWBC 
structure after modification by layered double hy-
droxides, with the embedment of magnesium and 
aluminum in the biochar structure. The same phe-
nomena was noticed by Wang et al. (2020) when 
a combined of Ni–Fe–Zn layered double hydrox-
ides was used to modify the corn stalks biochar. 

As shown in Figure 3, the main constituents 
of AWBC are carbon (50%) and oxygen (36%) in 
addition to the minor elements. In AWBC-H3PO4, 
the main constituents are oxygen (46%) and phos-
phorus (35%). The phosphorus increment was due 

Figure 2. XRD for AWBC and its three modifications

Figure 3. EDX for AWBC and its three modifications
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to the modification of phosphoric acid, while the 
carbon percentage declined to 13% in comparison 
with AWBC. Oxygen, magnesium, and aluminum 
increased to 46%, 29%, and 13%, respectively, 
in AWBC-LDH (Mg-Al), compared to AWBC, 
whereas carbon decreased to 8%. This significant 
increment in the percentage of magnesium and alu-
minum is justified by the addition of these two ele-
ments during the modification process. In AWBC- 
KOH, the percentage of oxygen and potassium 
increased to 42% and 21%, respectively, but the 
carbon percentage decreased to 7% compared to 
AWBC. It is obvious that the biochar modification 
by KOH is behind the increment in potassium. 

The results of SEM (Figure 4) show a clear dif-
ference in the morphology of these four types of 
biochar. Although the surface of raw biochar seems 
irregular, it is relatively smooth for AWBC-H3PO4; 

which is in agreement with observations found by 
Chen et al. (2022). AWBC-KOH has a surface-like 
sheet, indicating a significant change in surface 
morphology from the modification with KOH; 
which is in accordance with the phenomenon no-
ticed by Lee et al. (2021). A rough surface was ob-
served in AWBC-LDH (Mg-Al), highlighting the 
presence of Mg/Al-LDHs that are dispersed on the 
biochar surface (Peng et al., 2021). 

Results of pore size indicate that the majority 
of pores in all types of biochar are mesopores (2–
50 nm), with no significant increment in pore size 
after the modifications. Pore volume did not also 
show a clear increment after modifications (0.055, 
0.0714, 0.036, and 0.0349 cm3/g for AWBC, 
AWBC- KOH, AWBC- H3PO4, and AWBC- LDH 
(Mg-Al), respectively. The surface area of AWBC 
was 5.6498 m2/g, with a potential improvement 

Figure 4. SEM for AWBC and its three modifications
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in surface area of AWBC-KOH (17.188 m2/g), 
AWBC-LDH (Mg-Al) (11.466 m2/g), and AWBC-
H3PO4 (16.837 m2/g). This coincided with the en-
hancement of the adsorption process, highlighting 
the contribution of the electrostatic adsorption 
mechanism (Chen et al., 2022). However, these 
values are considered small compared to other 
types of biochar (Liu et al., 2022). 

Effect of pH 

The impact of pH on the ACT removal rate 
from aqueous solution using AWBC, AWBC-
H3PO4, AWBC-KOH, and AWBC-LDH (Mg-Al) 
was investigated. The results showed that alka-
line pH dramatically deteriorates the removal ef-
ficiency of acetaminophen (Figure 5). The opti-
mum pH value was 6 for AWBC, AWBC-H3PO4 
and AWBC-KOH with removal efficiencies of 
55, 88, and 78% respectively, while it was 8 for 
AWBC-LDH (Mg-Al), with removal efficiency 
of 80%. The optimum pH for acetaminophen ad-
sorption in this study is comparable to that of ac-
etaminophen adsorption on silica microspheres, 
which was 5 with a removal efficiency of 95%. 
Lower or higher than pH value of 5 significantly 
deteriorated the removal efficiency (Natarajan et 
al., 2021). On the other hand, different behavior 
was noticed when acetaminophen was adsorbed 
on banana peel biochar, where the acidic environ-
ment was preferable over the alkali environment 
(Patel et al., 2021). However, different adsorbent 
materials and modification methods might result 

in different adsorption mechanisms and respons-
es to various pH values. The clear effect of pH 
indicates that the electrostatic attraction mecha-
nism has a vital role in the adsorption process 
(dos Reis et al., 2022). Moreover, the improve-
ment in removal efficiencies of modified biochar 
confirmed the positive effect of modification on 
biochar performance. 

Effect of adsorbent dose

A wide range of adsorbent doses were inves-
tigated for the AWBC and its modifications, and 
the results are depicted in Figure 6. The adsorp-
tion process enhanced as the adsorbent dose in-
creased. For AWBC and its three modifications, 
at a dose of 0.1g, the removal efficiencies were 
around 40%, approaching 90% at a dose of 1.1g; 
however; little improvement in the removal rate 
was noticed when the adsorbent dose was be-
tween 0.9 to 1.1g, indicating no necessity for in-
vestigating such a higher dose. Furthermore, at 
high doses (0.9 and 1.1g), the performance of the 
modified biochar was clearly higher than the raw 
biochar. Various adsorbent doses were investi-
gated by other researchers under different experi-
mental conditions. Maneewong et al. (2022) used 
0.08 g/100 ml of activated carbon derived from 
coconut shell to treat an aqueous solution con-
taining 2000 mg/L of acetaminophen. dos Reis et 
al. (2022) used 0.15 g/ 100 ml of tree bark residue 
to treat acetaminophen (70–1200 mg/L) from an 
aqueous solution.

Figure 5. Effect of pH on removal efficiency of acetaminophen (initial concentration = 80 mg/L, dose of biochar 
= 0.3 g, time of contact = 150 min)
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Effect of acetaminophen initial concentration

The uptake of acetaminophen by AWBC and 
its modifications is depicted in Figure 7. Gener-
ally, at low concentrations of acetaminophen (40, 
60, and 80 mg/l), the removal efficiency was high, 

indicating that biochar and modifications had the 
ability to uptake this quantity of acetaminophen, 
and higher initial concentrations of acetaminophen 
are worth of being investigated. At concentrations 
higher than 80 mg/L, the removal efficiencies sig-
nificantly declined, revealing that the biochar and 

Figure 6. Effect of biochar dose on removal efficiency of acetaminophen (initial concentration = 80 mg/L, time 
of contact = 150 min, pH =6 for AWBC, AWBC- KOH, AWBC- H3PO4 samples while pH = 8 for AWBC- LDH 

(Mg-Al)

Figure 7. Effect of acetaminophen initial concentration on the uptake of acetaminophen at equilibrium (qe) and 
removal efficiency, (a) AWBC (b) AWBC- LDH (c) AWBC- KOH (d) AWBC- H3PO4 (dose of biochar = 1.1 g, 
time of contact = 150 min, pH =6 for AWBC, AWBC- KOH, AWBC- H3PO4 samples while pH = 8 for AWBC- 

LDH (Mg-Al)
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modifications approached the saturation point. At 
120 mg/L, the equilibrium uptake (q e) reached 
the maximum, with a noticeable effect of biochar 
modification on the enhancement of q e (6.5, 7.5, 
7.5, 8.5 mg/g for AWBC, AWBC- LDH (Mg-Al), 
AWBC- KOH and AWBC- H3PO4 respectively). 
At concentrations higher than 120 mg/L, the re-
moval efficiencies decreased dramatically since 
there was no more ability to uptake. However, the 
obtained equilibrium uptake (q e) is significantly 
lower than that of other materials investigated by 
Maneewong et al. (2022), who obtained q e val-
ues of around 200 mg/g for a coconut shell-based 
biochar. dos Reis et al. (2022) obtained more than 
200 mg/g for a tree bark-based adsorbent. How-
ever, this significant difference could be justified 
by the difference in characteristics of raw materi-
als and experimental conditions. 

Effect of contact time 

Figure 8 shows the influence of contact time 
on the removal efficiency of acetaminophen. The 
removal rate increased significantly as the contact 
time increased, indicating that more than 120 min 
is required to achieve greater than 90% removal. 
Moreover, the modification of biochar substan-
tially enhanced the removal rate, particularly 
more than 60 minutes contact time. At the begin-
ning of the experiment, the available free pores 
promoted the adsorption process; however, after 

120 minutes, the removal efficiency declined, 
because of the pores saturation. A slow adsorp-
tion of acetaminophen was noticed by Loc et al. 
(2023), whereas dos Reis et al. (2022) did not no-
tice the same behavior for tree bark-derived bio-
char, by which adsorption proceeded very fast, 
approaching an equilibrium state within the first 
few minutes. Fast adsorption generally results 
from the mechanism of surface adsorption and 
high affinity between acetaminophen molecules 
and biochar active sites, while slow adsorption 
indicates that pore filling is the main mechanism 
of adsorption (Loc et al., 2023). 

Kinetic and isotherm studies

The kinetic models of pseudo-first and second 
order were applied to evaluate mathematically 
the adsorption process using kinetic parameters 
(Table 1). Values of R2 in pseudo second order 
were higher (0.9481, 0.9412, 0.94, 0.9442 for 
AWBC, AWBC- LDH (Mg-Al), AWBC- KOH, 
and AWBC- H3PO4 respectively) than those of 
pseudo-first order (0.9155, 0.9003, 0.9264, 0.927 
respectively), indicating that pseudo-second order 
suited better the kinetic data. The model also ex-
pressed the adsorption process more efficient than 
pseudo first order model. Pseudo-second order 
reveals that the process is mostly chemisorption 
and the abundance of active sites on the biochar 
surface had a key role in the determination of the 

Figure 8. Effect of contact time on removal efficiency of acetaminophen (initial concentration = 120 mg/L, dose of 
biochar = 1.1 g, pH =6 for AWBC, AWBC- KOH, AWBC- H3PO4 samples while pH = 8 for AWBC- LDH (Mg-Al)
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adsorption capacity (Lessa et al., 2018). More-
over, low values of K2 indicated a slow adsorp-
tion process (Figure 4), which were close to the 
K2 values calculated by Lung et al. (2021), while 
dos Reis et al. (2022) showed relatively high K2 
values, signifying the fast adsorption mechanism 
of acetaminophen using an adsorbent derived 
from tree bark. 

The isotherms of adsorption were studied us-
ing the Langmuir, Freundlich, and Tempkin mod-
els. Table 2 demonstrates the parameters of these 
models. Values of R2 in Langmuir (0.933, 0.9882, 
0.9329, 0.9216 for AWBC, AWBC- LDH (Mg-
Al), AWBC- KOH, and AWBC-H3PO4 respec-
tively) were higher than those in Freundlich and 
Tempkin, revealing that the Langmuir model fitted 
better the isotherm data and described the adsorp-
tion process. The same observation was noticed by 
Kerkhoff et al. (2021). Generally, the Langmuir 
model testifies monolayer adsorption, whereby the 
adsorbed molecules do not interact with each other 
(Quesada et al., 2019), with a homogenous adsor-
bent surface (Lung et al., 2021). The Freundlich 
formula showed less correlation to the experimen-
tal data, compared to the Langmuir and Tempkin 
model (R2 was 0.893, 0.92, 0.8674, 0.8923 for 
AWBC, AWBC- LDH (Mg-Al), AWBC- KOH, 
and AWBC-H3PO4 respectively). In fact, the as-
sumptions of Freundlich certify the multilayered 
adsorption and heterogeneity of the adsorbent 
surface, which is applicable to an extent since the 
values of R2 were not very low(Lung et al., 2021). 

CONCLUSIONS

The adsorption process successfully removed 
acetaminophen from the aqueous solution, and 
modification of the biochar showed a noticeable 
enhancement in the adsorption process (removal 
efficiency of acetaminophen using the AWBC 
was 85% compared to around 95% for the three 
modified biochar), corresponding with the signifi-
cant increment in the surface area of the modified 
biochar compared to the raw biochar. Character-
ization of biochar indicated that the modification 
processes did not change the carbon skeleton of 
AWBC. However, SEM images showed a clear 
difference in the morphology of biochars’ surfac-
es as a consequence of modifications.

The equilibrium uptake (q e) of the modified 
biochar increased by 1.15–1.31-fold compared 
to the raw biochar. Modification of biochar im-
proved significantly the ACT removal efficiency, 
in particular at a contact time of more than 60 
minutes, achieving higher than 90% removal af-
ter 120 minutes of contact time.

Studies in kinetics showed that the pseudo-
second order model best suited the kinetic data 
and described the adsorption process, highlighting 
that the process was mostly chemisorption and the 
active sites abundance on the biochar surface had 
a vital role in the determination of the adsorption 
capacity. The isotherm study demonstrated a fa-
vored adsorption with the Langmuir model to the 
other investigated models, indicating a monolayer 

Table 1. Kinetics study parameters

Adsorbent
Experimental parameter Pseudo-first order Pseudo-second order

pH qe, exp (mg/g) k1 (1/min) qe, cal. (mg/g) R2 k2
(g/mg/min)

qe, cal. 
(mg/g) R2

AWBC 6 9.0841 0.021 8.335 0.9155 0.003 10.593 0.9481

AWBC- LDH (Mg-Al) 8 10.4440 0.026 11.242 0.9003 0.002 12.723 0.9412

AWBC- KOH 6 10.4566 0.022 10.178 0.9264 0.002 12.469 0.94

AWBC- H3PO4 6 10.4591 0.024 10.766 0.927 0.002 12.771 0.9442

Table 2. Isotherm study parameters

Adsorbent
Langmuir isotherm Freundlich isotherm Tempkin isotherm

KL
(L/mg)

qm, cal. 
(mg/g) R2 RL KF n R2 KT B R2

AWBC 0.036 17.182 0.933 0.424 1.485 1.953 0.893 0.263 4.201 0.8683

AWBC- LDH Mg-Al) 0.287 9.737 0.9882 0.205 5.137 6.609 0.92 48.606 1.181 0.894

AWBC- KOH 0.146 13.643 0.9329 0.289 4.264 3.679 0.8674 2.444 2.546 0.8246

AWBC- H3PO4 0.139 14.728 0.9216 0.295 4.231 3.391 0.8923 2.014 2.861 0.8346



260

Journal of Ecological Engineering 2025, 26(8), 249–262

adsorption with no interaction between the ad-
sorbed molecules. However, the Freundlich for-
mula showed less correlation with the experimen-
tal data in comparison with the Langmuir model, 
verifying the multilayered adsorption and the het-
erogeneity of the adsorbent surface. 

Finally, AWBC as an environmentally friend-
ly adsorbent, showed a promising performance in 
removing acetaminophen from aqueous solution, 
and the modified biochar samples showed a no-
ticeable improvement in terms of acetaminophen 
removal, which was justified by the enhancement 
of their characteristics. 
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