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Abstract
Contaminants of emerging concern (CECs), also known as micropollutants, have been recognized in recent years as sub-
stantial water pollutants because of the potential threats they pose to the environment and human health. This study was 
aimed at preparing biochar (BC) based on egusi seed shells (ESS) with well-developed porosity and excellent adsorption 
capacity towards CECs including ibuprofen (IBP), caffeine (CAF), and bisphenol A (BPA). BC samples were prepared by 
pyrolysis at different temperatures (400 to 800 °C) and were characterized using nitrogen sorption, FTIR, powder X-ray 
diffraction (PXRD), SEM/EDS, elemental analysis, and thermal analysis. The nitrogen sorption and SEM results showed 
that the textural properties were more prominent as the pyrolysis temperature increased. The BC sample obtained at 800 °C 
which exhibited the largest specific surface area (688 m2/g) and the highest pore volume (0.320 cm3/g) was selected for the 
adsorption study of CECs. The kinetic study shows that the adsorption equilibrium of CAF and BPA was faster than that 
of IBP. The pseudo-first- and pseudo-second-order kinetic models best fitted the adsorption data. The Langmuir maximum 
monolayer adsorption capacities of biochar were found to be ~ 180, 121, and 73 mg/g respectively for IBP, CAF, and BPA. 
The thermodynamic study shows that the adsorption process was spontaneous and endothermic for the three CECs. The 
results of the adsorption and the analysis of BC after adsorption showed that hydrogen bonding, van der Waals, π-π, n-π 
interactions, and pore filling were involved in the adsorption mechanism. The prepared biochar BC from ESS displayed a 
large surface area and good morphology and significantly promotes adsorption of CECs and good efficiency on synthetic 
effluent. Finally, it offers a low-cost and cleaner production method.

Keywords  Egusi seed shells · Biochar · Specific surface area · Contaminants of emerging concern · Wastewater treatment · 
Adsorption mechanism

Introduction

In recent decades, the rapid world population growth and 
industrial demand have led to increased consumption and 
contamination of natural waters by thousands of chemical 

compounds, including organic compounds such as antibi-
otics, persistent organic pollutants, pharmaceuticals, per-
sonal care products, and endocrine-disrupting chemicals 
(Gogoi et al. 2018). These compounds have been classi-
fied as micropollutants, contaminants of emerging concern 
(CECs), emerging pollutants (EPs), or emerging contami-
nants (ECs) depending on the authors due to their poten-
tial inherent capacity to produce harmful effects both on 
natural environments and living organisms including human 
health (Galindo-Miranda et al. 2019; Arman et al. 2021; 
Cheng et al. 2021; Kozyatnyk et al. 2021). CECs found in 
groundwater, surface water, marine ecosystems, landfill lea-
chates, food sources, and natural water mainly come from 
anthropogenic activities. Their extensive occurrence, per-
sistence, bioaccumulation, constant circulation, migration, 
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and transformation in environmental media have generated a 
huge global concern (Werkneh et al. 2022). Caffeine (CAF) 
is a psychotropic substance employed as an adjuvant anal-
gesic and appetite suppressant as well as breathing stimu-
lant (Correa-Navarro et al. 2022) and is found in medicines, 
drinks (soft drinks, coffee, and tea) and foods (dairy des-
serts, sweetmeats, and chocolates) (Zanella et al. 2021). 
Bisphenol A (BPA), considered one of the most produced 
industrial chemical compounds in the world, is an impor-
tant starting material used for the production of plastic bags 
and could be transferred to packed food in case of incom-
plete polymerization (Antero et al. 2019; Tang et al. 2022), 
whereas ibuprofen is one of the world’s most used medicine 
to treat rheumatic diseases, migraines, fever, muscles, and 
toothaches (Naima et al. 2022). All these three chemicals 
are frequently found in water bodies and are considered 
CECs without any real established standard. Nevertheless, 
the legislation is diverse depending on the country (Souza 
et al. 2021).

Recent scientific research focuses on advanced methods 
for the removal of CECs in water including electrochemical 
methods (Barrios et al. 2016), membrane processes (Acero 
et al. 2015), microbial methods (Ferreira et al. 2016), and 
advanced oxidation processes (Siara et al. 2022). However, 
these treatment methods show many drawbacks such as the 
generation of lethal by-products and high implementation 
cost. Several positive and promising results from published 
works report that the adsorption-based method was found 
to be affordable, suitable, and efficient in a wide range of 
CEC removal. Moreover, this technic offers the possibility 
to regenerate the adsorbent, minimizing lethal by-products 
to a great extent (Cheng et al. 2021; Naima et al. 2022; 
González-Hourcade et al. 2022). For the removal of organic 
and inorganic pollutants from aqueous media, the most 
studied adsorbent material is activated carbon. Despite its 
good adsorption performances, its utilization at large scale 
is still restricted for wastewater treatment due to its higher 
production cost (800 to 5000 USD/ton) from nonrenewable 
feedstock such as fossil coal, the use of harmful chemicals 
such as phosphoric acid or potassium hydroxide which may 
have a negative fingerprint on the environment, and high 
energy demand for the activation process (Kozyatnyk et al. 
2021; Gurav et al. 2022). Therefore, the development of low-
cost and environmentally friendly carbonaceous adsorbent 
material using renewable organic resource feedstock such as 
agricultural by-products is necessary for suitable and sus-
tainable wastewater treatment systems.

Biochar (BC), a low-cost alternative for the replacement 
of fossil-based activated carbon for wastewater treatment, 
is a carbonaceous material obtained from the thermochemi-
cal conversion of biomass such as sewage sludge, animal 
manure, agricultural by-products, algae, and some few wood 
species in an oxygen-free atmosphere (Liao et al. 2022; 

Correa-Navarro et al. 2022). In order to tailor the physico-
chemical properties and the yield of BC, the pyrolysis pro-
cedure of feedstock can be either fast, intermediate, or slow 
depending on the heating rates and residential time (Hung 
et al. 2017). Initially, BC was prepared by pre-Columbian 
Amazonians for soil amendment and remediation to increase 
its fertility. Later on, due to its attractive properties such as 
abundant surface functional groups, large specific surface 
area, good porosity, low thermal conductivity, high chemical 
stability (to acidic and basic conditions), and low flammabil-
ity, the use of BC was extended to other applications includ-
ing wastewater treatment, energy storage, animal farming, 
carbon sequestration, anaerobic digestion, composting, con-
struction, flue gas treatment, and climate change mitigation 
(Wang et al. 2020; Osman et al. 2022). In the particular 
case of water and wastewater treatment, it has been reported 
that biochar presents good efficiency towards removal of 
heavy metals (Ji et al. 2022), pesticides, dyes (Tran et al. 
2017a; Hadj-Otmane et al. 2022), microplastics (Abuwatfa 
et al. 2021), and CECs including naproxen, diclofenac, and 
ibuprofen (Li et al. 2019; Cheng et al. 2021; Czech et al. 
2021; Jha et al. 2023).

Cucumeropsis mannii N., commonly known as egusi, is 
an annual crop that belongs to the large family of Cucurbita-
ceae and which is cultivated for its seed in many Sub-Saha-
ran African countries and mainly in Cameroon and Nige-
ria (Lékéné et al. 2018). The processing of egusi to obtain 
seeds leads to the generation of huge amounts of egusi seed 
shells (ESS) which are usually discarded as waste. Very few 
reported works mention the valorization of ESS. It has been 
used in our previous works as starting material for the prepa-
ration of activated carbon and its surface modification for 
nitrate ion removal (Lékéné et al. 2018; Lekene et al. 2021). 
Very recently, Popoola et al. studied the corrosion inhibi-
tion efficiency of its extract on carbon steel (Popoola et al. 
2022). To the best of our knowledge, we herein present the 
first biochar obtained from egusi seed shells as raw material 
and for the removal of CECs from an aqueous solution. The 
ESS used to be burned in the open air leading to the produc-
tion of nonneglectable amounts of carbon dioxide, the main 
component of greenhouse gas which is an environmental 
threat. The conversion of ESS to BC will address solid dis-
posal issues, enhance its economic value, and also reduce 
the environmental fingerprint.

This study is aimed at highlighting the preparation of 
biochar based on egusi seed shells as starting raw mate-
rial and at evaluating its affinity towards three selected 
CECs (ibuprofen, caffeine, and bisphenol A) in water. 
Various techniques were used to characterize the pre-
pared biochars, namely, nitrogen sorption, Fourier-trans-
form infrared spectroscopy (FTIR), powder X-ray dif-
fraction (PXRD), scanning electron microscopy coupled 
with energy-dispersive X-ray spectroscopy (SEM/EDS), 
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elemental analysis (CHNS), thermogravimetric analysis 
(TGA), and pH of point of zero charges (pHPZC). Batch 
experiments were used to evaluate the adsorption capaci-
ties, isotherm, and kinetics of the prepared biochar with 
varying operational conditions such as initial pH, contact 
time, initial CECs concentration, adsorbent dose, tem-
perature, and desorbing agent. An adsorption mechanism 
has been suggested based on the properties of the biochar 
before and after the adsorption of CECs.

Materials and methods

Chemicals and reagents

All chemicals were used as received without further 
purification. Caffeine (C8H10N4O2, 99%) and bisphenol 
A (C15H16O2, > 97%) were obtained from Alfa Aesar; 
ibuprofen (C13H18O2, > 98%) was received from Tokyo 
Chemical Industry. Absolute ethanol (C2H6O), methanol 
(CH4O, 99.8%), sodium chloride (NaCl, > 99%) hydrochlo-
ric acid (HCl, 37%), and sodium hydroxide (NaOH, > 98%) 
were purchased from Sigma-Aldrich. The physicochemi-
cal properties and chemical structure of CECs are given 
in the supplementary information (Table S1). Deionized 
water was used to prepare all aqueous solutions.

Biochar preparation

Egusi seed shells collected from the local market in the 
central region of Cameroon were used as precursors for 
preparation of BC. The raw material was washed several 
times with tap water to remove all dust and other impu-
rities present at the surface, then rinsed with deionized 
water, and oven-dried at 105 °C. The dried ESS were 
crushed and screened with a 210-µm-diameter sieve 
before pyrolysis. Twenty grams of biomass was placed 
in a ceramic crucible with a lid and pyrolyzed in a muffle 
furnace (Carbolite Chamber Furnace, Germany), without 
using nitrogen or any inert gas for 1 h at different selected 
temperatures (400, 500, 600, 700, and 800 °C) at a heating 
rate of 10 °C/min (Fig. S1). The obtained biochars were 
washed several times with hot deionized water and oven-
dried at 105 °C for 24 h. The biochars were then ground 
using an agate mortar and pestle followed by sieving to 
obtain particle sizes of less than 100 µm. Afterward, the 
products were sealed in a plastic container and stored in a 
desiccator for further use. Based on the pyrolysis tempera-
ture, the samples were named BC-400, BC-500, BC-600, 

BC-700, and BC-800. Each sample of biochar was pro-
duced in duplicate, and the mass yield was calculated 
using Eq. (1).

Characterization methods

The prepared biochars were characterized before and after 
the adsorption of CECs using different techniques. After 
16 h of outgassing under high vacuum at 120 °C, the spe-
cific surface area and pore size of the samples were deter-
mined by N2 adsorption–desorption isotherm at 77 K using 
a Quantachrome Autosorb-6 instrument and calculated by 
BET and DFT methods, respectively. The PXRD patterns 
of the samples were obtained using a Rigaku MiniFlex 
X-ray diffractometer with Cu-Kα radiation (1.54182 Å) in 
the 2θ range of 2–100°. Fourier transform infrared (FTIR) 
spectroscopy (FT-IR Bruker Tensor 37) with KBr pellets 
was used to determine the surface functional groups of the 
BCs. FTIR spectra were recorded in transmittance mode 
in the range of 4000 cm−1 and 400 cm−1 with a resolution 
of 2 cm−1. The surface morphology was assessed using 
a JEOL JSM-6510 scanning electron microscope with a 
LaB6 cathode at 20 kV equipped with a Bruker XFlash 
410 silicon drift detector for energy-dispersive X-ray spec-
trometric (EDX) elemental composition analysis. Before 
image acquisition, the samples were coated with gold using 
a JEOL JFC-1200 Fine Coater. For SEM–EDX, the sam-
ples were glued on a carbon tape on top of a brass sample 
holder. Thus, the signals of C, Cu, Zn, and Au found in the 
EDX spectra are due to the carbon tape, the brass sample 
holder, and the sputtering of the sample with gold prior to 
the investigation. Thermogravimetric analysis (TGA) data 
were acquired with a NETZSCH TG 209 F3 Tarsus device 
by heating the samples from 30 to 1000 °C in the aluminum 
oxide crucible at a rate of 10 °C/min under a nitrogen flow 
of 20 mL/min. The carbon, hydrogen, nitrogen, and sul-
fur analyses were obtained using an Elementar Analysen-
systeme vario MICRO cube equipment. All samples were 
oven dried at 105 °C for 12 h. The drift method was used 
to assess the pH of the point of zero charge (pHpzc) as 
described by Correa‑Navarro et al. (Correa-Navarro et al. 
2022) (Supplementary information Section 1). The con-
centration of IBP, BPA, and CAF was determined using 
a double beam UV–vis spectrophotometer (VWA, P9) at 
maximum absorption wavelengths of 223.0, 276.6, and 
272.0 nm respectively based on the absorption spectrum 
which was established beforehand.

(1)

Mass yield(%) =
Mass of obtained biochar (g)

Mass of raw material (g)
× 100%
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Adsorption studies of CECs

IBP, BPA, and CAF removal studies were conducted in 
batch mode at ambient temperature (22 ± 2 °C). Closed 
vials containing a given amount of biochar and 10 mL of 
the CEC solution were shaken on the multipoint magnetic 
stirrer (Variomag, model HP 15) at 200 rpm for 4 h to inves-
tigate the effect of parameters such as pH (3–11), adsorbent 
dose (5–50 mg), and initial concentration (30–330 mg/L). 
The pH of the CEC solutions was adjusted using 0.1 mol/L 
of either sodium hydroxide or hydrochloric acid. The kinet-
ics of the CEC adsorption was carried out using 100 mL 
of a solution containing 30 mg/L of contaminants and 100 
mg of BC. The glass containers were shaken at 200 rpm for 
7 h, and sampling was done at regular time intervals. The 
effect of temperature (30–50 °C) was also investigated in 
this study. After adsorption, the BC was separated from the 
dispersions by filtration using a 0.22-µm membrane syringe 
filter. The quantity adsorbed at equilibrium (qe, mg/g) and 
at a given time (qt, mg/g) along with the removal percent-
age (%R) was obtained using the following Eqs. (2)–(4), 
respectively:

where c0, ct, and ce are the CEC concentration (mg/L), at the 
beginning, any time t, and equilibrium respectively; V is the 
volume (L) of a solution; and m (g) the mass of the biochar.

The three CEC adsorption experiments were carried out 
in triplicate and the results are presented as the average of 
triplicate ± standard deviation (error bars). The parameters 
of the adsorption kinetics and adsorption isotherm were cal-
culated by applying the trial-and-error nonlinear methods 
using the Solver add-in of the Microsoft Excel software. 
The best-fit models were identified by the calculations of 
the correlation coefficient (R2), root-mean-square error 
(RMSE), and chi-square (χ2) given by Eqs. (5)–(7) (Lekene 
et al. 2023).

(2)qe =
(c

0
− ce)

m
× V

(3)qt =
(c

0
− ct)

m
× V

(4)%R =
(c

0
− ce)

C
0

(5)R2 = 1 −

∑n

i=1

�

qe.exp − qe.pre
�2

∑n

i=1

�

qe.exp − qe.exp
�2

(6)RMSE =

�

∑n

i=1

�

qe.exp − qe.pre
�2

n − 1

where qe.pre, qe.exp are the qe values of the predicted and 
experimental values, respectively; n is the number of experi-
mental runs.

Regeneration studies

For desorption efficiency investigation, adsorption was con-
ducted using 250 mg of biochar and 100 mL of CEC with a 
concentration of 100 mg/L at the natural pH of each solution 
for 2 h. The CEC-loaded biochars were gently rinsed with 
deionized water to remove the unadsorbed CEC molecules 
and dried at 80 °C for 12 h. For desorption the study, 10 mg 
of the loaded biochar was stirred with 4 mL of desorbing 
agent including deionized water, ethanol, NaCl (0.1 mol/L), 
methanol, HCl (0.1 mol/L), and NaOH (0.1 mol/L) sepa-
rately for 1 h.

Treatment of synthetic effluent

Generally, real effluents (hospitals) contain several inor-
ganic and organic species that may affect the removal of the 

(7)�
2 =

∑n

i=1

(

qe.exp − qe.pre
)2

qe.exp

Table 1   Chemical content and concentration of species in synthetic 
effluents

* Without adjustment

Effluent content species Concentration (mg/L)

Effluent A Effluent B

Pharmaceutical
  Caffeine 15 30
  Ibuprofen 15 30
  Paracetamol 10 20
  Ciprofloxacin 10 20
  Acetylsalicylic acid 10 20
  Diclofenac 10 20

Sugar
  Saccharose 30 50

Other organic species
  Bisphenol A 15 30
  Ammonium acetate 10 20
  Urea 10 20

Inorganic species
  Ammonium sulfate iron 10 20
  Ammonium phosphate 20 30
  Calcium carbonate 10 30
  Sodium chloride 50 70
  Sodium hydrogencarbonate 10 20
  pH* 6.94 7.11
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targeted pollutant. Two solutions with different composi-
tions (Table 1) were prepared by spiking deionized water 
with several chemicals in other to mimic real effluents and 
verify the efficiency of the prepared BC in real conditions 
(Lima et al. 2019; González-Hourcade et al. 2022). Twenty 
milliliters of synthetic effluents was added to a closed vial 
containing 40 mg of biochar displaying the best adsorption 
performance towards the targeted pollutants and stirred for 
2 h. The UV–visible spectra of synthetic effluents before 
and after adsorption were recorded in the range of 190 to 
400 nm and used to estimate the removal percentage of all 
the chemical species (Lima et al. 2019; González-Hourcade 
et al. 2022).

Results and discussion

Biochar physicochemical properties

The preparation of BC by pyrolysis at different temperatures 
of ESS yielded materials with different physical and chemi-
cal characteristics. As the pyrolysis temperature increased 
from 400 to 800 °C, the yield declined progressively from 
42 to 26% (Table 2) as a result of the liberation of water 
and volatile matter coming from the decomposition of the 
biomass constituents (cellulose, hemicellulose, and lignin) 
under formation of CH4, CO, H2, and CO2 at higher tem-
perature (Chaves Fernandes et al. 2020; Veiga et al. 2020). 
The increase of the ash content from 10 to 18% as the tem-
perature increases is due to the accumulation of minerals 
containing such as Cl, Ca, K, and Mg as seen on the EDX 
results (Fig. S2).

Figure 1a and b show the thermogravimetric (TGA) and 
derivative thermogravimetric (DTG) curves of the egusi 
seed raw material and of the derived biochars in the tem-
perature range of 30 to 1000 °C under an inert atmosphere 
and heating rate of 10 °C/min. The first mass loss which 
occurs between 30 and 200 ℃ and does not exceed 8 wt% 
for all the samples was assigned to the vaporization of the 
moisture and the onset of the decomposition of biomass. In 
the case of the raw biomass material (ESS), the main mass 
loss of about 58 wt% observed between 200 and 400 °C can 
be attributed to the decomposition of cellulose, the main 
constituent of ESS with a peak temperature of 330 °C as 
shown by DTG (Veiga et al. 2020; Oginni and Singh 2021). 
For the prepared biochar materials, the important mass loss 
took place in the temperature range of 400 to 1000 °C, and, 
expectedly, the percentage of mass loss decreased as the 
pyrolysis temperature increased. For the BC-800 sample, the 
TGA curve gives a mass loss of only 31 wt% up to 1000 °C. 
The mass loss above 400 °C is associated with the degrada-
tion and decomposition of lignin and some inorganic species 
such as CaCO3, K, and Mg (Veiga et al. 2020). The residual 
mass of the biochar at 1000 °C was approximately 11, 34, 
40, 51, and 69% for BC-400, BC-500, BC-600, BC-700, and 
BC-800 respectively, along with the already higher degree 
of carbonization of the biochar.

The elemental composition of biochars given by CHNS 
analysis (Table 2) obviously depends on the pyrolysis tem-
perature. As the temperature increases from 400 to 800 
°C, the carbon content also increases from about 67 to 
78% respectively while the opposite trend is observed for 
both hydrogen and oxygen contents. The increase in mass 
fraction of carbon along with the increase in temperature 

Table 2   Physicochemical 
properties of prepared biochar 
at different temperatures

a %O = 100 − (%C + %H + %N + %ash)
b Calculated BET surface area over the pressure range 0.02–0.06 P/P0
c Total pore volume at P/P0 = 0.98 for pores ≤ 20 nm
d Micropore volume calculated from N2 adsorption isotherm at P/P0 = 0.1 for pores with d ≤ 2 nm (20 Å)

Samples

Parameters ESS BC-400 BC-500 BC-600 BC-700 BC-800

Yield (%) / 42.48 34.40 31.55 29.36 26.25
Ash (%) 4.13 10.27 11.86 12.01 14.03 17.63
C 47.02 67.48 73.04 77.52 79.94 77.73
H 5.46 3.46 3.04 2.66 2.17 1.97
N 3.16 0.41 0.46 0.45 0.44 0.47
Oa 40.23 18.38 11.60 7.36 3.42 2.20
Atomic ratio H/C 0.12 0.05 0.04 0.03 0.03 0.03
Atomic ratio O/C 0.86 0.27 0.16 0.09 0.04 0.03
pHpzc / 5.3 6.4 7.2 7.3 7.4
Surface area (m2/g)b 5 11 90 476 558 688
Total pore volume (cm3/g)c 0.00 0.02 0.06 0.22 0.29 0.35
Micropore volume (cm3/g)d 0.00 0.00 0.03 0.18 0.22 0.27
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can be attributed to the formation of graphitized car-
bon structure through polymerization and aromatiza-
tion (Sahoo et al. 2021) while the decrease of hydrogen 
from ~ 4 to ~ 2% is due to increasing dehydration, cleav-
age, and cracking of C-H and O–H bonds, leading to the 
higher formation of aromatic structures (Oginni and Singh 
2021). The release of oxygen and hydrogen as water vapor, 
CH4, CO2, and CO increases of the percentage of residual 
carbon. The nitrogen content of biochars is significantly 
affected by the pyrolysis temperature (from 3% in start-
ing material to less than 0.5 % in BCs), while the sulfur 
was below the detection limit. The lower H/C and O/C 
molar ratio indicates the higher degree of aromaticity 
and carbonization of the carbonaceous material such that 
the aromaticity increases with the temperature (Ji et al. 
2022). The decrease in the O/C ratio suggests that, as 

the pyrolysis increases, the surfaces of prepared biochar 
become more hydrophobic (Elnour et al. 2019).

Nitrogen adsorption/desorption measurements at 77 K of 
the biochars and the raw materials are given in Fig. 1 c and d 
and Fig. S3 respectively. BC-400 presents a type III isotherm 
with H3 hysteresis indicating that the sample is mainly 
macroporous. On the other hand, BC-500 to 800 materials 
all show type I(b) isotherms. Type I(b) isotherms are given 
by materials with pore size distributions over a broader 
range including wider micropores and narrow mesopores. 
BC-700 and BC-800 exhibit an H4 hysteresis characteristic 
of micro- to mesopores where the step-down of the des-
orption branch is located at P/P0 ~ 0.4–0.5 (Thommes et al. 
2015). For BC-500 and BC-600, the hysteresis loop closes 
only at a low relative pressure and may be associated with 
the change in volume of nitrogen due to the pore-blocking 

Fig. 1   a TGA and b DTG of 
raw material (ESS) and the 
derived biochars at different 
temperatures; nitrogen adsorp-
tion/desorption isotherm at 
77 K of c BCs and e BC-800 
after adsorption of CECs; pore 
size distribution of d BCs and 
f BC-800 after adsorption of 
CECs
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effect (Maziarka et al. 2021). The specific BET surface 
area (11–688 m2/g) and the pore volume (0.02–0.35 cm3/g) 
increased with the pyrolysis temperature (Table 2). The 
low specific surface area of 11 m2/g for BC-400 which is 
essentially the outer surface of a fine powder reflects the 
still largely preserved nonporous structure of the egusi seed 
shells (Sun et al. 2021; Ji et al. 2022); this observation was 
consistent with SEM analysis (Fig. 2). The main pore widths 
(diameters) of the biochar samples lie in the micropore 
(< 2 nm) region between 10 and 20 Å (Fig. 1d). Thereby, 
it should be noted that small micropores below 10 Å are 
difficult to probe with nitrogen at the cryogenic temperature 
of 77 K as diffusion of N2 molecules into small micropores 
is very slow. The samples BC-700 and -800 also feature 
an increasing fraction of mesopores up to 45 Å, with the 
main porosity contribution still coming from the micropores 
(Fig. 1d). The biochars prepared from egusi seed shells in 
the present work show higher specific surface areas and pore 
volumes than that most of the biochar from other source 
reported in the literature (Table S2).

The SEM images of the raw biomass and biochar pre-
pared at different temperatures are shown in Fig. 2. The 
raw biomass sample of ESS was observed to have a gen-
tle surface with no pores as shown in Fig. 2a. All the bio-
char samples have random and irregular-shaped structures 
with sharp-edged particles possessing various sizes and 
with a rough surface. The sample obtained at the lowest 

temperature, BC-400 (Fig. 2b), shows almost no pores con-
firming or justifying its lowest specific surface area. As the 
temperature increases from 500 to 800 °C (Fig. 2c–f), highly 
macroporous honeycomb-like structures are created. These 
observations are in line with an increasing porosity given by 
the BET surface area and total pore volume. The macropore 
volume seen in the SEM images cannot be probed by N2 
sorption. However, as the pyrolysis temperature increases, 
the appearance of pores and channels became more promi-
nent due to the release of more volatile matter which leads 
to the formation of pores of all sizes.

The FTIR spectra depicted in Fig. 3a show the general 
decrease in surface functional groups of ESS and biochars 
as the pyrolysis temperature increases. This can be attrib-
uted to the breakdown of various functional groups due to 
the removal of volatile matter and the concomitant degree 
of carbonization at higher pyrolysis temperatures (Elnour 
et al. 2019; Hadj-Otmane et al. 2022). Surface functional 
groups specific to an organic material have been identified. 
The broad peak at 3422 cm−1 corresponds to –OH stretch-
ing vibrations in phenols, alcohols, carboxylic, or absorbed 
water. The weak peaks at 2921 and 2860 cm−1 indicate the 
symmetric and asymmetric stretching vibration of C–H in 
methyl and methylene groups which elucidated peaks at 
1420 and 1363 cm−1, attributed to the vibration of aliphatic 
C–H bonds (Veiga et al. 2020). The peak at 2356 cm−1 evi-
dences the presence of the triple bond C≡C. The stretching 

Fig. 2   SEM images of a ESS, b 
BC-400, c BC-500, d BC-600, 
e BC-700, f BC-800 °C, and 
BC-800 after adsorption of g 
IBP, h CAF, and i IBP
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of carbonyl bond C = O is represented by the peak at 1700 
cm−1 suggesting the presence of carboxylic and/or ketone 
functions on the surface of biochars. The peaks at 1597 and 
1198 cm−1 are attributed to C = C and C–O respectively 
(Lekene et al. 2021). The almost total disappearance of 
peaks at 2921, 2890, 1420, and 1363 cm−1 on BC-700 and 
BC-800 indicates that the increase of the pyrolysis tempera-
ture accelerates the dehydrogenation which corroborates the 
results of elemental analysis.

As seen in Table 2 and Fig. S4, the pH of the solution at 
which the surface of the material is neutral (pHpzc) gradu-
ally increases from 5.3 to 7.3 as the temperature increases 
from 400 to 800. At 400 °C, pHpzc is less than 7 indicating 
an acidic surface while from 500 to 800 °C, the surface is 
almost neutral. At high temperatures, most of the oxygen-
containing groups have been released. As known in the lit-
erature, the more oxygen the organic material contains, the 
more acidic is its surface (Boehm 1966). These results are 
consistent with the observations made by FTIR on the reduc-
tion of the intensity of some oxygen-containing groups.

The PXRD technique was used to assess the crystallin-
ity of the biochars before and after adsorption. The PXRD 
patterns of the biochar samples portrayed in Fig. 3b show 
the absence of sharp reflection traducing the amorphous 
nature of prepared biochars. As expected, the broad diffrac-
tion reflection displayed by all the samples and centered at 
approximately 2θ = 24° is indexed as the reflection from the 
(002) plane and is attributed to the characteristics of amor-
phous carbon material consisting of disordered polycyclic 
aromatic carbon sheets (Morales et al. 2021). At approxi-
mately 44° 2θ value, there is a new peak assigned to the 
diffraction of the (101) plane for graphitic and hexagonal 
carbons (Yan et al. 2021). The latter starts appearing on the 
sample BC-500 and becomes more prominent in BC-800. 
The observation of this new peak indicates the formation of 
a graphite-like structure as the pyrolysis temperature became 
higher. This graphitization of BC obtained at high tempera-
ture is the result of successive condensation reorganization 
of carbon atoms into aromatic rings, therefore leading to 
more stable and highly crystallized carbonaceous material 

Fig. 3   FTIR spectra of a raw ESS and biochars and c BC-800 after adsorption of CECs; PXRD pattern of b biochars and d BC-800 after CEC 
adsorption
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(Chaves Fernandes et al. 2020). In addition, the graphene 
layer of biochar has a significant influence on the adsorp-
tion of the targeted pollutants since it can interact with the 
π-electrons of the aromatic rings of CECs and enhance the 
adsorption process (Turk Sekulic et al. 2019).

Adsorption studies

Effect of pyrolysis temperature on the uptake of pollutants

Figure 4a shows the adsorption capacities of the biochars 
obtained at different pyrolysis temperatures. It can be 
observed that BC-800 has the highest removal efficiency 
toward IBP, CAF, and BPA with the maximum adsorbed 

quantities (removal percentage) of ~ 20 mg/g (64%), ~ 28 
mg/g (95%), and ~ 27 mg/g (92%) respectively. The gen-
eral trend is that, as the pyrolysis temperature increases 
from 400 to 800 °C, the adsorption performance increases. 
These results of the adsorption of CECs are consistent with 
the results of nitrogen adsorption leading to a strong sym-
metrical correlation between the specific surface area, pore 
volume, and maximum adsorption capacity. The removal 
of CECs mainly depends on the textural properties of the 
adsorbent, in agreement with results obtained by Tang et al. 
(2022) and Veiga et al. (2020) who prepared biochars from 
wheat straw and elephant grass for respective adsorption 
of bisphenol A and antibiotic and crystal violet dye. Based 
on its higher adsorption capacity compared to the other 

Fig. 4   a Adsorption capacity 
of CECs onto biochar prepared 
at different temperatures; effect 
of b pH, c mass, d contact 
time, and e initial concentra-
tion (adsorption isotherm), on 
the adsorption of CECs onto 
BC-800



100104	 Environmental Science and Pollution Research (2023) 30:100095–100113

1 3

biochars prepared at lower temperatures, BC-800 was sub-
sequently selected for further experimental studies of the 
removal CECs from water.

Effect of pH

The pH is an important parameter affecting the adsorption 
capacity of compounds onto adsorbent materials since it 
influences the charge of the surface functional groups and 
may affect the ionization of the targeted pollutants. The 
amphoteric nature of biochar governing the changing of 
its charge surface strongly depends on the pH of the solu-
tion and the pHpzc of biochar. The value of pHpzc of BC-800 
was found to be 7.35. At pH > pHpzc, the surface charge of 
biochar is predominantly negative while at pH < pHpzc, it is 
positive. The three CECs have pKa values ranging between 
5.2 and 14.0 as follows: IBP, 5.2; BPA, 9.6; and CAF, 14.0. 
Within the studied solution pH values (3–11), CAF remains 
uncharged compared to IBP and BPA, thus excluding the 
possibility to have an electrostatic interaction between CAF 
and biochar. Figure 4b shows IBP, CAF, and BPA adsorption 
capacity onto BC-800. It was evident that, within the studied 
range, no significant difference in the adsorption capacity 
of all CECs onto BC-800 at different pH levels was found. 
Similar results were reported in the literature (Tran et al. 
2020; González-Hourcade et al. 2022; Correa-Navarro et al. 
2022). This low pH dependence indicates that the adsorp-
tion mechanism of CECs onto BC-800 should not be mainly 
attributed to the electrostatic interactions but rather to other 
interactions such as pore filling with π-π interaction, hydro-
gen bonding, van der Waals interaction, and n-π interaction 
(Tran et al. 2017a; González-Hourcade et al. 2022). The 
selected biochar exhibits an excellent adsorption capacity 
for CECs under different pH values. Based on these observa-
tions, it was decided to conduct all further adsorption experi-
ments at the natural pH of the solutions, that is, IBP 6.37, 
CAF 6.46, and BPA 7.05.

Effect of adsorbent dose

The effect of biochar dosage on the amount of CECs 
adsorbed was investigated by contacting 10 mL of CECs 
with different amounts of adsorbent varying in the range 
of 5–25 mg, keeping all the other parameters constant. The 
results depicted in Fig. 4c showed that the curves behaved 
in the same way for all three pollutants. The specific uptake 
of CECs decreases with the increasing mass of adsorbent 
as shown by Eq. (2). At high amounts of biochar, the avail-
able CECs in solution are not enough to cover all the vacant 
sites present on the adsorbent resulting in low adsorption 
capacity. Moreover, the reduction of the adsorbed quantity 
may also be due to the agglomeration of biochar particles 
at higher masses, limiting access to the adsorption sites 

available for CEC present in the solution due to the shielding 
effect which increases the diffusional path length (Suzaimi 
et al. 2019). On the other hand, because the initial concen-
tration of pollutants remains unchanged and the adsorbed 
quantity does not increase proportionally with the increase in 
BC-800 mass, the adsorption capacity is reduced (González-
Hourcade et al. 2022; Njewa et al. 2022).

Adsorption kinetics studies

The effect of contact time on IBP, CAF, and BPA adsorption 
on BC-800 was studied in the range of 5 to 400 min and is 
shown in Fig. 4d. It can be observed that as the contact time 
is increased, the rate of IBP adsorption gradually rises, and 
the equilibrium is established at around 160 min when the 
surface of biochar became saturated. For CAF and BPA, the 
kinetics of adsorption in the initial stage was rather faster 
than that of IBP with an equilibrium time of 40 min and 
only 5 min, respectively. In general, in the present work, just 
after 5 min, approximately 37, 96, and 95% of IBP, CAF, 
and BPA, respectively, present in the solution are adsorbed. 
The rapidity of the adsorption phenomenon which is similar 
to reported works (Karunanayake et al. 2017; Zbair et al. 
2020; Liyanage et al. 2020) shows that the prepared biochar 
possesses high affinities with the targeted molecules in the 
solutions. Although the adsorption equilibrium was rapidly 
reached, to ensure its veracity, further experiments were con-
ducted up to 400 min.

Four adsorption kinetics models including pseudo-first 
order, pseudo-second order, Elovich, and intraparticle dif-
fusion presented in Table S3 were applied to mathemati-
cally describe the adsorption constants. The fitting curves 
and the relevant calculated parameters of all kinetic mod-
els are provided in Fig. 5a–c and Table 3 respectively. 
Based on the higher values of R2 and the lower values of 
RMSE and χ2, the pseudo-second-order model (0.99, 0.43, 
and 0.20) and Elovich model (0.99, 0.70, and 0.89) better 
describe the kinetic data of the adsorption of IBP than 
pseudo-first-order model (0.98, 1.19 and 2.26). Moreo-
ver, the value of qe(cal) calculated from the pseudo-second-
order model was closer to the experimental value qe(exp). 
For the adsorption of CAF and BPA, the three kinetic 
models fitted the adsorption data well. Indeed, the values 
of R2 were all higher than 0.99 along with very low values 
of error functions (RMSE and χ2) as seen in Table 3. In 
addition, the adsorbed quantities (qe(exp)) of CAF and BPA 
calculated from pseudo-first- and pseudo-second-order 
were all equal to the experimental values (qe(cal)) respec-
tively. α, the initial rate constant of the Elovich model 
(Table 3) for CAF and BPA, was higher than that for IBP 
suggesting that the prepared biochar exhibited a higher 
affinity towards the former CECs than the latter when 
the reaction began. It is well-known that the pseudo-first 
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and pseudo-second models suggest physical and chemi-
cal sorption respectively (Putra et al. 2009); moreover, 
the initial rate constant (α) is higher than the desorption 
constant (β) of the Elovich model; this demonstrates that 
the chemical reaction is occurring on the heterogeneous 
surface of biochar (Keerthanan et al. 2020).

The Weber and Morris intraparticle diffusion model was 
used to assess the steps governing the CEC removal and 
check the presence of diffusion mechanisms during the 
adsorption process on biochar. The plot of qt versus t1/2 
(Fig. 5d–f) shows three straight lines with different slope 
and intercept values proving that during the adsorption of 
CECs onto biochar, different mechanisms, including bulk 
diffusion, intraparticle diffusion, and finally, adsorption 
at active sites, were involved (Mutavdžić Pavlović et al. 
2021). Particularly for IBP and CAF, the values of the rate 
constants (kid) and the constant (c) describe the thickness 
of the boundary layer following the order kid1 > kid2 > kid3 
and c1 < c2 < c3 respectively (Table 3). These observa-
tions indicate that the adsorption rate gradually decreases 
while the effect on the limiting boundary layer gradually 
increases during the adsorption process indicating that the 
intraparticle diffusion stage is not the only rate-limiting 
step for the entire process. The adsorption rate may also 
be affected by chemical forces like H-bonding (Feng Feng 
et al. 2017; Wang and Zhang 2020). The intraparticle dif-
fusion model did not fit well the experimental data of BPA 
adsorption due to the poor values of kid and R2 (Table 4).

Adsorption isotherm studies

The isotherms of CEC adsorption onto BC-800 obtained 
by plotting the adsorbed quantity (qe) against equilibrium 
concentration (ce) of each CECs (Fig. 4e) were all found to 
be L-type according to the Giles classification (Giles et al. 
1974). The amounts of CECs adsorbed increased when 
increasing the initial concentration until the number of 
adsorption sites on the biochar became limited, leading to 
the competition between CEC molecules remaining in solu-
tion for the available sites. This type of isotherm indicates 
that the adsorption of CECs occurs due to relatively weak 
forces, such as van der Waals forces (Giles et al. 1974).

In the present work, to describe the adsorptive behavior 
of isotherm of CECs onto BC-800, four isotherm models 
(Table 4), two with two parameters (Langmuir and Freun-
dlich), and two with three parameters (Redlich-Peterson 
and Sips) were used to describe the equilibrium data. The 
plots of the adsorption isotherm are shown in Fig. 6 while 
the derived parameters and error functions are given in 
Table 4. For the Langmuir isotherm, the value of sepa-
ration factors (RL) lies between 0 and 1 indicating that 
the adsorption process of all CECs onto the biochar was 
favorable (Gómez-Serrano et al. 2021). This observation 
can also be confirmed by the Freundlich model fitting 
results according to the values of n > 1 which indicate the 
favorability of the adsorption (Abuzalat et al. 2022). The 
Freundlich model fitted the experimental data better than 

Fig. 5   Pseudo-first-order, pseudo-second-order, and Elovich kinetic model for adsorption of a IBP, b CAF, and c BPA and intraparticle diffusion 
fitting model for adsorption of d IBP, e CAF, and f BPA
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Langmuir according to the calculated error functions, 
(high values R2 and low values RMSE and χ2) indicating 
that the adsorption of the different CECs onto BC-800 
tends to multilayer adsorption. Based on the values of 
R2, RMSE, and χ2 (Table 4), the Sips isotherm model 
was also found to be good for representing the equilib-
rium data as well as Freundlich isotherm, suggesting that 
the adsorption is taking place on a heterogeneous surface 
(Nanta et al. 2018). The Redlich-Peterson model was not 
suitable to represent the equilibrium adsorption data due 
to its lowest values of R2 and very high values of RMSE 
and χ2 (Table 4). Nevertheless, it found that for the three 
CECs, the values of the Redlich-Peterson and βRP were 
all equal to zero indicating that the model represents the 

Henry law that approaches the Freundlich isotherm (Hua 
2018). The error function values of the four studied mod-
els can be classified in a descending order as follows: 
Sips > Freundlich > Langmuir > Redlich-Peterson. The 
results revealed that a three-parameter model rather than 
the two-parameter model is needed to achieve a good fit 
of the equilibrium data.

The Langmuir monolayer adsorption capacity of the 
prepared biochar for IBP, CAF, and BPA was compared 
to some reported carbonaceous adsorbents in the liter-
ature (Table S4). It was found that BC-800 showed a 
higher CEC adsorption capacity (qmax =  ~ 180, 121, and 
73 mg/g for IBP, CAF, and BPA, respectively) compared 
to adsorbents like activated carbon, activated biochar, 
and magnetic activated carbon (seen Table S4). Thus, 
the prepared biochar from egusi seed shells, obtained 
by simple single-step pyrolysis, presents an interesting 
possibility to valorize these agricultural by-products for 
wastewater treatment.

Table 3   Pseudo-first-order, pseudo-second-order, Elovich, and intra-
particle kinetic fitting parameters for IBP, CAF, and BPA adsorption 
by BC-800

Unit IBP CAF BPA

qe(exp) (mg/g) 29 30 27
  Pseudo-first-order model
  qe(cal) (mg/g) 28 30 27
  k1 (min−1) 0.08 0.72 1.76
  R2 / 0.98 0.99 0.99
  RMSE / 1.19 0.10 0.10
  χ2 / 2.26 0.00 0.03

Pseudo-second-order model
  qe(cal) (mg/g) 31 30 30
  K2 (mg∙g−1∙min−1) 0.004 0.21 1.31
  R2 / 0.99 0.99 0.99
  RMSE / 0.43 0.01 0.09
  χ2 / 0.20 0.00 0.03

Elovich model
  α (mg∙g−1∙min−1) 11.80 1.2E + 21 1.2E + 41
  β (g∙min−1) 0.20 1.80 3.72
  R2 / 0.99 0.99 0.99
  RMSE / 0.70 0.35 0.23
  χ2 / 0.89 0.11 0.08

Intraparticular diffusion model
  Stage 1
    kid1 (mg∙g−1∙min−1/2) 3.81 0.41  − 0.13
    c1 (mg∙g−1) 4 28 27
    R2 / 0.99 0.96 0.88
  Stage 2
    kid2 (mg∙g−1∙min−1/2) 0.89 0.02 0.01
    c2 (mg∙g−1) 19 29 28
    R2 / 0.93 0.98 0.15
  Stage3
    kid3 (mg∙g−1∙min−1/2) 0.15 0.01 -0.02
    c3 (mg∙g−1) 27 30 27
    R2 / 0.93 0.69 0.09

Table 4   Langmuir, Freundlich, Temkin, and Sips isotherm adsorption 
parameters for (a) IBP, (b) CAF, and BPA adsorption by BC-800

Unit IBP CAF BPA

Langmuir model
  qm mg∙g−1 180 121 73
  KL L∙mg−1 0.01 0.14 0.37
  RL 0.75–0.29 0.19–0.02 0.08–0.01
  R2 0.93 0.93 0.96
  RMSE 11.24 13.19 6.18
  χ2 86.71 221.07 4.21

Freundlich model
  KF (L∙g−1) 13.54 43.83 27.85
  n 2.39 4.83 4.47
  R2 0.98 0.99 0.99
  RMSE 7.50 3.58 2.38
  χ2 4.76 1.15 0.92

Sips model
  qmS mg∙g−1 219,629 595 118
  KS L∙g−1 7E − 5 0.08 0.27
  nS 0.39 0.25 0.41
  R2 0.99 0.99 0.99
  RMSE 7.77 5.32 2.01
  χ2 3.60 1.00 0.26

Redlich-Peterson model
  KRP L/g 0.85 1.00 0.04
  αRP L/mg−1 0.08 0.06 20.62
  βRP 0.00 0.00 0.00
  R2 0.96 0.83 0.81
  RMSE 17.13 48.38 30.69
  χ2 237.19 44,479.66 931.89
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Adsorption thermodynamics studies

In other to evaluate the feasibility and spontaneity of the 
adsorption process of different CECs onto BC-800, ther-
modynamic parameters such as free energy change (ΔG°), 
enthalpy change (ΔH°), and entropy change (ΔS°) were cal-
culated using the Gibbs free energy and van’t Hoff equations 
(Table S3) and the plot of lnKc vs. 1/T (Fig. S5). Table 5 lists 
the value of ΔG°, ΔH°, and ΔS° at three different tempera-
tures (303, 313, and 323 K). The spontaneity and feasibil-
ity of the adsorption process are indicated by the negative 
value of ΔG°, while the positive value of ΔS° indicates the 
increase in randomness and disorder of the adsorbent surface 
after adsorption. The positive value of ΔH° indicates that 
the adsorption process was endothermic (Kaya et al. 2021).

Desorption study

The desorption study of CECs is essential to understand 
the adsorption characteristics and also the adsorption 

mechanism. The percentage of desorption of CECs using 
different desorbing agents is given in Table 6. The obtained 
results indicate that the amount of CECs that could be des-
orbed was small for all desorbing agents that were tested. 
Nevertheless, the best but still poor desorption was achieved 
using ethanol and methanol for all CECs. The poor des-
orption could also be explained by the irreversibility of 

Fig. 6   Langmuir, Freundlich, Temkin, and Sips isotherm adsorption model for a IBP, b CAF, and BPA adsorption by BC-800

Table 5   Thermodynamic 
parameters of the adsorption 
of IBP, CAF, and BPA onto 
BC-800

Temperature (K) van’t Hoff equation Thermodynamic parameters

ΔG° (kJ/mol) ΔS° (kJ/
mol.K) × 10−3

ΔH° (kJ/mol)

IBP
  303 y =  − 817.08x + 3.43 (R2 = 0.99)  − 1.87
  313  − 2.17 27.77 6.79
  323  − 2.44

CAF
  303 y =  − 1791.07x + 7.11 (R2 = 0.91)  − 2.98
  313  − 3.74 59.11 14.89
  323  − 4.15

BPA
  303 y =  − 559.71x + 2.35 (R2 = 0.65)  − 1.24
  313  − 1.55 19.54 4.65
  323  − 1.63

Table 6   Desorption efficiency of CECs from the loaded BC-800 
using various desorbing agents

Desorbing agent Desorption efficiency (%)

IBP CAF BPA

Deionized water 8.66 0.23 1.26
Ethanol 14.62 6.08 9.08
NaCl (0.1 M) 5.50 0.35 1.12
Methanol 15.95 8.50 13.21
HCl (0.1 M) 2.24 0.27 7.48
NaOH (0.1 M) 6.30 0.19 1.97
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the adsorption process of CECs onto BC-800 that can be 
related to the separation factor, RL (Table 4). Indeed, when 
0 < RL < 1, the adsorption is favorable and becomes increas-
ingly irreversible when its value approaches zero (Hua 
2018). A similar result was reported by Tran and collabo-
rators (Tran et al. 2017a) for the regeneration of activated 
charcoal after the adsorption of methylene green dye using 
various desorbing agents. In addition, the trapping of the 
molecules inside the pores of biochar may also explain the 
poor desorption of CECs.

Adsorption mechanism

Due to the presence of various surface functional groups 
(i.e., – COOH, –OH, C = O) and benzene rings in carbona-
ceous materials, several mechanisms have been suggested for 
the removal of CECs from aqueous media including van der 
Waals forces, π-π and n-π interaction, electrostatic attraction, 
and hydrogen bonding (Tran et al. 2020; Keerthanan et al. 
2020; Czech et al. 2021; Naima et al. 2022). The adsorp-
tion mechanism depends on the adsorbent properties (i.e., 
surface functional groups, surface area, and pore size distri-
bution), adsorbate characteristics (i.e., solubility, molecular 
size, and pKa), and strongly on the experimental adsorption 
conditions (i.e., temperature, initial concentration and pH). 
Therefore, in the present study, the adsorption mechanism of 
IBP, CAF, and BPA onto biochar BC-800 was investigated 
using a solution concentration of 100 mg/L without any pH 
adjustment, during 60 min at room temperature.

The study of the effect of pH on the adsorption of CECs 
shows that no significant effect of electrostatic attraction 
can be involved in the adsorption mechanism of CECs. The 
FTIR (Fig. 3c) spectra of BC-800 after adsorption of IBP, 
CAF, and BPA gave much information related to the type 
of interaction involved in the adsorption mechanism. The 
reduction in intensity of the band at 3422 cm−1 after adsorp-
tion of all the CECs suggests the formation of hydrogen 
bonding interaction. The hydrogen bonding can be regarded 
as dipole–dipole hydrogen bonding and Yoshida hydrogen 
bonding. The former is due to the interaction between –OH 
groups (H-donor) on BC-800 and the H-acceptor like nitro-
gen and oxygen while the latter is related to the interaction 
between –OH groups on BC-800 and aromatic rings in IBP, 
CAF, and BPA molecules (Tran et al. 2017b).

For the n-π electron donor–acceptor interactions also 
known as n-π interactions, reported for the first time 
by Mattson et al. (Mattson et al. 1969), the aromatic 
rings of CECs act as electron acceptors while a carbonyl 
group of BC acts as an electron donor. The observation 
of FTIR (Fig. 3c) of BC-800 before and after adsorp-
tion shows the reduction of the intensities of the peaks 
at 1200 cm−1 corresponding to C–O. In addition to the 
reduction of the intensity of the peak at 1700 cm−1 

corresponding to C = O groups, it is shifted to a lower 
wavenumber (1624 cm−1) thus indicating the interven-
tion of n-π interactions in the adsorption mechanism 
which is consistent with reported works (Tran et  al. 
2017a, 2020; Turk Sekulic et al. 2019).

Between the π-electrons of biochar and the π-electrons 
of CECs, π-π interactions can occur which can be evi-
denced by the FTIR (Fig. 3c) analysis (Tran et al. 2017a; 
Turk Sekulic et al. 2019). Indeed, the intensity of the peak 
corresponding to aromatic C = C bonds (at 1597 cm−1) in 
biochar decreases after adsorption indicating the presence 
of π-π interactions between the benzene rings of biochar 
and CECs. Similar results were obtained in the literature 
(Xu et al. 2012; Correa-Navarro et al. 2022).

The PXRDs show (Fig. 3d) no shifts after adsorption of 
the three CECs indicating that there were no occurrence 
of phase transformation. However, a significant change in 
the intensities was observed and could be attributed to the 
surface adsorption of CECs (Banerjee et al. 2016; Turk 
Sekulic et al. 2019). The adsorption process was mainly 
governed by physisorption.

The van der Waals forces can also be involved in the 
adsorption mechanism. It has been reported that the inten-
sities of van der Waals forces of an adsorbed molecule are 
proportional to its contact surface area with the adsorbent. 
Moreover, the graphene surface of carbonaceous material 
has a high van der Waals index, and the IBP, CAF, and BPA 
molecules have a large planar ring structure; therefore, van 
der Waals forces can occur between the CEC molecules and 
the graphene-like surface of BC-800 (Ji et al. 2009).

N2 sorption was also used to assess the adsorption mech-
anism of CECs on biochar since there is a close relationship 
between the pore properties of the adsorbent and the size of 
the adsorbate (Tran et al. 2017b). Figure 1e shows that the 
uptake of nitrogen adsorbed on CEC-loaded biochar (BC-
800-IBP, BC-800-CAF, and BC-800-BPA) is remarkably 
lower than that of pristine biochar (BC-800), as expected. 
Pore filling of the CEC lowers both the still available sur-
face area and pore volume for N2 adsorption, possibly also 
together with pore blocking (see Table S5 and Fig. 1e, 
f). Several reported works revealed that pore filling was 
involved in the adsorption mechanism of pharmaceuticals 
such as ibuprofen (Naima et al. 2022), paracetamol (Tran 
et al. 2020), carbamazepine, naproxen, and diclofenac (Turk 
Sekulic et al. 2019) onto carbonaceous material.

There was no significant difference between SEM images 
of BC-800 before and after CEC adsorption (Fig. 2h-i) indi-
cating that the adsorption took place in the inner pore sur-
faces (micro- and mesopores) which were not accessible by 
SEM. To sum up, the proposed mechanism of adsorption of 
CECs onto the prepared biochar which includes hydrogen 
bonding, van der Waals force, π-π and n-π interactions, and 
pore filling is schemed in Fig. 7.
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Treatment of synthetic effluent

Based on the adsorption data, BC-800 shows good 
efficiency in the removal of IBP, CAF, and BPA from 
water in a single aqueous solution indicating that it 
could be suitable for the treatment of real wastewater. 
Therefore, two simulated hospital eff luent samples 
with different chemical species including pharmaceu-
ticals and organic and inorganic components (Table 1) 
were used to test the efficiency of BC-800 to clean 
them up (see Fig. 8). The removal percentage of com-
pounds present in the eff luents was assessed by inte-
grating the surface area under the absorption band 
from 190 to 400 nm of treated eff luent divided by the 
area under the absorption band of the untreated efflu-
ent (González-Hourcade et al. 2022; Cavalcante et al. 
2022). The overall removal percentage was around 58 

Fig. 7   Proposed mechanism of adsorption of CECs onto BC-800 from egusi seed shells

Fig. 8   UV–vis spectra of simulated pharmaceutical effluents before 
and after the adsorption using BC-800
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and 65% for eff luent A and eff luent B respectively. 
These results show that the BC-800 seems to be more 
efficient at high concentrations of pollutants which is 
consistent with the results of the study of the initial 
concentration. These results suggest that the biochar 
obtained using egusi seed shells as starting material 
can be used for practical applications.

Cost evaluation and economical‑environmental analysis

Evaluating the production costs of an adsorbent is an impor-
tant factor in other to evaluate its rentability at large-scale 
for wastewater treatment (Yang et al. 2022; Lekene et al. 
2023). In the present study, the cost of producing biochar 
was evaluated, based on the cost of electricity in the produc-
tion area (Cameroon). The raw material was collected free 
from a market in Yaoundé and the deionized water used for 
washing came from the laboratory facilities. Only the pyrol-
ysis and drying stages were considered in this assessment of 
biochar production costs, as shown in Table 7. As the price 
of electricity in Cameroon is set at around USD 0.16 USD/
kWh, the estimated cost for the production of 1 kg of bio-
char was found to be 4.99 USD. The main operational cost 
comes from the drying stage. This could be further reduced 
by sun drying of the raw material suggesting the potential 
in practical application of biochar-based egusi seed shells.

Conclusion

From this study, biochar with good physicochemical prop-
erties was successfully prepared and characterized from 
egusi seed shells and used for the removal of CECs from 
water. As the pyrolysis temperature increased from 400 to 
800 °C, the BC yield, the H, N, and O content decreased 
while the BET surface area, total pore volume, and ash 
content increased. The SEM images showed that macropo-
rous honeycomb-like structures are created at high tem-
peratures. The biochar obtained at 800 °C displaying the 

highest specific surface area (688 m2/g) possessed the best 
performance towards the elimination of CECs with the 
Langmuir maximum monolayer adsorption capacities of 
180, 121, and 73 mg/g respectively for IBP, CAF, and 
BPA. The kinetic data were better described by pseudo-
second-order and Elovich model while Sips and Freun-
dlich isotherm models were used to better fit of the equi-
librium data. The thermodynamic study shows that the 
adsorption process was spontaneous and endothermic for 
the three CECs. FTIR, PXRD, SEM, and BET analyses 
show that the adsorption mechanism of CECs was sup-
ported by hydrogen bonding, van der Waals force, π-π, 
and n-π interactions. The pore filling was also found to be 
one of the most important contributors to the adsorption 
mechanism. Due to its high adsorption capacities and good 
textural properties, the prepared biochar is a promising 
adsorbent for wastewater treatment.
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