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Abstract 

To enhance the performance of biochar made from almond shells for adsorption of phenol pollutants in water, we 
prepared an almond shell-based biochar and modified it through combined pyrolysis with KOH and EDTA-4Na at 750 
°C, yielding almond shell-based modified activated carbon (A-BC); the mass ratio of biochar, EDTA-4Na, and KOH 
was 1:1:3.

A-BC was characterized by using Scanning Electron Microscopy, Fourier Transform Infrared Spectroscopy, 
the Brunauer–Emmett–Teller method, and X-ray Diffraction. The adsorption conditions of A-BC for phenol were opti-
mized through single-factor experiments, and the adsorption mechanism was explored through kinetics and thermo-
dynamics assays. The results show that A-BC exhibits a honeycomb-like structure with a specific surface area of 1050 
m2 g−1 and a micropore ratio of 86%. A-BC is rich in functional groups (-OH, -CH2, N–C, C-H, N–H) closely related 
to phenol adsorption. The adsorption of phenol by A-BC is a spontaneous exothermic process involving both physical 
adsorption and chemical adsorption (including hydrogen bonding and π-π interactions). The pseudo-second-order 
kinetic model adequately describes the adsorption process, which consists of liquid film diffusion, surface adsorption, 
and intraparticle diffusion stages. At 25 °C, with an A-BC dosage of 1.0 g L−1, initial phenol concentration of 400 mg 
L−1, and contact time of 60 min, A-BC exhibited significant adsorption capacities of 161 and 149 mg g−1 for simulated 
water and phenol-containing wastewater from coal chemical industries, respectively. A-BC demonstrated good reuse 
performance and strong adsorption capacity for phenol, indicating its potential application in treating phenol-con-
taining wastewater from coal chemical industries.
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1  Introduction
As a fundamental chemical raw material, phenol is widely 
used in petrochemical, coal processing, papermak-
ing, electroplating, dyeing, and pharmaceutical indus-
tries. Due to its significant toxicity and bioaccumulation 
potential, phenol has been listed among the pollutants 
for global priority control [1]. Domestic enterprises 

discharge approximately 40 BT of industrial wastewater 
annually, with phenol-containing industrial wastewater 
accounting for about 0.5%, or 200 MT. Current methods 
for treating phenol-containing wastewater include mem-
brane filtration, photocatalytic degradation, advanced 
oxidation processes, biodegradation, and adsorption 
[2]. Among these, adsorption is highly efficient, cost-
effective, and simple to operate, making it a promising 
method for removing phenol from wastewater [3].

In phenol adsorption research, biochar has attracted 
significant attention due to its well-developed porous 
structure, easily modifiable carbon chemistry, abundant 
surface functional groups, and high ion-exchange capac-
ity [4, 5]. However, the pore volume and specific surface 
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area of biochar are typically low due to the limitations 
of biomass feedstock properties; therefore, researchers 
have focused on modifying biochar by enhancing its pore 
structure and altering its surface functional groups to 
improve its adsorption capacity. Research has found that 
modifying biochar not only enhances its performance in 
removing pollutants from water [6], but also improves 
the adsorption of heavy metals [7], improves soil quality 
by increasing soil microbial diversity [8, 9], can be used 
to prepare electrodes [10], and serves as a feed additive 
[11]. Modified biochar shows promise as an adsorbent 
for removing phenol from contaminated wastewater 
(Table 1).

It has been found that KOH activation can enhance 
biochar’s pore structure at high temperatures under 
which KOH reacts with carbon to produce H2 and the 
intermediate product, K2CO3, which further reacts to 
generate CO2, CO, K2O, etc. KOH, K2CO3, and K2O 
can etch the carbon skeleton of biochar, increasing its 
roughness and specific surface area, while H2, CO2, and 
CO form a rich micro/mesoporous structure and high 
specific surface area when released from the biochar 
[44]. Organic salts can also alter the composition and 
functional groups of biochar through chemical reactions 
applied EDTA-4Na to introduce N elements in  situ, 
which increased the electron mobility and hydropho-
bicity of biochar, while also enhancing the number of 

Table 1  Comparison of the performance of modified carbon prepared from pyrolysis of agricultural waste materials in removing 
phenol from wastewater (main literature published in 2022–2024)

Biomass Modifier Qe (mg g−1) Year References

Acacia mangium H3PO4 54 2023  [12]

sugarcane bagasse H2SO4 159 2022  [13]

sugarcane bagasse HNO3 588 2023  [14]

oak wood H3PO4 250 2024  [15]

Brazil nutshell KOH 69 2022  [16]

sunflower CO2, water vapor, C6H12N2 190 2022  [17]

reed stems FeCl3, ZnCl2 63 2023  [18]

coconut shell carbon NaOH 300 2022  [19]

rice hulls H3PO4 15 2022  [20]

fox nutshell H3PO4 102 2024  [21]

coffee grounds H3PO4 24 2022  [22]

sugarcane bagasse ZnCl2 9 2023  [23]

wheat straw HF, CO2 471 2023  [24]

olive pits ZnCl2 120 2024  [25]

corn straw KOH 612 2023  [26]

oak wood H3PO4 250 2023  [27]

bamboo ZnCl2 61 2023  [28]

bamboo ZnCl2, FeCl3, KOH 459 2023  [29]

bamboo H2O, K2FeO4, CaCO3, NH3 212 2023  [30]

cactus cladode powder Na3C6H5O7, FeCl3, CH3COONa, (CH2OH)2 175 2023  [31]

groundnut shells CoCl2, ZnCl2 127 2024  [32]

wheat straw NH3, HCl 177 2023  [33]

Brazil nutshells KOH 99 2023  [34]

palm kernel shells KOH 7 2023  [35]

Hevea brasilliensis seeds KOH, HCl 13 2023  [36]

sugarcane NaOH 109 2023  [37]

sugarcane officinarum ZnCl2 65 2023  [38]

Eucalyptus saligna sawdust NiCl2 77 2024  [39]

coconut shell K2CO3 25 2024  [40]

Camellia oleifera seed hulls K2CO3 300 2024  [41]

rice hulls KOH, Na2EDTA 195 2024  [42]

sunflower stems KOH 333 2024  [43]
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pyridinic-N (N-6) functional groups, thus improving 
the biochar’s phenol adsorption capacity [45]. However, 
previous studies on improving biochar’s adsorption of 
phenol or other organic pollutants through modifica-
tion have primarily focused on either its pore structure 
or surface functional groups, with few studies address-
ing both simultaneously. Therefore, modifying both bio-
char’s pore structure and the surface functional groups 
holds promise for enhancing its application potential in 
organic pollutant adsorption technologies.

Almonds are an important economic crop with 
global demand increasing annually. In 2023, the global 
production reached approximately 1.6 MT. However, 
the large-scale utilization of almond shells, which are 
often discarded as waste, has not yet been formally 
reported. Almond shells have a large surface area, 
many pores, and low ash content, making them an 
ideal raw material for biochar production. Encinas-
Vazquez et al. [46] prepared almond shell biochar that 
achieved a maximum lead adsorption capacity of 40 
mg g−1 from water; Alves et  al. [47] prepared almond 
shell biochar with a maximum cadmium adsorption 
capacity of 5.8 mg g−1; Maaloul et  al. [48] prepared 
modified almond shell adsorbents with a copper 
adsorption capacity of 18 mg g−1 from water; Wang 
et  al. [49] prepared biochar via a one-step pyrolysis 
method with a maximum phenol adsorption capac-
ity of 11 mg g−1. Given the relatively low adsorption 
capacity of unmodified almond shell biochar, modify-
ing it to enhance its adsorption performance for use 
in treating water pollutants is significant for pollution 
reduction and carbon emission mitigation.

The goal of this study was to improve the perfor-
mance of biochar in the treatment of phenol-contain-
ing wastewater and explore its potential for application 
in industry, especially in the treatment of phenol-con-
taining wastewater from the coal chemical industry. 
We characterized and tested almond shell-based bio-
char prepared by one-step pyrolysis with a combination 
of KOH and EDTA-4Na at high temperature. Phe-
nol, a water pollutant, is used as the target substance 
to explore the relationship and mechanism between 
the biochar’s structure and phenol adsorption per-
formance. This research aims to provide theoretical 
guidance for the integrated preparation of chemically 
activated-modified biochar, technical support for using 
almond shells and similar agricultural waste in the 
preparation of activated carbon materials for adsorb-
ing organic pollutants in water bodies, and insights for 
waste treatment and carbon emission reduction.

2 � Materials and methods
2.1 � Raw materials and reagents
Almond shells: The almond shells, sourced from Shache 
County, Kashgar, Xinjiang, were separated from the 
kernels. The shells were washed with distilled water to 
remove surface dust and other impurities, dried at 85 
°C, crushed, and sieved through a 140-mesh sieve (0.015 
mm) for later use.

Actual water samples: The water samples were col-
lected from untreated wastewater of a coal chemical 
enterprise in Junggar, Xinjiang. The contents measured 
were as follows: phenolic compounds at 3000 g L−1, phe-
nol at 1350 mg L−1, suspended solids at 43 mg L−1, chlo-
ride ions at 2835 mg L−1, COD at 3867 mg L−1, ammonia 
nitrogen at 325 mg L−1, and a pH of 7.58.

Pretreatment of actual water samples: A certain volume 
of the actual water sample was taken and centrifuged 
at 5000 rpm for 10 min in a centrifuge (H1850, Hunan 
Xiangyi Laboratory Instrument Development Co.) to 
remove suspended solids. Chloride ions were precipi-
tated using a 0.10 M AgNO3 solution, and the precipitate 
was further removed by centrifugation at 5000 g. This 
process was repeated until the chloride ion content in the 
actual water sample was less than 10 mg L−1; the result-
ing sample was then prepared for analysis.

Reagents: All reagents used were of analytical grade. 
Anhydrous ethanol (CH3CH2OH) was sourced from 
Tianjin Xinbote Chemical Co. Phenol (C6H5OH) was 
obtained from Tianjin Zhiyuan Chemical Reagent Co. 
Sodium hydroxide (NaOH) was acquired from Tianjin 
Zhiyuan Chemical Reagent Co. Hydrochloric acid (HCl) 
was provided by Sichuan Xilong Chemical Co. EDTA-
4Na (C10H12N2O8Na4∙4H20) was purchased from Shang-
hai Titan Scientific Co.

2.2 � Biochar preparation and modification
2.2.1 � Biochar preparation
A weighed sample of almond shell powder was placed in 
a covered magnetic boat and transferred to a tube furnace 
(GSL-1600X, Hefei Kejing Materials Co.) for pyrolysis to 
produce almond shell biochar. The pyrolysis temperature 
was 400 °C with a heating rate of 5 °C min−1, the time was 
120 min, and the nitrogen flow rate was 100 mL min−1.

2.2.2 � Preparation of modified carbon
Following the method of Lv et  al. [45], biochar, EDTA-
4Na, and KOH were mixed in the ratio of 1:1:3 and 
placed in a tube furnace for pyrolysis. The pyrolysis was 
done at 750 °C for 60 min, with a heating rate of 5 °C 
min−1, and a nitrogen flow rate of 100 mL min−1. The 
product obtained after pyrolysis was modified activated 
carbon (A-BC).
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2.3 � Properties of biochar
To determine the changes in surface groups before and 
after modification, Fourier transform infrared spectros-
copy (FTIR Prestige-21, Shimadzu, Japan) was used to 
analyze biochar and A-BC. Spectrally pure KBr powder 
was used for background, with the resolution maintained 
from 1 to 4 cm−1, and a scanning range of 400 to 4000 
cm−1. The signals were converted using the K-M method.

To characterize the morphology and pore structure of 
the materials before and after modification, a field-emis-
sion scanning electron microscope (SEM, Zeiss, Gemini 
300, USA) was used to examine biochar and A-BC. For 
the measurement, samples were directly attached to con-
ductive adhesive and coated with gold. The acceleration 
voltage was set to 3 kV for observing the morphology.

To determine the specific surface area, pore volume, 
and pore size distribution of biochar and A-BC before 
and after modification, an automated surface area and 
porosimetry analyzer (Micromeritics APSP 2460, USA) 
was employed. Nitrogen was used as the adsorbate gas, 
with a degassing temperature of 200 °C and a degas-
sing time of 8 h. The Barrett-Joyner-Halenda model and 
Brunauer–Emmett–Teller (BET) model were used to ana-
lyze the pore size distribution.

To determine the crystal phase structure of the mate-
rials, X-ray diffraction (XRD) analysis was performed 
on biochar and A-BC using an X-ray diffractometer (D8 
Advance, Germany). Cu Kα radiation (λ = 0.15 nm) was 
used, with a tube voltage of 40 kV and a tube current of 
40 mA. The scanning speed was set to 5° min−1, and data 
were collected over an angular range of 10 ~ 80°.

2.4 � Adsorption experiment
2.4.1 � Phenol adsorption
The adsorption experiment was conducted in 50 mL 
conical flasks with glass stoppers. A weighed sample of 
0.0400 g of A-BC was added to 20 mL of a 400 mg L−1 
phenol solution. The mixture was placed in a constant 
temperature water bath oscillator (SHA-C, Jintan Medi-
cal Instruments Factory, China) at a stirring speed of 150 
rpm for 240 min. After adsorption, the phenol solution 
was filtered, and the absorbance of the filtrate was meas-
ured at 270 nm. The adsorption efficiency and adsorption 
capacity of A-BC were calculated using formulas (1) and 
(2). Each experiment was conducted in triplicate.

(1)R =
C0 − Ce

C0
× 100%

(2)Qe =
(C0 − Ce)× V

M

where, R: adsorption efficiency, %; Qe: adsorption capac-
ity at equilibrium, mg g−1; C0: initial concentration of 
phenol before adsorption, mg L−1; Ce: equilibrium con-
centration of phenol after adsorption, mg L−1; V: volume 
of phenol solution, L; and M: weight of biochar, g.

2.4.2 � Optimization of adsorption conditions
The effects of the amount of A-BC, initial solution pH, 
initial phenol concentration, and contact time on the 
adsorption of phenol by A-BC were investigated. The 
amount of A-BC ranged from 0.5 to 3.0 g L−1 and the 
initial pH of the solution was adjusted to between 2 and 
12 using 0.1 M HCl and 0.1 M NaOH solutions. The ini-
tial phenol concentration in the solution was between 10 
and 400 mg L−1, and the contact time was 0 to 360 min. 
After each set of experiments, the A-BC was removed 
from the solution by centrifugation (5500 g force, 25 °C, 
15 min) and filtered through a 0.45 µm membrane before 
measurement.

2.4.3 � Adsorption kinetics and thermodynamics
The pseudo-first-order and pseudo-second-order kinetic 
models, and the intraparticle diffusion model were tested 
for fitting the kinetic process of phenol adsorption by 
A-BC. The Langmuir, Freundlich, and Sips models were 
used to fit the thermodynamics of phenol adsorption by 
A-BC from the solution. The Gibbs free energy (ΔG), 
enthalpy (ΔH), and entropy (ΔS) for the adsorption pro-
cess were calculated. The model calculations used are 
shown in Eqs. (3)–(11).

Pseudo—first order:

Pseudo—second order:

Intraparticle diffusion:

Langmuir isotherm:

Freundlich isotherm:

Sips isotherm:

(3)ln(Qe − Qt) = lnQe − k1t

(4)Qt =
k2Q

2
et

1+ k2Qet

(5)Qt = kP t0.5 + C

(6)
Ce

Qe

=
Ce

Qmax

+
1

Kl·Qmax

(7)lg Qe = lg KF +
1

n
lg Ce
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where, Qt: amount of phenol adsorbed by almond shell 
biochar at time t, mg g−1; Qmax: maximum adsorption 
capacity of almond shell biochar, mg g−1; k1: pseudo-
first-order adsorption rate constant, min−1; k2: pseudo-
second-order adsorption rate constant, g mg−1 min−1; 
kp: intraparticle diffusion rate constant, mg g−1  min−0.5; 
C: boundary layer thickness constant; Kl, KF and Ks: 
adsorption equilibrium constants, L mg−1; n: adsorption 
constant; N: heterogeneity coefficient; R: gas constant, 
8.314 J mol−1 K−1; T: temperature, K; and Kd: equilibrium 
constant.

2.4.4 � Reusability of A‑BC
After reaching adsorption saturation, A-BC was sepa-
rated and placed in 50 mL of distilled water. It was then 
shaken in a constant temperature oscillator (25 °C, 180 
rpm) for 120 min to desorb phenol. The phenol concen-
tration in the solution was measured, and the process 
was repeated until no additional phenol was detected in 
the solution. The desorbed A-BC was reused five times 
following the procedure in Sect.  2.4.2 to evaluate its 
regeneration performance and reusability.

2.4.5 � Actual water sample determination
The pretreated water sample was diluted by half. A 20 
mL aliquot of the diluted sample was taken, and the test 
was conducted following the procedure in Sect. 2.4.1 to 
verify the adsorption performance of A-BC on phenol 
in wastewater from a coal chemical company.

2.4.6 � Data processing
Data input and calculations were performed using 
Microsoft Excel 2010. For data organization, plotting, 
and statistical analysis, Origin 2019 was employed. Sin-
gle-factor analysis of variance and standard deviation 
calculations were based on the results from three rep-
licate experiments. A P-value of less than 0.05 (P < 0.05) 
indicates a statistically significant difference between 
means.

(8)Qe =
QmaxKs(Ce)

N

1+ Ks(Ce)
N

(9)�G0
= −RTlnKd

(10)lnKd =
�S0

R
−

�H0

RT

(11)Kd = Kl ×Mphenol ×MH2O × 1000

3 � Results and discussion
3.1 � Characterization of A‑BC
3.1.1 � FT‑IR
The FT-IR spectra of A-BC and biochar (Fig.  1) show a 
strong, broad peak at 3440 cm−1 for both, which is attrib-
uted to the -OH bond, resulting from the stretching 
vibration of alcohol phenols, possibly originating from 
the cellulose in the material [50]. The characteristic peaks 
at 2930 and 2950 cm−1 correspond to the asymmetric 
and symmetric stretching vibrations of -CH2, related to 
hemicellulose and cellulose, but the peak shape is more 
pronounced in biochar, indicating that the cellulose con-
tent in A-BC gradually decreased during high-temper-
ature carbonization. A-BC shows distinct absorption 
peaks between 1630 and 1527 cm−1, corresponding to 
amide N–H stretching vibrations, indicating that EDTA-
4Na successfully modified the original biochar functional 
groups through amide reactions [51]. The bending vibra-
tion at 1090 cm−1 corresponds to N–C and the out-of-
plane bending vibration at 958 cm−1 shows changes in 
peak shape, further verifying the successful modification 
of biochar by EDTA-4Na [51, 52]. The surface of A-BC, 
with its strong aromatic C-H, N–C, and N–H functional 
groups, can provide electron donors to bind pollutants 
[53].

3.1.2 � SEM
The SEM images of A-BC and biochar (Fig.  2) show 
that biochar has a smooth surface with micropores and 
contains many wrinkled, flake-like, and blocky struc-
tures. A-BC displays a honeycomb microstructure due 
to the pore-forming effect of KOH at high temperatures 
[49, 54]. The reaction of EDTA-4Na with inorganic sub-
stances in the raw material during carbonization forms 
organic metal salts that expand the pore volume of the 
raw material and increase the distance between carbon 
microcrystals [45, 53]. Combined with nitrogen adsorp-
tion–desorption data, it is evident that the multilayer 
pore structure on the surface of A-BC increases its 
specific surface area, with a significant distribution of 
mesopores inside the A-BC particles. These mesopores 
provide more space for the adsorption, enrichment, 
diffusion, and migration of phenol. The newly formed 
macropores on the outer surface facilitate the forma-
tion of new mesopores and micropores on the inner 
surface [54]. The interconnected open-mode micropore 
structure can promote mass transfer processes, thereby 
enhancing the adsorption capacity of A-BC for phenol. 
The layered Energy-dispersive X-ray spectroscopy (EDS) 
images of A-BC (Fig.  2c) show that the elements C and 
Na are uniformly distributed on A-BC. Based on the EDS 
spectral data in Fig.  2d, we concluded that A-BC was 
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Fig. 1  FT-IR spectra of A-BC and biochar. Test conditions: spectral grade KBr powder for background, resolution of 1–4 cm−1, and scanning range 
of 400–4000 cm−1

Fig. 2  Scanning electron micrographs of biochar (a), A-BC (b) and EDS Layering of A-BC (c). d EDS information of A-BC. The particles were sputtered 
with gold and the imaging voltage was 3 kV
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mainly composed of C (99.86%) and Na (0.14%), indicat-
ing a high degree of carbonization. This extensive car-
bonization ensures the stability and reliability of A-BC as 
an adsorbent [55]. The uniform distribution of Na on the 
A-BC surface also confirms the successful modification 
of biochar by EDTA-4Na.

3.1.3 � BET
The isothermal adsorption–desorption curves of bio-
char and A-BC in Fig. 3 indicate that the N2 adsorption 
capacity of both biochar and A-BC increases as the rela-
tive pressure P/P0 increases. At a relative pressure of 
0.8, the adsorption and desorption curves do not coin-
cide, indicating a Type IV isotherm according to the 
Brunauer-Deming-Deming-Teller classification. The typi-
cal characteristic of particles with Type IV isotherms is 
the coexistence of micropores and mesopores, suggesting 
that both biochar and A-BC possess a mixed micropo-
rous-mesoporous structure [56]. Figure 3 further reveals 
that the pore size distribution of biochar ranges from 5 to 
40 nm, with a relatively abundant presence between 5 and 
25 nm, which is dominated by mesopores. In contrast, 
the pore size distribution of A-BC is primarily within the 
1.5 to 3.0 nm range, dominated by micropores, but exhib-
iting both microporous and mesoporous characteristics. 
Taken together, our results support the hypothesis that 
the experimental method employed in this study is suit-
able for the preparation of microporous biochar [45].

The specific surface area and pore structure directly 
influence the adsorption performance of biochar. As 
shown in Table  2, the specific surface area and pore 
volume of A-BC prepared by the integrated KOH 

activation and EDTA-4Na modification method have 
both significantly increased. The specific surface area 
increased from 2.3 to 1050 m2 g−1, and the pore volume 
increased from 0.0029 to 0.42 cm3 g−1. A-BC is primar-
ily microporous, with micropores accounting for 86% 
of the total and an average pore diameter of 1.6 nm. A 
higher proportion of micropores provides more surface 
area for adsorption and attachment points for small 
molecules and volatile organic compounds [57]. The 
significant changes in specific surface area and pore 
volume of A-BC may be due to the erosion of the car-
bon lattice by KOH vapor at high temperatures, accel-
erating the breaking of C-H, hydroxyl, and carboxyl 
bonds in lignocellulose, which promotes pore forma-
tion [45]. Additionally, during high-temperature car-
bonization, the reaction of KOH with carbon produces 
H2, CO2, and CO, and the decomposition of EDTA-4Na 
generates CO, CO2, and nitrogen oxides. The release of 
these gases from the interior and surface of biochar also 
contributes to the formation of pore structures [45].

Fig. 3  Nitrogen adsorption–desorption and pore size distribution curves of biochar (a) and A-BC (b). The adsorption gas was N2, the adsorption–
desorption temperature was −196 °C, and the degassing time was 8 h

Table 2  Specific surface area and pore structure characteristics 
of biochar and A-BC

ABET specific surface area (m2 g−1), Vtotal total pore volume (cm3 g−1), Vmic 
micropore volume (cm3 g−1), Vmic/Vtotal ratio of micropore volume to total pore 
volume, Dp pore diameter (nm)

Sample ABET (m2 
g−1)

Vtotal (cm3 
g−1)

Vmic (cm3 
g−1)

Vmic/Vtotal Dp (nm)

A-BC 1050 0.42 0.36 86% 1.6

biochar 2 0.0029 0.00096 32% 5.1
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3.1.4 � XRD patterns
The XRD pattern of A-BC (Fig.  4) shows only broad 
peaks, indicating a higher degree of amorphousness [58]. 
The diffraction peak at 2θ = 12.6° (101) is attributed to 
cellulose, and the higher intensity of this peak in biochar 
compared to A-BC is due to the decomposition of cellu-
lose during the modification process [59]. The diffraction 
peak at 2θ = 29.4° (C002) corresponds to the character-
istic peak of SiO2, while the broad amorphous peak at 
2θ = 40° (C100) indicates the formation of an amorphous 
graphite structure, which is conducive to adsorption [60].

3.2 � Preparation of A‑BC
To select the appropriate amount of modifier to add, 
biochar modification was performed with reference to 
the method of Lv et  al. [45] and the preliminary test 
results. Three different ratios of biochar:KOH:EDTA-
4Na were tested for A-BC preparation, namely, 1:3:1, 
1:3:2, and 1:3:3 (Fig.  5). Figure  5 indicates that when 
the ratio of biochar:KOH:EDTA-4Na is 1:3:1, the pre-
pared A-BC exhibits the maximum adsorption capac-
ity for phenol at 163 mg g−1, with an adsorption rate 
of up to 83%. Therefore, for subsequent adsorption 
experiments, a biochar:KOH:EDTA-4Na ratio of 1:3:1 
was selected for A-BC preparation. In this study, the 
adsorption capacity of A-BC for phenol in simulated 
wastewater was lower than that of the rice hull-based 

activated carbon prepared by Lv et al. [45]. This differ-
ence is related to the honeycomb-like structure of the 
A-BC prepared in this study, compared to the tube-
bundle shape of the rice hull-based activated carbon 
prepared by Lv et al. This structural difference may be 
attributed to the varying proportions of cellulose, hemi-
cellulose, and lignin in rice hulls and almond shells.

3.3 � Adsorption experiment
3.3.1 � Effect of A‑BC dosage
Figure  6 illustrates that compared to biochar, the 
adsorption performance of A-BC for phenol was sig-
nificantly increased. With an increase in A-BC ranging 
from 0.5 to 3 g L−1, the efficiency of phenol adsorption 
increased from 37 to 98%, while the adsorption capacity 
decreased from 287 to 127 mg g−1. This trend aligned 
with findings by Allahkarami et al. [61]. The increase in 
adsorption efficiency with higher A-BC amounts can be 
attributed to the availability of more active binding sites 
for phenol. However, the mass of phenol adsorbed per 
unit mass of A-BC decreased as A-BC was increased, 
indicating that the driving force for mass transfer at 
the liquid–solid interface did not increase significantly 
with higher A-BC dosage. Based on these results and 
considering practical applications, 1.0 g L−1 A-BC was 
used in subsequent experiments.

Fig. 4  XRD patterns of biochar and A-BC. Test conditions: Cu Kα radiation (λ = 0.15 nm); tube voltage, 40 kV; tube current 40 mA; scanning speed 5° 
min−1
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3.3.2 � Effect of initial solution pH
Figure  7 demonstrates the influence of the initial 
pH on phenol adsorption by A-BC, indicating that 

strongly acidic conditions are highly favorable for 
phenol adsorption. At an initial pH of 2 and an equi-
librium time of 120 min, A-BC achieved a maximum 

Fig. 5  Influence of different ratios of pyrolysis materials (biochar, KOH, EDTA) on adsorption. For preparation, the pyrolysis temperature was 750 °C, 
the time was 60 min, the nitrogen gas flow rate was 100 mL min−1, and the heating rate was 5 °C min−1

Fig. 6  Effect of A-BC dosage on phenol adsorption. Experimental conditions: A-BC dosage, 0.5–3.0 g L−1; initial phenol concentration, 400 mg L−1; 
initial pH of the solution was not adjusted; contact time, 240 min; solution volume, 20 mL; temperature, 25 °C
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adsorption capacity of 177 mg g−1. From pH 3 to 9, 
the variation in phenol adsorption capacity by A-BC 
was not significant, which is consistent with findings 
by Song et  al. [60]. This suggests that the initial pH 
has a minimal impact on phenol adsorption by A-BC. 
The initial pH affected the surface charge of the adsor-
bent, thereby influencing its adsorption capacity. In 
strongly acidic solutions, where phenol is predomi-
nantly in its undissociated form, more phenol mole-
cules were adsorbed onto the surface of A-BC. As the 
pH increased, the number of dissociated phenol mol-
ecules (phenolate ions) increased, leading to a decrease 
in A-BC’s phenol adsorption capacity. When the initial 
pH of the phenol solution exceeded the pKa of phe-
nol (pH = 9.98), the surface of A-BC became nega-
tively charged. This resulted in electrostatic repulsion 
between phenolate ions and the surface of A-BC, as 
well as phenol-phenolate ions in the solution, thereby 
reducing adsorption capacity until equilibrium was 
reached. The non-significant influence of initial solu-
tion pH on phenol adsorption by A-BC could also be 
attributed to the introduction of nitrogen-containing 
functional groups through EDTA-4Na modification. 
These functional groups form strong hydrogen bonds 
with phenol, thereby maintaining significant adsorption 
even under alkaline conditions [45, 58]. Based on these 
observations, subsequent experiments maintained the 
natural pH of the solution.

3.3.3 � Effect of initial phenol concentration
Figure 8 illustrates that the adsorption capacity of A-BC 
for phenol is significantly enhanced compared to biochar. 
As the initial phenol concentration was increased from 
10 to 1000 mg L−1, the driving force for mass transfer 
between the liquid and solid phases intensified, result-
ing in an augmentation in the adsorption capacity. Spe-
cifically, when the initial phenol concentration in the 
solution was increased from 10 to 40 mg L−1, the adsorp-
tion efficiency of A-BC for phenol rose from 96 to 99%, 
accompanied by an increase in adsorption capacity from 
4.7 to 20 mg g−1. However, as the initial phenol concen-
tration was raised from 40 to 400 mg L−1, the adsorption 
efficiency gradually decreased to 88%, while the adsorp-
tion capacity continued to grow, reaching 177 mg g−1. 
Beyond an initial phenol concentration of 400 mg L−1, 
although the adsorption capacity of A-BC for phenol 
still increased, the adsorption efficiency declined mark-
edly. At an initial phenol concentration of 1000 mg L−1, 
the adsorption efficiency dropped to 35%. This phenom-
enon is primarily attributed to the fixed number of active 
binding sites on A-BC, where an increase in phenol con-
centration leads to competitive adsorption among phe-
nol molecules on A-BC. To ensure optimal utilization of 
A-BC and maintain a suitable adsorption capacity and 
efficiency for phenol, the initial phenol concentration in 
subsequent experimental solutions was maintained at 
400 mg L−1.

Fig. 7  Effect of initial pH on phenol adsorption by A-BC. Experimental conditions: A-BC dosage, 1.0 g L−1; initial phenol concentration, 400 mg L−1; 
initial pH of the solution ranging from 2 to 9; contact time, 240 min; solution volume, 20 mL; temperature, 25 °C



Page 11 of 18Chen et al. Sustainable Environment Research            (2025) 35:4 	

3.3.4 � Effect of contact time
Figure  9 illustrates the effect of contact time on phe-
nol adsorption by A-BC. Initially (0–5 min), A-BC rap-
idly adsorbed phenol from the solution. At 5 min A-BC 
achieved an adsorption capacity of 152 mg g−1 with an 
adsorption rate of 94%. As the contact time increased, 
the adsorption rate gradually decreased, reaching equi-
librium around 60 min. At 60 min, A-BC exhibited an 
adsorption capacity of 161 mg g−1 with an adsorption 

efficiency of 88%. During the initial stage of adsorption 
(0–5 min), A-BC’s surface and micropores provided 
abundant active sites for phenol adsorption, resulting in 
minimal adsorption resistance. Phenol molecules were 
quickly adsorbed due to the availability of active sites. 
However, with prolonged contact time, the available 
active sites on the surface and within A-BC gradually 
decreased. As more phenol molecules were adsorbed, 
the resistance for subsequent phenol molecules to enter 

Fig. 8  Effect of initial phenol concentration on phenol adsorption by A-BC. Experimental conditions: dosage of A-BC, 1.0 g L−1; initial phenol 
concentration, 10–1000 mg L−1; initial pH of solution unadjusted; contact time, 240 min; solution volume, 20 mL, temperature, 25 °C

Fig. 9  Effect of contact time on phenol adsorption by A-BC. Experimental conditions: dosage of A-BC, 1.0 g L−1; initial phenol concentration, 400 
mg L−1, initial pH of solution unadjusted; contact time, 0–360 min; solution volume, 20 mL; temperature, 25 °C
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deeper into the pores increased, leading to a decrease in 
adsorption rate until equilibrium was reached. Based on 
these findings, a contact time of 60 min was used in sub-
sequent experiments to ensure that adsorption reached 
equilibrium.

3.4 � Adsorption kinetics
Figure  10a and Table  3 present the fitting results of the 
kinetic models applied to the adsorption of phenol onto 
A-BC at 25 °C. The pseudo-second-order kinetic model 
shows a high correlation coefficient (R2 = 0.996) with 
an equilibrium adsorption capacity (Qe) of 160 mg g−1. 
The pseudo-first-order kinetic model also exhibits a sig-
nificant correlation coefficient (R2 = 0.982) with a Qe of 
156 mg g−1. These results indicate that the adsorption of 
phenol on A-BC most closely follows a pseudo-second-
order kinetic model. The pseudo-second-order kinetic 
model is established based on the theory of intermolec-
ular interaction forces and surface reaction rates during 
the adsorption process. Consequently, functional groups 
such as -OH, N─H, C─O─C, and C = O on A-BC can 
undergo chemical adsorption through electron trans-
fer, sharing, and the formation of hydrogen bonds. The 
pseudo-second-order kinetic model assumes that the 
adsorption rate is proportional to the square of the num-
ber of unoccupied sites on the adsorbent surface. There-
fore, in this experiment, the adsorption rate of phenol 
onto A-BC is very fast during the initial stage of adsorp-
tion (0–5 min). Given that the correlation coefficient R2 
for the pseudo-first-order kinetic model is also relatively 
high, it indicates that while chemical adsorption of phe-
nol onto A-BC occurs, it is accompanied by physical 

adsorption mechanisms such as intermolecular forces 
and pore filling [51].

To determine the mass transfer process and rate-
limiting steps in phenol adsorption on A-BC, an intra-
particle diffusion model was employed for kinetic data 
analysis. Figure 10b and Table 3 illustrate the intrapar-
ticle diffusion process divided into three stages: liquid 
film diffusion, surface adsorption, and intraparticle 
diffusion.

Fig. 10  Kinetic model fitting of A-BC adsorption of phenol (a), and intraparticle diffusion model fitting (b). Experimental conditions: dosage 
of A-BC, 1.0 g L−1; initial phenol concentration, 400 mg L−1; initial pH of solution unadjusted; contact time, 0–360 min; solution volume, 20 mL; 
temperature, 25 °C

Table 3  Kinetic fitting parameters for phenol adsorption by 
A-BC

Adsorption kinetics model Fitting parameters

The pseudo-first-order kinetic model k1/(min−1) 1.6

Qe/(mg g−1) 156

R2 0.982

The pseudo-second-order kinetic model k2/(g mg−1 min−1) 0.025

Qe/(mg g−1) 160

R2 0.996

The intraparticle diffusion model

  Stage 1 kp1/(g mg−1 min−0.5) 45

C1 85

R2 0.992

  Stage 2 kp2/(g mg−1 min−0.5) 6

C2 142

R2 0.895

  Stage 3 kp3/(g mg−1 min−0.5) 2

C3 155

R2 0.610
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•	 Stage 1 (0–5 min): During this initial stage, the 
adsorption rate (kp1 = 45 g mg−1 min−0.5) was at its 
highest due to hydrogen bonding and π-π interac-
tions. Over 90% of phenol was adsorbed during this 
phase.

•	 Stage 2 (6–60 min): The adsorption rate decreased 
compared to Stage 1 (kp1 > kp2). This decline may 
indicate that adsorption sites on A-BC were nearing 
saturation or the high-affinity active sites had been 
depleted.

•	 Stage 3 (after 60 min): Adsorption reached equilib-
rium, where the adsorption capacity remained nearly 
constant. Further adsorption of phenol molecules 
required overcoming increased mass transfer resist-
ance to enter deeper into the pores of A-BC.

Additionally, the boundary layer effect (Ci values 
above 85 for all stages) significantly influenced the 
adsorption process. As the contact time increased, 
the boundary layer resistance increased, thereby slow-
ing down the diffusion rate of phenol into the internal 
structures of A-BC [62].

3.5 � Adsorption isotherms
The Langmuir, Freundlich, and Sips models are com-
monly used to describe adsorption processes, each with 

its own emphasis and scope of application. The Langmuir 
model is suitable for monolayer adsorption on a uni-
form surface, while the Freundlich model is an empiri-
cal model widely applied to various adsorption systems. 
The Sips model combines the characteristics of both, 
enabling a better description of non-ideal behaviors in 
complex adsorption systems. The fitting results of these 
three models to the experimental data of phenol adsorp-
tion onto A-BC at different temperatures are shown in 
Fig. 11 and Table 4. Table 4 indicates that all three mod-
els provide good fits at 25, 35, and 45 °C, with the Sips 
model exhibiting the highest R2 value. Figure  11 also 
demonstrates that the Sips model aligns more closely 
with the experimental data, suggesting that it better fits 
the adsorption of phenol onto A-BC. The Sips adsorption 
model lies between the Langmuir and Freundlich models, 
incorporating the interactions between surface adsorp-
tion sites and the suitability for describing more complex 
multilayer adsorption systems. In this experiment, both 
pseudo-second-order and pseudo-first-order kinetic 
models fit well for the adsorption of phenol onto A-BC, 
consistent with the complex multilayer adsorption results 
from the Sips model fitting. Additionally, the N value in 
the Sips model ranges between 0 and 1 in this experi-
ment, indicating that the adsorption of phenol onto 
A-BC is dominated by heterogeneous surfaces or pore 

Fig. 11  Thermodynamics of phenol adsorption by A-BC. Experimental conditions: dosage of A-BC, 1.0 g L−1; initial phenol concentration, 400 mg 
L−1; initial pH of solution unadjusted; contact time, 0–360 min; solution volume, 20 mL; temperature, 25 °C
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adsorption [61]. The honeycomb-like structure observed 
in the SEM image of A-BC further supports the conclu-
sion that the adsorption of phenol by A-BC is primarily 
through heterogeneous surfaces and pore adsorption. 
Based on these findings, it can be preliminarily con-
cluded that the adsorption of phenol by A-BC from solu-
tion belongs to heterogeneous adsorption, which involves 
the diffusion of phenol from the solution to the biochar 
surface, surface reactions, pore adsorption, and desorp-
tion of phenol from the biochar followed by re-diffusion 
into the solution.

3.6 � Thermodynamics of adsorption
The thermodynamic data in Table  5 for phenol adsorp-
tion by biochar in solution shows that ∆G < 0 at different 
temperatures, indicating that the adsorption of phenol 
onto A-BC from solution is a spontaneous process. This 
means that under the driving force of concentration, the 
phenol in solution tends to be adsorbed onto the surface 
of A-BC. The observation that ΔS > 0 suggests an increase 
in randomness and disorder at the solid–liquid interface 
during phenol adsorption. This increase in disorder could 
be attributed to the transfer of phenol molecules or ions 
from a relatively ordered state in solution to the A-BC 
surface, where various potential adsorption sites may 

exist, leading to a more disordered distribution of phenol 
molecules or ions on the A-BC surface. Additionally, the 
observation that ΔH < 0 indicates that the adsorption of 
phenol onto A-BC from solution is an exothermic pro-
cess. This may be due to the stronger interactions, such as 
van der Waals forces, hydrogen bonds, and electrostatic 
interactions, between phenol molecules or ions and the 
A-BC surface compared to the interactions among phe-
nol molecules or ions in solution, resulting in the release 
of energy during the adsorption process.

3.7 � Adsorption mechanism
Based on the experimental results, we conclude that 
the adsorption of phenol on A-BC is the result of vari-
ous mechanisms such as physical adsorption, chemical 
adsorption, and electrostatic attraction. A-BC’s large spe-
cific surface area and well-developed micro-mesoporous 
structure facilitate multilayer adsorption of phenol onto 
A-BC, this is consistent with the experimental results of 
Shen and Fu [63], accompanied by chemical adsorption 
[64]. FT-IR analysis indicates that functional groups such 
as ─OH, C = O, N─H, and C─O─C on A-BC are involved 
in phenol adsorption [65]. -OH groups can adsorb phe-
nol molecules through hydrogen bonding, while N─H, 
C─O─C, and C = O groups facilitate phenol adsorption 
by providing π-electron donor sites and hydrogen bond-
ing [66]. In addition, the hydroxyl group in phenol exhib-
its a p-π conjugation effect with the benzene ring, which 
enhances the interaction between phenol and biochar, 
thereby facilitating the adsorption of phenol onto A-BC 
[63].

3.8 � Reusability of A‑BC
An aliquot of 0.02 g of A-BC, washed and eluted with 
distilled water, was reintroduced into a 20 mL solution 
containing 400 mg L−1 of phenol, and subjected to agi-
tation for 60 min in five repeated adsorption–desorp-
tion experiments (Fig. 12). This demonstrated that after 
washing and elution with distilled water, A-BC retained 
a significant adsorption capacity over five repeated uses. 
The adsorption capacity for phenol decreased from 161 
to 120 mg g−1, maintaining 75% of its initial adsorption 
capacity, indicating good stability and recyclability of 
A-BC. Studies have shown that using nitric acid, hydro-
chloric acid, ethylenediaminetetraacetic acid, and sodium 
hydroxide as elution solvents for biochar result in better 
regeneration effects, but may generate waste salts requir-
ing further treatment [67, 68]. To avoid secondary struc-
tural changes and waste salt formation, distilled water 
was used as the elution agent for the recycled A-BC in 
this experiment. The decrease in phenol adsorption 
capacity upon repeated use of A-BC may be attributed 
to distilled water effectively washing off phenol adsorbed 

Table 4  Parameters of isothermal adsorption models

T/°C 25 35 45

Langmuir

  Kl 0.18 0.25 0.18

  Qmax 199 184 171

  R2 0.983 0.971 0.987

Freundlich

  Kf 49 48 38

  n 3.1 3.1 2.9

  R2 0.939 0.932 0.900

Sips

  Ks 0.20 0.24 0.18

  Qmax 218 215 182

  N 0.80 0.73 0.88

  R2 0.987 0.983 0.989

Table 5  Thermodynamic parameters of adsorption. 
Experimental conditions: dosage of A-BC, 1.0 g L−1; initial phenol 
concentration, 400 mg L−1; initial pH of solution unadjusted; 
contact time, 0–360 min; solution volume, 20 mL; temperature, 
25 °C

Compound ΔG (kJ mol−1) ΔH (kJ mol−1) ∆S (J K−1)

25 °C 35 °C 45 °C

phenol −3.35 −3.61 −3.75 −1.27 111
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on the surface but only partially removing phenol inside 
the pores. Additionally, phenol molecules or ions washed 
off from the A-BC surface may lead to deactivation 
or reduced activity of corresponding adsorption sites, 
thereby limiting phenol re-adsorption.

3.9 � Adsorption of actual water samples by A‑BC
Following the procedures outlined in Sect.  2.4.5, six 
actual water samples (with water quality indicators 
detailed in Sect. 2.1) were subjected to A-BC adsorption 
experiments. The results are presented in Table 6. Table 6 
shows that the average adsorption capacity of phenol by 
A-BC in the six actual water samples was 149 mg g−1, 
which is 7.5% lower than the 161 mg g−1 observed in sim-
ulated water samples. This suggests that A-BC has prom-
ising applications in the adsorption of phenol-containing 
wastewater from coal chemical industries. The lower 
adsorption capacity of phenol from actual water samples 

compared to simulated ones may be related to the low 
adsorption selectivity of biochar. Wastewater generated 
by coal chemical enterprises contains other phenolic 
compounds, ammonia nitrogen, and other organic sub-
stances, which can compete with phenol for adsorption 
sites on A-BC.

4 � Conclusions
In this study, A-BC was prepared by jointly modifying 
biochar with KOH and EDTA-4Na for the purpose of 
adsorbing phenol in aqueous solutions. At 25 °C, A-BC 
exhibited equilibrium adsorption capacities of 161 mg 
g−1 for simulated water samples and 149 mg g−1 for coal 
chemical wastewater samples, significantly higher than 
unmodified biochar The well-developed pore structure 
of A-BC lays a solid foundation for phenol adsorption, 
while the abundant functional groups provide condi-
tions for A-BC to chemically adsorb phenol through 

Fig. 12  Reusability performance of A-BC in adsorbing phenol. Experimental conditions: dosage of A-BC, 1.0 g L−1; initial phenol concentration, 400 
mg L−1; initial pH of solution unadjusted; contact time, 0–360 min; solution volume, 20 mL; temperature, 25 °C

Table 6  Measurement results of actual water samples. Experimental conditions: dosage of A-BC, 1.0 g L−1; initial phenol 
concentration, 675 mg L−1; initial pH of solution unadjusted; contact time, 60 min; solution volume, 20 mL; temperature, 25 °C

Actual water Sample ID 1 2 3 4 5 6

Qe (mg g−1) 150 149 149 149 149 149

Mean 149 mg g−1

Absolute deviation 0.23 −0.30 −0.06 0.19 −0.09 0.05

Relative mean deviation (%) 0.10

Simulated wastewater Qe (mg g−1) 161

Relative error between actual water samples and simulated wastewater (%) −7.46
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hydrogen bonding and π-π interactions. The good ther-
mal stability and amorphous graphite structure of A-BC 
make it possible for repeated use. A-BC exhibits strong 
adsorption capacity for phenol, good stability, and can be 
reused, offering a simple and efficient strategy for remov-
ing phenol from wastewater in coal chemical enterprises 
as well as other water bodies. The preparation process of 
A-BC obtained in this experiment is simple and has cer-
tain application prospects in the treatment of organic 
wastewater containing phenol, such as coal chemical, 
petrochemical, coking, pharmaceutical, and printing and 
dyeing industries. The data and results obtained in this 
experiment can provide theoretical and empirical sup-
port for the development of green, economical, and effi-
cient adsorbents.
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