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Abstract
Acenaphthene (ACE), a pervasive ambient air pollutant, constitutes considerable health threats even at low concentrations. 
Although carbonaceous materials are commonly utilized for ACE remediation, their efficiency is still debated with experi-
ments showing their effects under different conditions. The mechanisms explaining these seemingly contradictory obser-
vations are not fully understood, limiting the development of adsorbents with stable and predictable performance under 
varying thermos-hygrometric conditions. To address this gap, we synthesized a material featuring a tailored morphology, 
mesoporous architecture, and rich surface functionalization, and we carried out an extensive characterization using SEM, 
BET, FTIR, VSM, and XRD techniques to quantify structural, thermal, and magnetic properties. The Fe3O4 nanoparticles-
functionalized activated carbon (BG-AC@NPs) demonstrated a high gas-phase ACE removal efficiency of 99.7% under 
controlled adsorption conditions, and the equilibrium was stabilized within 40 min, with a maximum adsorption capacity 
(BG-AC@NPs) of 378.3 mg/g. Adsorption kinetics were precisely fitted through the use of a pseudo-second-order (PSO) 
model, which gave an R2 coefficient higher than 0.940. Moreover, the Langmuir model provided a good representation of 
the adsorption isotherms and the R2 value is > 0.988, indicating the occurrence of monolayer adsorption. Thermodynamic 
analysis indicated a positive ΔH° (51.354 kJ/mol) and ΔS° (0.024 J/mol K), together with a negative ΔG°, it verifies the 
spontaneous, endothermic nature of adsorption with enhanced randomness. Notably, BG-AC@NPs retained over 80% 
efficiency after multiple regeneration cycles. This study advances gas-phase adsorption systems by integrating material 
design and thermal-kinetic measurement strategies. Furthermore, it highlights how solid-gas clustering phenomena at 
pore inlets influence adsorption kinetics even at optimum levels, guiding the optimization of pore structure and surface 
chemistry for high-performance PAHs capture.
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1  Introduction

Poor air quality resulting from hazardous airborne pollutants 
represents a major global environmental issue, especially in 
urban areas. Gaseous and particulate-bound contaminants 
originating from human activities release a variety of harm-
ful substances—such as dyes, fatliquoring agents, and tan-
nins, that are difficult to remove effectively [1]. Among the 
most concerning pollutants are polycyclic aromatic hydro-
carbons (PAHs), which are mainly created through the defi-
cient burning of fossil fuels and biomass [2]. In this context, 
acenaphthene (ACE) is frequently detected in urban air and 
is characterized by a complex chemical structure and per-
sistent behavior [3]. ACE, a tricyclic member of the PAH 
family, is known for its mutagenic and carcinogenic effects 
[4]. It is commonly emitted through industrial waste gases, 
vehicle exhaust, and residential heating systems using bio-
mass or coal [5]. These emissions and atmospheric variables 
contribute to its widespread presence in indoor and outdoor 
air and complicate its removal.

Meanwhile, the significant increase in agricultural and 
forestry activities has resulted in the formation of large 
volumes of biomass waste [6, 7], which—if not prop-
erly managed—can negatively impact environmental and 
human health [8]. Biomass residues are often disposed of 

inefficiently, through open-air burning or landfill accumula-
tion, which contribute to greenhouse gas emissions and air 
quality deterioration [9, 10]. Consequently, the valorization 
of agro-waste into functional materials, such as activated 
carbons, is gaining interest as a sustainable remediation 
approach [11, 12].

Among pollutant abatement techniques, adsorption using 
carbonaceous materials is widely recognized for its efficiency 
in removing both oxygenated (OPAHs) and nitrated (NPAHs) 
derivatives of PAHs under various environmental conditions 
[13]. However, the performance of these materials is known 
to vary under indoor conditions—affected by parameters such 
as humidity, temperature, and molecular weight of the target 
compound [14, 15]. Increased temperature may enhance gas-
phase PAH concentration and radical reactivity. Still, it may 
also alter adsorption kinetics due to atmospheric oxidation 
[16] and pore diffusion limitations [17].

Although traditional separation methods like oxidation, 
ion exchange, and photolysis are available, they often suf-
fer from high energy demand and operational complexity, 
making them unsuitable for low-cost, small-scale applica-
tions [18]. Alternatives such as pressure swing adsorption 
and membrane separation have been developed; these too 
face challenges in selectivity and long-term stability [19]. 
As such, adsorption remains the most promising strategy, 
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particularly when using tunable materials like nanostruc-
tured carbons and composites [20–22]. Metal oxide nanopar-
ticles (M-NPs), particularly iron oxide (Fe3O4), have gained 
attention in nanotechnology applications due to their large 
surface area [23, 24], magnetic properties, low toxicity, and 
compatibility with activated carbon supports [25, 26]. Yet, 
standalone IONPs Fe3O4, have gained attention in nano-
technology applications due to their enhanced properties 
[27–29]. Various studies have examined the effectiveness of 
Fe3O4/AC composites for adsorption of dyes and pollutants 
from water [30–32], showing that physico-chemical proper-
ties and synthesis temperature significantly influence per-
formance. Fe3O4 exhibits remarkable surface activities that 
translate into significant adsorption capabilities, making 
it valuable in removing pollutants from aqueous solutions 
[33]. Their nanoscale size and high surface area amplify 
these properties, positioning them as effective sorbents for 
dissolved metals and organic dyes [34]. Integrating Fe3O4 
and hydroxides with nanomaterials and polymers enhances 
their versatility in removing heavy metals and organic pol-
lutants, offering a promising avenue for sustainable waste-
water treatment [35]. Understanding Fe3O4’s involvement 
in the adsorption role requires investigating the types of 
adsorption and the mechanisms governing these interac-
tions (physisorption vs. chemisorption), and the potential of 
Fe3O4 in adsorbent regeneration [36].

This study focuses on synthesizing, characterizing, and 
evaluating a Fe3O4-functionalized activated carbon (BG-
AC@NPs) derived from buckwheat husks to remove gas-
phase ACE. Characterization techniques including BET, 
XRD, SEM, VSM, and FTIR were employed to analyze sur-
face area, porosity, magnetic behavior, and chemical func-
tionality. The adsorption performance was evaluated under 
varying thermal and environmental conditions to under-
stand better ACE adsorption’s kinetic, thermodynamic, and 
mechanistic aspects. Through this integrated approach, we 
aim to contribute new insights for designing high-perfor-
mance adsorbents optimized for gas-phase PAH removal, 
with potential applications in indoor air purification and 
environmental monitoring systems.

2  Materials and methods

2.1  Reagents and raw biomass materials

Raw agricultural waste from buckwheat grain husks 
(BGHW, Fagopyrum esculentum Moench), was employed 
as a low-cost and sustainable carbon precursor. The BGHW 
was collected from a local buckwheat processing facil-
ity in Kastamonu, Türkiye. The biomass was washed with 

deionized water, air-dried in air at room temperature and 
then kept in a desiccator before handling. The chemi-
cal activating agent used was zinc chloride (ZnCl2, 98%), 
while iron(III) nitrate hexahydrate (Fe(NO3)3.9H2O, ≥ 98%) 
served as the magnetic precursor. Citric acid (C6H8O7, 
(≥ 99.7%) and ethanol (C2H6O, ≥ 99%,) were employed 
as complexing agents and solvents during the impregna-
tion and functionalization steps. Hydrochloric acid (HCl) 
and sodium hydroxide (NaOH) solutions were adjusted pH 
levels. The model contaminant used for adsorption studies 
was acenaphthene (ACE) (C12H10, ≥ 96%), selected due to 
its relevance as a representative polycyclic aromatic hydro-
carbon (PAH) commonly found in atmospheric particulate 
matter (PM). All chemical reagents were of analytical grade 
and supplied by Merck (Germany). Deionized water (resis-
tivity ≥ 18.2 MΩ·cm) was used throughout all preparation 
and experimental procedures to ensure reproducibility and 
minimize contamination.

2.2  Synthesis and functionalization procedures

The activated carbon (BG-AC) was synthesized from 
BGHW through chemical activation using ZnCl2. The 
biomass was impregnated at a 1:3 (w/v) ratio with ZnCl2 
solution and blended at room temperature for 12  h. The 
impregnated material was oven-dried at 105 °C and carbon-
ized in a muffle furnace at 600 °C for 1 h under continu-
ous nitrogen flow (99.99%, 200 mL/min) to ensure an inert 
thermal environment. The resulting carbonized product was 
thoroughly rinsed with deionized water until achieves a 
neutral pH and is dehydrated at 80 °C for 24 h.

Magnetic functionalization was achieved by dissolv-
ing iron (III) nitrate nonahydrate and C6H8O7 in deion-
ized water, followed by their addition to the BG-AC under 
stirring. The mixture was subjected to ultrasonication for 
30 min to enhance dispersion and interfacial contact. The 
pH was adjusted to 10 using NaOH (1 M), and the suspen-
sion was refluxed at 80 °C for 2 h to promote in situ co-pre-
cipitation of Fe3O4 nanoparticles (Fe3O4@NPs). The final 
Fe3O4-functionalized carbon (BG-AC@NPs) was magneti-
cally separated, washed with C2H6O and deionized water, 
and dried at 80 °C.

All synthesis steps were conducted under controlled lab-
oratory conditions to ensure consistency and repeatability. 
Key process parameters (temperature, pH, and mass yield) 
were monitored using calibrated instrumentation (analyti-
cal balance = ± 0.1 mg; pH meter = ± 0.01 pH units). These 
procedures support the reproducible fabrication of materi-
als with defined thermal and surface properties, suitable for 
subsequent adsorption and performance evaluation under 
measured conditions.
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2.4  Characterization of BG-AC and BG-AC@NPs

The thermal stability of BG-AC and BG-AC@NPs was eval-
uated using a Shimadzu DTG-60 H thermal analyzer cou-
pled with differential scanning calorimetry. The adsorbents’ 
surface functional groups (SFGs) were analyzed through 
FTIR with a PerkinElmer Spectrum100 FTIR spectropho-
tometer, and the spectra were saved in the wavelength region 
of 400–4000 cm−1. The crystallinity, amorphous nature, and 
the various polymorphs of the bulk oxides were evaluated 
by Bruker powder X-ray diffraction with Cu Kα  radiation. 
The surface area, pore volume, and pore size distribution of 
the adsorbents were measured by a Multi-Gas Pore Capaci-
tance Balance Sense (TRASCAN LAB 60, Digisonic) using 
N2 at 77 K and calculated with the BET (Brunauer-Emmett-
Teller), single-point BJH (Barrett-Joyner-Halenda) theory. 
Morphology and chemical compounds of the adsorbents 
were studied using a QuantaTM 250 FEG scanning elec-
tron microscope (SEM) in combination with energy disper-
sive X-ray spectroscopy (EDX). Magnetic properties were 
investigated for BG-AC@NPs via VSM at a magnetic field 
of 10 ± KI (KOe) and a range of saturation magnetization ± 8 
emu/g saturation magnetization at room temperature. These 
techniques provide quantitative insights into the adsorbent’s 
surface area, pore morphology, thermal stability, and mag-
netic response, which are crucial for assessing performance 
under varying environmental conditions.

2.5  Batch adsorption studies

The generation of ACE gas follows the procedure described 
for the solid-gas transportation phase in Fig. 1. In this exper-
iment, vapor ACE, a solid form of ACE, serves as the ACE 
gas source due to its ease of decomposition, which releases 
ACE upon heating. Dry air, supplied by an air compres-
sor, flows through a column containing ACE, promoting its 
decomposition and the release of ACE gas. The experimen-
tal conditions are maintained at 25, 30, 35, and 40  °C in 
a temperature-operated water bath, with an airflow rate of 
8 mL min−1. Fast equilibrium is achieved at 40 °C to ana-
lyze the ACE gas. Adsorption of ACE in batch mode was 
performed with a mass of 10, 20, 30, 40, 50, and 60 mg of 
BG-AC and BG-AC@NPs, respectively. The independent 
parameter range was 100, 200, 300, 400, 500 mg/m3 for the 
initial ACE concentration, and 300 min for the contact time. 
The quartz fibre filters were pre-baked for 48 h at 400 °C 
before use. The pre-baking was described in detail by Lv 
et al. [37] and Isinkaralar et al. [38]. GC-MS was used to 
determine the ACE composition in the air extracted in the 
supercritical section using a PerkinElmer Clarus 680 GC/

2.3  Physico-chemical and thermal characterization

The obtained composite material (BG-AC@NPs) was pre-
pared via a wet-chemical route involving solution-based 
impregnation of Fe3O4@NPs onto BG-AC. The coating of 
NPs enhances their thermal stability and introduces surface 
functional groups that contribute significantly to the adsorp-
tion efficiency.

To initiate synthesis, 3 g of iron (III) nitrate nonahydrate 
(Fe(NO3)3 9H2O) were diluted in a 50 mL solvent mixture 
consisting of 40% C2H6O and 60% distilled water. The solu-
tion was homogenized using a magnetic stirrer for 20 min. 
C6H8O7 was then added while maintaining a mass ratio of 
0.25 (C6H8O7 to Fe(NO3)3 9H2O). The pH of the mixture 
was adjusted to 5 using 0.1 M NaCl solution.

The reaction mixture was stirred under reflux conditions 
at 70 °C using a temperature-controlled magnetic hotplate 
until gelation was observed. At that point, 15 g of BG-AC 
were gradually introduced to the system under continuous 
agitation. The resulting suspension was stirred at room tem-
perature for 1 h to ensure the uniform distribution of NPs.

The final mixture was dried at 80 °C for 48 h, followed 
by calcination at 400 °C for 1 h with a controlled heating 
rate of 5 °C/min. The obtained composite was thoroughly 
washed with distilled water and dried again in an oven at 
105 °C for 48 h.

All thermal and pH-controlled steps were performed 
using calibrated laboratory instruments to ensure repro-
ducibility and control of synthesis conditions, which were 
in line with best practices for the fabrication of adsorbent 
materials with defined structural and thermal properties.

2.3.1  Metrological considerations and measurement 
uncertainty

All experimental measurements were conducted using cali-
brated instruments, and the uncertainty associated with each 
measurement was evaluated according to ISO/IEC Guide 
98 − 3 (GUM). The BET surface area was measured with an 
uncertainty of ± 2.5%, while the pore volume and diameter 
were determined with a relative uncertainty of ± 3%. The 
vibrating sample magnetometer (VSM) was performed with 
a resolution of 0.01 emu/g and a repeatability of ± 0.5%. 
FTIR and XRD spectra were acquired under controlled 
environmental conditions, and spectral resolution was main-
tained at 4  cm−1. All temperature-dependent experiments 
were conducted in thermostatic baths with a stability of 
± 0.1 °C. These metrological controls ensure the traceability 
and reproducibility of the results, in line with mechanical 
and thermal measurement science principles.
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qe : qm x KL x Ce

1 + KL Ce
� (2)

The Freundlich isotherm is commonly used to analyze 
multilayer adsorptions on heterogeneous surfaces [40]. Its 
mathematical representation is provided by Eq. (3):

qe : K x C1/n
e � (3)

The parameters of interest are the amount of ACE adsorbed 
at equilibrium (mg/g), as well as the content of ACE in the 
mixture at equilibrium (mg/L), the monolayer capacity of 
the adsorbent (qmax) (mg/g), and the Langmuir constant KL 
(L/mg), which depends on the adsorption energy.

The Lagergren model, the so-called first-order kinetic 
model (PFO), assumes that the amount adsorbed varies 
exponentially with time [41, 42]. Equation (4) is as follows:

qt = qe (1 − e−k1t)� (4)

The pseudo-second-order kinetic model (PSO) suggests that 
chemisorption is the primary mechanism throughout the 
adsorption process [43]. Following this proposed mecha-
nism, the adsorption quantity is represented as a function of 
time as detailed in Eq. (5).

qt = qe2K2t

1 + qeK2t
� (5)

where qt (mg/g) represents the amount of ACE adsorbed 
on BG-AC and BG-AC@NPs at time t (min). K1 (min−1) 
and K2 (g mg/min) are the PFO and PSO rate constants, 
respectively.

The thermodynamic investigation was conducted within 
the 25 to 40 °C temperature range. The three thermodynamic 
variables were assessed. The thermodynamic parameters 
were determined using the equations, and the corresponding 
parameters, including the Gibbs free energy change (ΔG°), 
entropy change (ΔS°), and enthalpy change (ΔH°) for the 
adsorption of ACE onto BG-AC and BG-AC@NPs, were 
calculated using the following Eqs. (6) and (7):

∆ G◦ = ∆ H◦ − T∆ S◦ � (6)

In (Kc) = ∆ S◦ R − ∆ H◦ R
(
T−1)

� (7)

The equilibrium constant is obtained from graphing ln(qe/
Ce) versus qe and extrapolating to zero qe. T represents the 
absolute temperature, and R is the universal gas constant 
(8.314  J K⁻¹ mol⁻¹). ΔG° denotes the Gibbs free energy 
change in kJ·mol⁻¹, while ΔS° indicates the entropy change 
in kJ·mol⁻¹·K⁻¹, which is derived from the intercept of the 

SQ8 S MS device with a 30 m x 0.25 mm x 0.25 mm film 
thickness Elite-5MS capillary column.

q(mg/g) =
(

F x C0 x 10−9

W

) 


(
Ci

C0
x ts

)
−




tsˆ

0

Ci

C0
dt





� (1)

Here ts is the real-time outlet concentration changing with 
adsorption time when C0 hits 95%  equilibrium concen-
tration of feed (mg/m3), W (g) is the weight of adsorbent, 
Ci (mg/m3) is the outlet gas concentration, and w (g) is the 
adsorbent mass.

2.6  Measurement models and data analysis

Several kinetic models based on various predictions were 
employed to examine the ACE adsorption mechanism 
onto the surface of BG-AC and BG-AC@NPs. In order to 
adequately investigate the intermolecular interactions and 
how these interactions are experienced by molecules on the 
interfaces of different adsorbents, two-parameter isotherms 
have been studied:

The Langmuir isotherm, a two-parameter model, is one 
of the most elementary and commonly utilized isotherms in 
describing adsorption processes [39]. Its mathematical for-
mula is provided by Eq. (2):

Fig. 1  Schematic diagram of ACE adsorption onto BG-AC and 
BG-AC@NPs
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size distributions of the BG-AC and BG-AC@NPs were ana-
lyzed using density functional theory. The BG-AC exhibits 
a broad range of pore sizes (1.12 nm), from micropores (< 2 
nm) to mesopores (2–50  nm), whereas the BG-AC@NPs 
contain mesopores. The total pore volume of the BG-AC 
and BG-AC@NPs is 0.221 and 0.483 cm3/g. Interestingly, 
the BG-AC@NPs exhibit a high DFT pore volume for 
pores ranging from 2 nm to 50  nm, suggesting that their 
structure primarily comprises mesopores (3.60 nm), which 
are more favorable for adsorption applications. Moreover, 
the disappearance of a plateau at larger P/P0 values in the 
sorption isotherm further suggests the presence of macro-
pores (> 50  nm) within the samples. The broad pore size 
distribution, which ranges from mesopores to macropores, 
may result from the interlaced rectangular shape typical of 
BG-AC@NPs. The results demonstrate that incorporating 
Fe3O4 NPs into the AC enhanced the surface area of the 
adsorbent. The results acquired from the pore size distribu-
tion and adsorption isotherms align well with the XRD data 
and SEM image analysis.

Figure 2(b) shows that the VSM analysis proves the 
presence of pure Fe3O4 with the magnetic properties of the 
BG-AC@NPs. The magnetic field’s ability to readily and 
adequately capture the magnetic media carrier at high inten-
sity is a crucial element of this experiment [48, 49]. The 
magnetic saturation value of the adsorbent reaches up to 
12.24 emu/g at room temperature (25  °C), and no hyster-
esis loops can be found in them. The results according to 
Fig. 2(d) suggest that BG-AC@NPs can be easily separated 
from the gaseous environment by a magnetic field. Li et 
al. [50] prepared the magnetic properties of three materi-
als whose saturation magnetization values were highest for 
FeMSC (42 emu/g), followed by CoMSC (32 emu/g) and 
FeMAC (12 emu/g), indicating their capacity for magnetic 
separation from water under an external field. Remanent 
magnetization, a measure of retained magnetism after field 
removal, was highest for CoMSC (9.22 emu/g), followed by 
FeMSC (4.39 emu/g) and FeMAC (2.89 emu/g).

Figure 2(c) shows XRD patterns of BG-AC and BG-AC@
NPs in 2θ range from 20 to 80o. The face-centered cubic 
structure was confirmed from the XRD patterns for the 
BG-AC and BG-AC@NPs in the 2θ range of 10–70°, which 
show a narrow diffraction peak at 2θ = 22.3° and 34.9°. The 
characteristic peaks of BG-AC@NPs were associated with 
the crystalline structure of the Fe3O4@NPs, which exhibited 
a spinel configuration. The X-ray diffraction analysis dem-
onstrated that the Fe3O4@NPs were successfully synthe-
sized and coated onto the BG-AC substrate. Furthermore, 

plot. Additionally, ΔH° signifies the enthalpy change in 
kJ·mol⁻¹, obtained from the slope of the plot [44]. These 
thermodynamic parameters are widely used to optimise and 
estimate the viability and spontaneity of reactions or mecha-
nism [45].

2.7  Regeneration of BG-AC and BG-AC@NPs

The ability to regenerate and reuse adsorbents is key to their 
commercial feasibility, so this study focused on regenerat-
ing ACE adsorption with an initial concentration of 50 mg/
m³ under optimal conditions for five consecutive adsorp-
tion-desorption cycles. The adsorbate was separated mag-
netically, dried in an oven at 100  °C for 30  min, and the 
remaining solution’s residual ACE concentrations were ana-
lysed. Desorption was carried out using 0.1  g of BG-AC 
and BG-AC@NPs loaded with ACE molecules in 10 ml of 
HCl, NaOH (0.1 M), and NaCl solutions, with each solu-
tion undergoing four cycles towards the goal of regenerating 
and reusing the adsorbent. These desorption solutions were 
chosen to prevent damage or physical changes to the adsor-
bent structure [46], and each desorption sample was stirred 
at 200  rpm and 25 °C for three hours. Desorption perfor-
mance was assessed by comparing the weight of desorbed 
ACE with the weight of ACE adhered, and the results are 
presented as a percentage.

3  Results and discussion

3.1  Structural, thermal, and magnetic properties

BGHW was used to convert waste biomass to generate 
BG-AC and BG-AC@NPs. The BGHW consists of cellulose 
(45.6–51.7%), hemicellulose (14.4–16.5%), lignin (28.7–
31.6%), and other components (3.1–6.3%) [47]. Nitrogen 
physisorption isotherms were utilized to investigate the 
surface area and pore volume of the synthesized BG-AC 
and BG-AC@NPs at a constant liquid nitrogen temperature 
(77  K) in Fig.  2(a). The physisorption isotherms display 
characteristics of both type-IV behaviors with H4 hyster-
esis loops, implying the existence of porous and mesopo-
rous structures within the BG-AC and BG-AC@NPs, based 
on the International Union of Pure and Applied Chemistry 
(IUPAC). The low-pressure micropore filling and the capil-
lary condensation stages at relative pressures of 0.4 or higher 
revealed the analogous micro-mesoporous structures of the 
BG-AC and BG-AC@NPs. The surface areas (SBET) and 
pore volume of the BG-AC and BG-AC@NPs have been 
compiled in Table 1. The SBET determined from Brunauer-
Emmett-Teller (BET) plots is 158.7 and 438.6 m2/g for the 
BG-AC and BG-AC@NPs, respectively (Fig. 2). The pore 

Fig. 2  a N2 adsorption-desorption isotherm and pore size distributions; 
b magnetization curves; c XRD patterns; d FTIR spectra; SEM images 
of e BG-AC and f BG-AC@NPs
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BG-AC lacks visible pores, potentially limiting its surface 
area and accessibility for adsorption purposes. Therefore, 
these BG-AC structures may not be as effective in adsorp-
tive removal applications as the more porous BG-AC@
NPs. Similarly, Park et al. [52] study examines an Fe3O4-
anchored AC composite as a supercapacitor electrode. The 
researchers found that the sample using 50 mL of an aque-
ous Fe3O4 dispersion in 2 g of AC had improved surface 
morphology, comparable surface area and porosity, and 
excellent electrochemical performance. The AC-50Fe com-
posite demonstrated a maximum capacitance of 131 F/g and 
cyclic stability of 105% after 10,000 cycles, significantly 
higher than bare AC. The study concludes that the optimal 
Fe3O4 content can enhance supercapacitor performance by 
providing pseudocapacitance in addition to the double-layer 
capacitance of AC.

3.2  Adsorption capacity under controlled 
conditions

The impact of BG-AC and BG-AC@NPs on the elimina-
tion efficiency and adsorption capacity was studied by vary-
ing the ACE content. The adsorption tests were carried out 
by maintaining the concentration, adsorbent dose, time, and 
heating at 100 to 500 mg/m3, 10 to 60 mg, 300 min, and 25 
to 40 °C, respectively (Fig. 3). The elimination proficiency 
of gas-phase ACE at 25, 30, 35, and 40  °C and 500  mg/
m³ was augmented from 32.2 to 90.4% as BG-AC and 
BG-AC@NPs doses rose from 10 mg to 60 mg in Fig. 3a. 
However, there was no substantial improvement in elimina-
tion efficiency when the BG-AC and BG-AC@NPs doses 
exceeded 40 mg, indicating that the dosage value of 40 mg 
was the optimal value yielding 98% removal efficiency. The 
enhanced removal effectiveness at higher dosages is attrib-
uted to the abundant active sites that promote the adsorption 
of ACE. At the same time, the temperature ranges of 25 to 
40 °C had a significant impact on the adsorption capacity 
of the BG-AC and BG-AC@NPs. The adsorption capacity 
dramatically diminished when we increased the dosage from 
20 to 60 mg because the available active sites on BG-AC 
and BG-AC@NPs for the ACE molecules were absent. Ele-
vated temperatures led to increased molecular vibrations, 
which may have enhanced the mobility of ACE, allowing 
it to gain adequate energy to bind to the active sites on the 
surfaces of BG-AC and BG-AC@NPs. In this direction, the 

the synthesis of BG-AC@NPs did not induce structural 
changes in the Fe3O4@NPs or the BG-AC material.

Furthermore, FTIR spectral measurements were used to 
determine the structural functionality of the as-synthesized 
samples. Figure 2(d) displays the FTIR spectrum of the as-
prepared bare BG-AC and BG-AC@NPs; the broad signal 
at 3383 and 3321 cm−1 corresponds to O-H and N-H stretch-
ing vibrations, while the signal at 1748 and 1630 cm−1 is 
attributed to the C = O stretching mode. The peaks observed 
at 870 and 825 cm−1 correspond to vibrations of the FeO 
bond for FeO(OH), and the strong peak at 589 cm−1 can be 
assigned to the O-C-O and Fe-O bond, respectively. Specifi-
cally, the frequency associated with symmetric OH, C = C, 
C–H, and C–O stretching on the surface of BG-AC@NPs. 
The results obtained from the FTIR spectra and XRD pat-
terns support the formation of BG-AC and BG-AC@NPs. 
The Fe3O4@MNPs@AC was characterized using field 
emission scanning electron microscopy, transmission elec-
tron microscopy, particle-size distribution, X-ray diffrac-
tion, and Fourier transform infrared spectroscopy [51].

SEM characterization of the pure BG-AC and BG-AC@
NPs demonstrated a significant effect of Fe-impregnation on 
the morphological features in Fig. 2(e). A thin Fe3O4 layer 
was visible on the surface of the BG-AC@NPs due to suc-
cessful Fe impregnation, which could improve the adsorp-
tion. SEM images of the as-prepared BG-AC and BG-AC@
NPs reveal tightly packed interlaced structures without 
visible pores, indicating a dense morphology. In contrast, 
the SEM image confirms the presence of square-shaped 
structures typical of a nanocomposite; however, the com-
pact nature suggests limited surface area accessibility. This 
dense structure may hinder efficiency in adsorptive applica-
tions, potentially limiting usefulness in gas/vapor treatment 
scenarios. SEM images of the BG-AC display a distinctly 
different morphology characterized by interlaced rectan-
gular shapes with visible pores. These openings suggest a 
porous structure, enhancing the surface area and accessibil-
ity of the material. This porous structure offers significant 
benefits for adsorptive applications, enabling the removal 
of contaminants like ACE from the gas phase. The SEM 
image further confirms these findings, revealing high aspect 
ratio rectangular geometries indicative of a well-connected 
network of pores. This structure provides ample active sites 
for adsorption, making the BG-AC@NPs a promising can-
didate for wastewater remediation efforts. However, the 

Table 1  The textural properties of BG-AC and BG-AC@NPs
Material SBET (m2/g) Smicro (m2/g) Smeso (m2/g) Vtotal (cm3/g) Vmicro (cm3/g) Vmeso (cm3/g) Dp (nm)
BG-AC 158.7 122.9 35.8 0.221 0.128 0.093 1.12
BG-AC@NPs 438.6 304.7 133.9 0.483 0.318 0.165 3.60
SBET Specific surface area, Smicro Micropore specific surface area, Smeso Mesopore specific surface area, Vtotal Total pore volume, Vmi-
cro Micropore volume, Vmeso Mesopore volume
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Fig. 3  Effect of (a) adsorbent dosage, (b) 
temperature, and (c) initial concentration on 
the adsorption of BG-AC and BG-AC@NPs
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NPs composites, gas-phase ACE removal efficiency reached 
91.2% and 94.3% at 200 and 250  min, respectively. Pure 
BG-AC did not perform effectively at 30 °C with 59% of its 
capacity. The BG-AC@NPs composite demonstrated clear 
benefits, as it enhanced the efficiency in removing the vapor 
ACE. Compared to the standalone BG-AC, the BG-AC@
NPs consistently exhibited higher removal efficiency per-
centages. Juang et al. [54] found that the adsorption capacity 
of methyl orange at 30 °C slightly decreased from 384 mg/g 
on AC powders to 324 mg/g on Fe3O4@AC nanocompos-
ites and such a structure is seldom observed in other similar 
previous studies.

3.3  Adsorption kinetics and thermodynamic 
behavior

The Langmuir and Freundlich models were used to examine 
the adsorption behavior of ACE onto BG-AC and BG-AC@
NPs. The relevant equations and descriptions were provided 
in the supporting information. Figure 4 depicts a linearized 
isotherm for all cases, with the corresponding input pre-
sented in Table 2. The R2 values derived from the Langmuir 
and Freundlich graphs of BG-AC and BG-AC@NPs were 
found to be 0.965 and 0.988, respectively. In general, the 
best-fit model followed the sequence of Langmuir > Freun-
dlich model based on the R2 value. These values indicate 
that the Langmuir model best fits the experimental find-
ings, demonstrating that the adsorption of ACE is uniform 
and monolayer in nature over BG-AC [55]. We obtained 
an adsorption capacity of up to 118.9 mg/g and 378.3 mg/g 
using BG-AC and BG-AC@NPs. The determined qmax 
value in this study is considerably greater than the values 
reported for BG-AC and BG-AC@NPs. This indicates 
that BG-AC@NPs effectively eliminate ACE from the gas 
stream. The BG-AC and BG-AC@NPs were utilized to 
differentiate chemisorption, as the Freundlich isotherms 
do not provide this information directly. Guo et al. [56] 
describe a method for creating Fe-Mg bimetallic magnetic 
ACs (Fe–Mg BACs) using peanut shells as a precursor to 
achieve high adsorption performance for malachite green 
dye. During the activation process under a CO2 atmo-
sphere, MgO NPs were formed and aggregated with Fe3O4, 
resulting in MgO/Fe3O4@NPs on the surface of the carbon 
basal plane. The material, Fe–Mg15, achieved a large MG 
adsorption capacity of 4031.96 mg/g at 318 K. The forma-
tion of MgO/Fe3O4 composite NPs is proposed to be the 
active sites influencing the adsorption performance. The 
study also found that the PFO and Freundlich models best 
described the adsorption process, suggesting a chemisorp-
tion mechanism. Al-Musawi et al. [57] focus on preparing 
magnetized AC (Fe3O4–HSAC) by activating hazelnut shell 
waste and then coating it with Fe3O4@NPs. The prepared 

lowest value of the amount adsorbed was obtained at 32% 
at 25 °C, while the highest value of the amount adsorbed 
was increased to 90% at 40  °C. The BG-AC@NPs com-
posites demonstrated superior removal efficiency at 40 mg, 
achieving a removal percentage of 86.7%. In contrast, the 
bare BG-AC material exhibited lower removal efficiency at 
40 mg, with a percentage of 46.5% for the 500 mg/m3 ACE 
vapor. The findings reported in this study are consistent with 
the literature reports published before. Gheitasi et al. [53] 
developed a sustainable powdered AC using beer barley 
husk, an agricultural waste. They modified the PAC with 
SH and employed it as an eco-friendly adsorbent to remove 
mercury from contaminated water. The study entailed a 
two-step chemical activation with magnetic iron salt for 
easy separation, synthesizing a thiol-modified magnetic AC 
adsorbent of mPAC-SH through a straightforward and safe 
hydrothermal method. The synthesized mPAC-SH magnetic 
nanocomposite was then used to remove Hg+2 ions from the 
aqueous solution. The study revealed the highest removal 
rate of 99.44% under optimal conditions: pH = 6, mercury 
concentrations around 20 mg/L, adsorbent dose of 0.4 g/L, 
and contact time of 60 min.

The adsorption process was examined by varying the 
working concentrations of ACE (selected optimum gas 
concentration for 300 mg/m3) and contact times (300 min), 
while maintaining the ideal dosage (at 40 mg), and tempera-
ture between 25 and 40 °C, respectively. When the contact 
time changed from 0 to 300  min, the adsorption capacity 
rose sharply before reaching a saturation level for all initial 
concentrations (Fig. 3b). The steep rise in adsorption capac-
ity of up to 150 min is attributed to the extensive adsorption 
sites on ACE’s BG-AC and BG-AC@NPs structure. Further 
increases in contact time beyond 150 min revealed a steady-
state adsorption capacity trend, indicating that the adsorbent 
surface reached saturation, with negligible ACE uptake 
occurring thereafter. As a result, 150 min was taken as the 
optimal contact time for all initial concentrations shown in 
Fig. 3c.

Additionally, the ACE elimination performance of 
BG-AC and BG-AC@NPs was examined by varying the ini-
tial concentration of ACE. The removal efficiency decreased 
with increasing initial ACE concentration due to competi-
tion among the ACE for effective binding to the inactive 
active sites on the BG-AC and BG-AC@NPs surface. This 
led to a continuous decrease in ACE removal efficiency with 
an increase in initial feed concentration. For BG-AC, it was 
observed that a temperature of 40 °C resulted in the high-
est maximum removal efficiency, which was achieved at 
150 min. This was due to the greater concentration of active 
sites available at the start of the experiment. Subsequently, 
the number of available sites decreased until an equilib-
rium state was reached around 200 min. In the BG-AC@
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water. The study examines the capability of the produced 
ACs to remove basic blue 41 dye from aqueous solutions 
using batch adsorption under various operating conditions 
such as pH, adsorbent dose, initial adsorbate concentration, 
and contact time. The optimal conditions for dye adsorption 
using BPAC@Fe3O4 were a pH of 9, an adsorbent dose of 
0.5 g/L, a dye concentration of 50 mg/L, and an equilibrium 
contact time of 30 min. Similarly, the ideal dye adsorption 
conditions for SSAC@Fe3O4 were a pH of 9, an adsorbent 
dose of 0.75 mg/L, a dye concentration of 50 mg/L, and an 
equilibrium contact time of 30 min. The study also deter-
mined that the Langmuir isotherm model provided an excel-
lent fit, with a regression coefficient of R2 = 0.9886. Zadeh 
& Jafari [59] investigate the efficiency of a synthesized AC/
alginate/Fe3O4 composite adsorbent for removing Pb ions 
from water. The composite was characterized using various 
methods, and the optimal adsorption parameters were deter-
mined through experiments. The study found that optimal 
adsorption efficiency was 97.83% under optimal conditions. 
The Freundlich isotherm model described the equilibrium 
of the process better than the Langmuir model, indicating 

Fe3O4–HSAC was tested as an adsorbent for fluoride 
removal under different conditions. The study found that the 
Fe3O4–HSAC can remove 100% of fluoride under optimal 
conditions (adsorbent dose = 0.75  g/L; pH = 3–5; and tem-
perature = 323 K). The maximum adsorption capacity was 
146.2 mg/g at 298 K and pH 5. The study also found that 
the adsorption process is controlled by both intraparticle 
diffusion and liquid film diffusion. The physical adsorp-
tion was predominant. Mohammadifard et al. [58] com-
pare the effectiveness of magnetic ACs made from banana 
peel and Salvia seed in removing basic blue 41 dye from 

Table 2  Isotherm models for ACE adsorption using BG-AC and 
BG-AC@NPs at 25 °C
Type of 
isotherms

Model 
equation

Parameters Corresponding values
BG-AC BG-AC@NPs

Langmuir 𝑞𝑒 = 
qmaxbCe
1 + bCe   

b (L/mg)
qm (mg/g)
R2

0.0056
118.9
0.965

1.88
378.3
0.988

Freundlich 𝑞𝑒 = 
KF C

1/n
e   

1/n  
KF   
R2

0.342
62.18
0.935

0.536
277.3
0.884

Fig. 4  Linearized isotherm models of (a) Langmuir type for ACE adsorption onto BG-AC, (b) Langmuir type for ACE adsorption onto BG-AC@
NPs, (c) Freundlich ACE adsorption onto BG-AC, and (d) Freundlich ACE adsorption onto BG-AC@NPs
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PFO and PSO kinetic equations. Figure 5 displays the linear 
curve fitting for each model. The rate constant, correlation 
coefficient (R2), and adsorption capacity for each kinetic 
model are presented in Table 3. The R2 value for the PFO 
of BG-AC and BG-AC@NPs was 0.823 and 0984, indicat-
ing a relatively poor fit with the PFO equation. However, 
the experimental data fitted to the PSO kinetic model shows 
the highest R2 value, close to unity. This indicates that the 
removal rate of ACE likely occurred through a chemisorp-
tion route, possibly due to the attraction between ACE and 
the reactive groups on the BG-AC and BG-AC@NPs. The 
removal rate of ACE was notably rapid in the early stages of 
adsorption, gradually stabilizing until it reached equilibrium 
between 200 and 250 min. The qe value obtained from the 
PSO model (60.98 mg/g and 327.6 mg/g) closely matched 
the experimental qe value (61.5  mg/g and 335.6  mg/g), 
further confirming the suitability of the PSO model. These 
findings are consistent with previous research on removing 
ACE using other adsorbents [60, 61]. The PFO and PSO 
models were employed to investigate the rate-limiting step 
further and determine the kinetic nature of adsorption on the 

that lead ions were adsorbed on a heterogeneous surface. 
The maximum adsorption capacity of the adsorbent was 
37.764  mg/g, and the process followed the PSO kinetic 
model. The process was also endothermic.

3.3.1  Adsorption kinetics

To explore the kinetics of ACE over the BG-AC and 
BG-AC@NPs surface, we conducted kinetic studies under 
optimal conditions: a concentration of 100 mg/m3, and a 
temperature of 25 °C. The findings were analyzed using the 

Table 3  Kinetic studies revealing ACE adsorption onto BG-AC and 
BG-AC@NPs
Type of 
kinetic 
model

Model 
equation

Parameters Values
BG-AC BG-AC@

NPs
PFO ln(𝑞𝑒 − 𝑞𝑡) = 

ln 𝑞𝑒 − 𝐾1𝑡
𝑞𝑒 (mg/g)
𝐾1 (min)
R2

21.53
0.0183
0.823

126.5
0.076
0.984

PSO t
q =

[
1

K2q2
e

+ t
qe

]
𝑞𝑒 (mg/g)
K (mg/g min0.5)  
R2

60.98
0.0028
0.993

327.6
0.0013
0.941

Fig. 5  Kinetic studies for ACE adsorption over the BG-AC and BG-AC@NPs (a) PFO for BG-AC, (b) PFO for BG-AC@NPs, (c) PSO for 
BG-AC, and (d) PSO for BG-AC@NPs

 

1 3

44



Journal of Porous Materials (2026) 33:33–51

experiments and discusses the physical and chemical mech-
anisms involved. The authors also assessed the regeneration 
and recyclability of the Fe3O4@NPs@AC. Kakavandi et 
al. [66] explore the use of a magnetic composite material 
(Fe3O4@C) made of AC and superparamagnetic Fe3O4@
NPs to remove lead ions (Pb+2) from water. The composite 
combines the adsorption properties of AC with the ease of 
magnetic separation, offering a potential solution to difficul-
ties in filtration and centrifugation. The study examines the 
composite’s characteristics, various factors’ effects on lead 
adsorption, and the material’s regeneration potential. The 
results suggest that Fe3O4@AC is a promising material for 
removing Pb+2 from aqueous solutions. The sorption capac-
ity of the enhanced materials with Fe3O4@NPs was even 
higher than that of certain types of non-modified AC.

3.3.2  Model comparison and error analysis

This section compares the kinetic models (PFO and PSO) 
and isotherm models (Langmuir and Freundlich) used in our 
study. The performance of each model was evaluated using 
the coefficient of determination (R2), which the PFO model 
showed a relatively lower R2 value (0.823 for BG-AC and 
0.984 for BG-AC@NPs) compared to the PSO model (0.993 
for BG-AC and 0.941 for BG-AC@NPs), indicating a better 
fit to the experimental data.

For the isotherm models, the Langmuir model exhib-
ited a higher R2 value (0.965 for BG-AC and 0.988 for 
BG-AC@NPs) compared to the Freundlich model (0.935 
for BG-AC and 0.884 for BG-AC@NPs), indicating a bet-
ter fit to the equilibrium data. The R2 values also supported 
this observation, with the Langmuir model showing a higher 
R2 for BG-AC@NPs. The sensitivity analysis revealed that 
the adsorption capacity (qmax) in the Langmuir model 
was more sensitive to changes in temperature. At the same 
time, the Freundlich constant (KF) was more affected by 

BG-AC and BG-AC@NPs surfaces. The corresponding R² 
values obtained from these models were lower than the R² 
value obtained from the PSO, implying that the PSO most 
accurately describes the adsorption kinetics of ACE on the 
BG-AC and BG-AC@NPs adsorbent. Do et al. [62] report 
that the methyl orange adsorption process on the compos-
ites conformed to a PSO kinetic model. The findings indi-
cated that the MO adsorption process on the composites 
followed a PSO kinetic model, and the adsorption isotherm 
data could be simulated using the Freundlich and Langmuir 
models. Lincold et al. [63] focus on enhancing the adsorp-
tion of malachite green dye using AC from black fruit ker-
nels modified with Fe3O4 NPs. The composite material was 
characterized using various techniques, and the effects of 
different factors such as contact time, pH, concentration, 
and temperature were evaluated. Adding NPs decreased the 
surface area but increased the maximum adsorption capacity 
(600–700 mg/g). Hill’s isotherm best describes the adsorp-
tion process and follows a PSO model. The adsorption 
enthalpy suggests a transition from exothermic physisorp-
tion to endothermic chemisorption due to the introduction 
of functional surfaces with increased adsorption capacity by 
the Fe3O4@NPs.

Table 4 summarizes the sorption of PAHs onto various 
sorbents based on NPs derived from certain types of AC. 
Several materials display relatively low sorption capaci-
ties in aqueous solutions or gaseous environments. How-
ever, the sorptive capabilities of carbonaceous materials 
are substantially improved after being loaded with Fe3O4 
NPs, as demonstrated in studies using different types of 
sorption reactors. Liu et al. [64] focus on using a compos-
ite material of Fe3O4@NPs and AC (Fe3O4/AC) to remove 
Acid red 73 from wastewater. The Fe3O4/AC composite has 
enhanced surface area and magnetic properties, enabling 
efficient dye adsorption and easy separation from the water 
[65]. The study explores the adsorption behavior through 

Table 4  Based on literature data, the PAHs sorption capacity of the Fe3O4 NPs functionalized AC
Sorbent For what purpose was it 

produced?
Initial 
concentration

Sorption 
capacity
(mg/g)

Sorption 
time 
(min)

Efficiency of 
adsorption 
process (%)

References

ACL/Fe3O4 Cationic dye of crystal violet 10–80 mg/L 35.3 mg/g 5–140 98.3 Foroutan et al. [67]
Fe3O4@AC Methylene blue and brilliant 

green dyes
30–100 mg/L 138-166.6 mg/g 0.20–120 73.8–100 Joshi et al. [68]

BG-AC@NPs ACE 100–500 mg/m3 378.3 mg/g 300 94.3 In this study
AC/Fe3O4 Formaldehyde 5–50 mg/L 24.21 mg/g 5-150 95.67 Khaleghi et al. [69]
MAC 4-chlorophenol 5-100 mg/L 128.2 mg/g 0-300 95 Duan et al. [70]
(1.5%)Fe3O4/GAC methane 10.3 mmol/L 388.1 mL CH4/g 

COD
4320 90.4–97.1 Orrantia et al. [71]

MAC 2,4-dichlorophenoxyacetic (2,4-
D) acid

50–300 ppm 79.05 mg/g 3-300 91.92 Herrera-García et 
al. [72]

MPAC PAHs 2.5 ppm - 2880 87.2–99.3 Mirzaee and Sartaj 
[73]

SABC PAHs 3114 µg/kg - 2880 ≥ 80% Carlini et al. [74]
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adsorption isotherm would be unfavorable for RL > 1.0, lin-
ear for RL = 1.0, and irreversible for RL= 0 [76]. Badi et al. 
[77] investigated using powder-AC modified with magne-
tite NPs to remove the antibiotic Ceftriaxone from water. 
The PAC-MNPs composite was synthesized using co-pre-
cipitation and characterized using TEM, SEM, and XRD. 
The study optimized the removal process using response 
surface methodology, examining factors like pH, initial Cef-
triaxone concentration, temperature, and adsorbent dosage. 
The results showed that the composite effectively removes 
Ceftriaxone, with the adsorption process being spontaneous 
and exothermic. The material could also be regenerated and 
reused for multiple cycles with minimal loss in efficiency. 
The use of magnetic NPs helps with the separation of the 
absorbent from the water. These values indicate that the 
adsorption of ACE on BG-AC and BG-AC@NPs is spon-
taneous and feasible, likely due to the high surface area of 
the as-prepared adsorbent. The determined thermodynamic 
parameters provide valuable insights into the mechanisms 
that govern the adsorption of ACE on BG-AC@NPs. This 
understanding can help optimize conditions for various 
applications, including environmental remediation and 
catalysis.

3.4  Reusability and regeneration efficiency

The results are presented in Fig.  6. The results show that 
the adsorption percentage of ACE by BG-AC@NPs and 
BG-AC non-significantly decreased from 94 to 43% and 
82 to 18% after five cycles. This suggests the BG-AC@
NPs can be recycled and reused for three successive cycles 
with an adsorption efficiency > 80%. The optimum condi-
tions for PAHs removal were determined, and the results 
showed high suitability of the method for gas treatment due 
to the easy separation and good regeneration of the NPs. It 
can be concluded that BG-AC@NPs have good potential 
for regeneration and reusability. Therefore, based on simple 
and easy regeneration, it can be an economical and effective 
adsorbent for ACE removal from the gaseous environment 
in industrial applications. Aungthitipan et al. [78] investi-
gated the adsorption and desorption cycle performance of 
hardwood-PRPW biochar composites, whose initial adsorp-
tion efficiency was 87.58%, decreasing to 68.81% by the 
fourth cycle. Similarly, desorption efficiency decreased 
from 79.15 to 43.62% over the same duration. This decline 
suggests a progressive degradation in the adsorbent’s ion 
capture and release capacity. Potential causes for this reduc-
tion in efficiency include damage to the support structure, 
surface obstruction, incomplete desorption, or the deactiva-
tion of active binding sites on the adsorbent material. To 
enhance material reusability and maintain efficiency, chemi-
cal sorbent regeneration, improved handling of the sorbent, 

variations in adsorbate concentration. Similarly, the rate 
constant (k1) in the PFO model was more sensitive to tem-
perature changes, whereas the PSO model parameters were 
relatively stable under varying conditions.

These findings highlight the importance of select-
ing appropriate models based on the specific experimen-
tal conditions and the nature of the adsorbate-adsorbent 
interactions.

3.3.3  Adsorption thermodynamics

The impact of temperature was also examined at variable 
temperatures to obtain more insights into the adsorption 
process in Table 5. The free energy change (ΔG0) value was 
evaluated using Eq. 6, while the (ΔH0) and the (ΔS0) values 
were evaluated using Eq. 7. The relationship between 𝑙𝑛 𝐾𝑇 
and 1/T, reveals a linear trend with ΔH0/R and ΔS0/R repre-
senting the slope and intercept, respectively. The values of 
ΔH0 and ΔS0 over BG-AC and BG-AC@NPs were found 
to be −11.983 kJ mol˗1 and 51.354 kJ mol˗1; 0.032 J mol˗1 
K˗1 and 0.024 J mol˗1 K˗1, respectively, indicating that the 
adsorption process is endothermic. The positive ΔS° value 
suggests an increase in randomness at the sorbent-sorbate 
interface, while the magnitude of ΔH0 indicates the pres-
ence of strong physical interactions, particularly electro-
static attractions, between the bulk and solid phases [75]. 
Additionally, the changes in Gibbs free energy (ΔG0) over 
BG-AC and BG-AC@NPs were recorded at each tem-
perature point, showing moderate incremental negativity: 
−0.196, −0.564, −0.698, and − 0.447  kJ mol−1; −0.823, 
−3.058, and − 6.336 kJ mol−1, indicating that the adsorption 
is both spontaneous and endothermic except 0.573 kJ mol−1 
for BG-AC@NPs at 25  °C. Negative values for Gibbs’ 
free energy indicated that the adsorption process for both 
adsorbents was physical. To further assess the feasibility 
of adsorption, we evaluated the dimensionless separation 
factor (RL) using the equation provided in the supporting 
information. Its value ranged from 0.03 to 0.003, suggesting 
that the adsorption process of ACE is favorable, as these 
RL values fall within the acceptable range of 0 ≤ RL ≤ 1. The 

Table 5  Thermodynamic studies of ACE adsorption over BG-AC and 
BG-AC@NPs
Adsorbent T (K) ΔG (kJ 

mol−1)
ΔH (kJ 
mol−1)

ΔS (kJ 
mol−1 
K)

BG-AC 25 −0.196 −11.983 0.032
30 −0.564
35 −0.698
40 −0.447

BG-AC@NPs 25 0.573 51.354 0.024
30 −0.823
35 −3.058
40 −6.336
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4  Conclusions

ACE in indoor environments, often resulting from exces-
sive use of reactive organic and inorganic compounds, is a 
significant health concern, particularly for sensitive popula-
tions. This study highlights that elevated levels of gas-phase 
and low molecular weight PAHs are linked to adverse effects 
on air quality, especially in urban settings. To address this, a 
tailored adsorbent system based on buckeheat husk-derived 
activated carbon (BG-AC) and its iron-oxide-functionalized 
variant (BG-AC@NPs) was synthesized via ZnCl2 nanopar-
ticle impregnation. The experimental evaluation in a batch 
adsorption reactor demonstrated that both BG-AC and 
BG-AC@NPs effectively reduced the gas-phase concentra-
tion of ACE, with removal efficiencies between 20 and 40% 
under controlled conditions. The improved performance of 
BG-AC@NP is primarily attributed to its enriched surface 
functional groups and the presence of Fe3O4 layers, which 
enhance adsorption through multiple mechanisms. Quanti-
tative analysis confirmed that the Langmuir isotherm and 
PSO kinetic model best describe the adsorption behavior, 
suggesting monolayer coverage and chemisorption domi-
nance. The maximum adsorption capacity, determined 
through Langmuir fitting, reached 378.3  mg/g, highlight-
ing the material’s high affinity for ACE. Thermodynamic 
measurements showed positive enthalpy and entropy 
changes, indicating that the adsorption is endothermic and 
disorder-increasing, while the negative Gibbs free energy 
values confirmed its spontaneous nature under the tested 
conditions. These findings provide a robust experimental 
framework for evaluating and optimizing adsorbent perfor-
mance through thermal and kinetic measurements. Future 
work will improve the material’s efficacy by optimizing Fe 
content and dosing strategies to enhance its applicability in 

or surface modifications could be considered by Tansomros 
et al. [79]. These strategies may sustain enhanced environ-
mental pollutant removal efficiencies across multiple cycles.

3.5  Environmental metrology and technical 
standards

In this section, we discuss the relevance of our experimental 
results to environmental metrology and technical standards. 
The adsorption performance of Fe3O4@activated carbon 
for gas-phase PAH removal was evaluated by ISO and UNI 
standards for air quality and material characterization. The 
experimental setup and procedures were designed to com-
ply with ISO 16000-6 for indoor air quality and ISO 11,357 
for thermal analysis. The adsorption isotherms and kinetic 
models were validated against UNI EN 12,341 for particu-
late matter and UNI EN 14,907 for gravimetric analysis.

The BET surface area measurements followed ISO 9277, 
accurately determining specific surface area and porosity. 
The VSM magnetization measurements were performed 
following ISO 11,358 for thermogravimetric analysis, 
providing reliable data on the magnetic properties of the 
adsorbent.

The FTIR and XRD analyses were carried out under con-
trolled environmental conditions, adhering to ISO 10,694 
for infrared spectroscopy and ISO 13,320 for particle size 
analysis. These metrological controls and adherence to tech-
nical standards ensure our results’ traceability, reproducibil-
ity, and comparability, contributing to the development of 
standardized methods for environmental monitoring and 
material characterization.
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Finally, the study contributes to the development and 
metrological evaluation of advanced adsorbent materials, 
integrating thermal and mechanical measurement tech-
niques under controlled physico-chemical conditions.
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