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Synthesis of iron oxide/activated
hydrochar composite from residual
brewery biomass for remediation
of water contaminated with
chlorophenol

Matias Kopp?, Pedro Anabalén?, Sebastian Rocha3, Maria Eugenia Gonzalez?,
Juan Miguel Romero-Garcia*, Eulogio Castro* & Mara Cea?™*

This study presents the development of iron oxide/activated hydrochar composites from brewer’s
spent grain (BSG) to remove 2-chlorophenol (2-CP) from water via adsorption and Fenton oxidation.
Two synthesis methods were employed: (1) incipient wetness impregnation via hydrothermal
carbonization (FeOHC) and (2) chemical coprecipitation of iron oxide onto the hydrochar surface
(FeOHC-C). Characterization revealed mesoporous structures with surface areas ranging from

44 to 66 m?2 g~ and magnetite (Fe;0,) as the predominant iron oxide phase. Adsorption studies
demonstrated equilibrium capacities of 24.63 mg g for FFOHC and 18.70 mg g2 for FeOHC-C, with
adsorption kinetics best described by the Elovich model and equilibrium behavior fitting the Sips
isotherm, suggesting a heterogeneous monolayer adsorption process. Thermodynamic analysis
confirmed that adsorption was spontaneous and exothermic, primarily driven by physical interactions,
including hydrogen bonding, m-Ttinteractions, and electrostatic attraction. Fenton oxidation
experiments revealed that 2-CP degradation was most efficient under acidic to neutral conditions
(pH 3.0-6.0), diminishing drastically at alkaline conditions. The fact that good results were obtained
at neutral pH demonstrates its practical applicability. Reusability tests confirmed the long-term
stability of the materials, with FeOHC-C maintaining sustained catalytic performance over multiple
cycles. These findings highlight the dual functionality of composites as efficient adsorbents and self-
regenerating catalysts, offering a promising and scalable solution for the remediation of chlorinated
organic pollutants in water.
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The rapid advancement of industrial development has driven the creation of diverse products that, while
offering significant benefits, have also introduced organic contaminants into aquatic environments'. Among
these, chlorophenols (CPs) are classified as priority pollutants due to their high toxicity to plants, animals and
humans even at low concentrations®. Key industries contributing to CP contamination include pulp and paper
manufacturing, pharmaceuticals, agro-industries, and wastewater treatment facilities, where chlorination
processes can generate these compounds as by-products®. Monochlorinated phenols, particularly 2-chlorophenol
(2-CP), are among the most frequently detected pollutants in industrial wastewater®. Their chemical structure
imparts high stability and resistance to natural degradation, allowing them to persist in the environment and
exacerbate their ecological impact®. As a result, the efficient removal of 2-CP from water sources has become an
environmental and public health challenge.
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To address this issue, various water treatment technologies have been explored, including catalytic wet
oxidation®, ozonation and electrochemical degradation’, biodegradation®, and adsorption’. Among these,
adsorption is widely recognized for its efficiency and versatility in removing a broad spectrum of contaminants'C.
However, traditional adsorption methods are non-destructive, merely transferring pollutants from one phase to
another, leading to the accumulation of spent adsorbents that require costly regeneration or disposal as hazardous
waste!!. To overcome these limitations, integrating adsorption with oxidative treatments, such as heterogeneous
Fenton reactions, has emerged as a promising approach!2. This combined method not only regenerates the
adsorbent material but also mitigates the challenges associated with homogeneous Fenton processes, which
are constrained by narrow acidic pH ranges and produce substantial iron sludge!®. Recent studies have shown
that nano-sized iron oxide compounds supported on activated carbon further enhance the performance of
these combined systems, improving degradation rates while minimizing secondary waste generation'*17.
This synergistic approach offers a sustainable and effective strategy for treating wastewater contaminated with
chlorophenols.

Traditionally, carbon materials have been synthesized using fossil-based precursors through methods
such as chemical vapor deposition, arc discharge, and laser vaporizationls‘zo. However, the growing need for
sustainable and eco-friendly alternatives has shifted research focus on biomass-derived carbon materials, which
are abundant, cost-effective, and environmentally friendly?!. Among various biomass conversion techniques,
hydrothermal carbonization (HTC) has gained attention due to its low energy requirements, minimal greenhouse
gas emissions, and ability to produce highly porous and functionalized carbon materials'®?2. Agricultural and
industrial biowastes, such as brewer’s spent grain (BSG) and brewery spent yeast (BSY), represent underutilized
resources with significant potential for iron oxide/activated hydrochar composite production?*?*. In Chile, the
brewing industry generates substantial amounts of organic waste, presenting an opportunity to valorize these
by-products into high-value materials for water treatment applications.

Thus, the objective of this study is to develop an efficient and sustainable method for removing 2-CP from
wastewater by synthesizing iron oxide/activated hydrochar composites derived from BSG. This research evaluates
the adsorption and heterogeneous Fenton degradation performance of these composites, addressing both water
pollution mitigation and the valorization of industrial biowastes. By integrating renewable biomass sources with
advanced material synthesis techniques, this study aims to contribute to the development of eco-friendly and
high-performance solutions for wastewater treatment.

Materials and methods

Materials

Brewer’s Spent Grain (BSG), obtained from a craft brewery in Freire, Chile, containing 80% of water was
collected and stored at 4 °C to maintain its quality until use. The chemicals used in the study included iron nitrate
(Fe(NO,),-9H,0, >98%), iron sulfate (FeSO,-7H,0, >99%), and hydrogen peroxide (H,0,, 30%wt.), all sourced
from Sigma-Aldrich. High-purity (99.99%) nitrogen gas (N,) was supplied by Indura company. The 2-CP used
in the experiments was provided by Acros Organics, with a purity level >99.9%.

Preparation of Iron oxide/activated hydrochar composites

The synthesis methodology for the iron oxide/activated hydrochar composite via the incipient wet impregnation
(FeOHCQ), is outlined as follows. First, 200+ 0.07 g of wet-BSG was suspended in 1,600 mL of deionized water,
maintaining biomass-to-water ratio of 1:8. A mixture of iron salts (Fe(NO,),-9H,0 and FeSO,-7H,0) was added
to the suspension in a 1:1 Fe**/Fe?* molar ratio. The resulting mixture was transferred to a 3.8 L Parr 4581 reactor
(Moline, IL, USA), equipped with a Parr 4848 PID temperature controller (Moline, IL, USA). The reactor was
heated to 220 °C under continuous stirring at 100 rpm and maintained for 4 h. After the reaction, the heating
was stopped, and the reactor was allowed to cool naturally. The resulting material was vacuum-filtered, washed
with deionized water (3 x50 mL), and dried at 105+1 °C for 24 h. Additionally, pure hydrochar (HC) was
synthesized following the same procedure, but without iron salt addition. For comparison, another composite
(FeOHC-C) was synthesized using the co-precipitation method®, where Fe,O, nanoparticles were deposited
onto the HTC-derived carbon support. This was achieved by mixing Fe(NO,),-9H,0 and FeSO,-7H,0O in an
aqueous solution, followed by dropwise addition of NH,OH to induce precipitation. The resulting composite
was collected, washed, and dried.

Subsequently, all three materials (HC and FeOHC, FeOHC-C) were activated through pyrolysis at 400 °C
for 2 h, using a N, flow rate of 1 L min~". In this process, 5 g of the materials were loaded into the reactor, and
after the desired residence time, the reactor was cooled to room temperature. After pyrolysis, the materials
were ground, sieved (particle size: 100-50 pum), and stored for further characterization and testing. A schematic
representation of the synthesis process is provided in Fig. 1.

Material characterization

The synthetized materials were characterized using various techniques. Fourier Transform Infrared Spectroscopy
(FTIR) was conducted using a Cary 630 FTIR (Agilent Technologies, USA). The superficial area and pore
structure were analyzed by performing N, adsorption-desorption isotherms at 77 K using a Nova 1000e analyzer
(Quantachrome Instruments, USA). The morphological characteristics of the materials were examined using
scanning electron microscopy (SEM) SU-3500 (Hitachi, Japan) at an acceleration voltage of 10 kV, and their
elemental composition was determined using energy dispersive X-ray spectroscopy (EDS). The chemical
composition of the materials (CHNS) was determined using an elemental analyzer EA3000 (Eurovector, Italy),
while the inorganic composition of the materials was analyzed by total reflection X-ray fluorescence (TXRF)
in a Bruker S4 T-Star (Bruker, Germany) spectrometer. To determine the ash content thermogravimetric
analysis (TGA) of materials was performed in a PerkinElmer STAR 6000 thermogravimetric balance under N,
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Fig. 1. Preparation process of the Iron Oxide/Activated Hydrochar composites.

atmosphere, and the isoelectric point (pHy;,) was determined using a ZetaSizer Nano ZS (See Supplementary
material S.1 for additional information).

Adsorption kinetics
The adsorption kinetics of 2-CP and the time required to reach equilibrium were evaluated through a series of
experiments using the prepared materials. For each experiment, 25 mg of the adsorbent materials were added to
50-mL centrifuge tubes containing 25 mL of an aqueous solution of 2-CP (20 mg L™!) adjusted to pH 6.0. The
tubes were placed on a rotary shaker and agitated at 200 rpm under controlled conditions of 25+ 1 °C.

At specific time intervals, aliquots were collected, filtered using 0.22 pm PVDEF filters, and stored in vials at
4 °C for subsequent analysis. The residual concentrations of 2-CP were determined using high-performance
liquid chromatography (HPLC) LC-4000 instrument (Jasco, Japan) equipped with an analytical C18 reversed-
phase column, Inertsil ODS-4, 5 pm, 250 x4.6 mm (Gl Science, Japan). The mobile phase consisted of a 1:1
(v/v) mixture of acetonitrile and 1% aqueous phosphoric acid solution, flowing at a rate of 1 mL min~!. The
column temperature was maintained at 35 °C, with the detector at 274 nm and an injection volume of 20 pL.
Quantification of 2-CP was performed using a calibration curve.

Adsorption isotherms

Adsorption equilibrium experiments were conducted at 25+ 1 °C to evaluate the capacity of the adsorbent
materials. For each experiment, 25 mg of the adsorbent was mixed with 25 mL of 2-CP solutions, with initial
concentrations varying between 10 and 100 mg L™!, at pH 6.0. The mixtures were agitated at 200 rpm in a rotary
shaker for 24 h to ensure equilibrium was reached. After equilibration, the supernatants were filtered through
0.22 um PDVF filters and transferred to HPLC vials for analysis. The adsorption capacity (q,), representing the
amount of 2-CP adsorbed per gram of adsorbent, was calculated using the following equation:

(Co—Ce)V

e — 1
q W (1)
Where q, is the adsorption capacity at equilibrium (mg g™'), C, and C, are the initial and equilibrium
concentrations of 2-CP, respectively (mg L~!), V is the volume of solution (L), and W is the mass of adsorbent

(g)-

Evaluation of the heterogeneous Fenton reaction

The degradation efficiency of 2-CP via the heterogeneous Fenton catalytic reaction was evaluated. The procedure
involved adding 25 mg of the iron oxide/activated hydrochar composite to 25 mL of a 2-CP solution (20 mg
L~1) and stirring the mixture at 200 rpm under controlled conditions at 25 °C. The reaction was initiated by

introducing a specified amount of hydrogen peroxide (H,O,, 30 wt%) to achieve the desired final concentration.
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At predetermined intervals, aliquots of the reaction mixture were filtered using 0.22 um PVDF filters and
stored in amber vials to prevent photodegradation for subsequent analysis. The effects of key reaction parameters,
including H,O, concentration (50-150 mM) and initial pH (3.0-9.0), on the degradation efficiency of 2-CP were
systematically investigated to optimize the catalytic performance.

Reusability studies

The stability and reusability of the catalyst were evaluated over five consecutive Fenton reaction cycles at the best
obtained conditions. At the end of each cycle, the catalyst was magnetically separated and washed with deionized
water to remove any adsorbed residues. A fresh 2-CP solution at a concentration of 20 mg L™! was then prepared,
and a new dose of H,O, was added to initiate the next reaction cycle. To assess the catalyst’s activity loss over
multiple cycles, 2-CP degradation was monitored using HPLC, and the removal efficiency was quantified in each
cycle.

Results and discussion
Material characterization
Chemical properties of the materials
Table 1 presents the elemental composition of the synthesized materials: HC, FeOHC, and FeOHC-C. HC is
characterized by its high carbon content (75.3 wt%), closely aligning with the synthesis reported by Olszewsky et
al.?. using BSG under a similar methodology. As expected, the incorporation of iron led to a notable reduction
in carbon content, decreasing to 34.1 wt% in FeOHC and 61.9 wt% in FeOHC-C. This iron addition also
resulted in a significant increase in ash content, rising from 4.0 wt% in HC to 46.9 wt% in FeOHC and 18.4
wt% in FeOHC-C. Furthermore, both hydrogen and nitrogen contents slightly decreased in the iron-containing
materials compared to HC, while oxygen content remained relatively consistent, ranging from 11.8 wt% to 13
wt% across all samples. A small sulfur content (0.29 wt%) was detected in FeOHC-C, attributed to the use of iron
sulfate in the co-precipitation method. Iron content in the materials was determined to be 0.09 wt% for HC, 39.0
wt% for FeOHC, and 6.9 wt% for FEOHC-C, indicating that the hydrothermal impregnation method resulted in
higher iron incorporation compared to the co-precipitation technique. Previous studies have demonstrated that
the synthesis of carbon-metal composites via HTC facilitates the integration of iron into the hydrochar matrix
due to the high temperature and pressure conditions of the process?®?’.

The isoelectric point (pH;,), determined via potentiometric titration, was 6.02 for HC, 6.30 for FeOHC, and
6.39 for FEOHC-C. The increase in pH,,, observed in the iron-containing materials suggests surface properties
closer to those of iron oxide minerals, such as magnetite (F630 4), which has an isoelectric point of 6.89%8,

FTIR and XRD analysis
FTIR analysis was performed to investigate the surface functional groups of all materials, with the results are
illustrated in Fig. 2a.

The spectrum of BSG reveals a prominent band in the 3600-3300 cm™' region, corresponding to O-H
stretching vibrations from hydroxyl and carboxyl functional groups®. Additionally, intense vibrations in the
3000-2800 cm™' region were observed, associated with aliphatic C-H functional group (CH,- and CH,-),
which are characteristics of sp® vibrations within the lignin structure?®*. In contrast, the synthesized materials
exhibit a marked reduction in transmittance intensity for these characteristic BSG bands, indicating oxidation
reactions and dehydration processes in the lignocellulosic matrix®!. This transformation results in the removal
of O-H functional groups, increasing the hydrophobic character of the synthesized materials*®. HC, FeOHC,
and FeOHC-C display distinct absorption peaks at approximately 1578 cm~!, 1027 cm~!, and 624 cm~!. The
peak at ~ 1578 cm™! corresponds to C=0 stretching vibrations, consistently present across all materials®®. The
1027 cm™! peak, observed exclusively in FeOHC, is attributed to C-O stretching in carboxyl groups and C-OH
bending vibration, suggesting the presence of oxygen-containing functional groups (e.g., hydroxyl, carboxyl,

1

Material HC | FeOHC | FeOHC-C
Elemental analysis (wt%)

C 753 |34.1 61.9
H 4.21 |3.05 3.39
N 4.63 |2.94 3.78
o 11.8 | 13.0 12.2
S N.D. | N.D. 0.29
Proximate analysis (wt%)

Ash 400 [469  [1839
TXRF analysis (wt%)

Fe 009 [390  [688

Isoelectric Point
pH

1Ep 6.02 ‘ 6.30 ‘ 6.39

Table 1. Chemical composition of HC, FeFOHC, and FeOHC-C. *Obtained by difference: %O =100 - (%C +
%H + %N + %S + %Ash). N.D. Not detected.
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Fig. 3. (a) Adsorption/desorption isotherms of N, at 77 K; (b) Pore size distribution estimated with BJH
method for HC, FeOHC, and FeOHC-C.

and carbonyl) that enhance the adsorption capacity for organic compounds®?*. Additionally, the peak at
624 cm™!, characteristic of magnetite (Fe,0,) and iron oxide/activated hydrochar composites, correspond to
Fe-O vibrations, confirming the successful incorporation of Fe;O, onto the hydrochar surface®*%. It is worth
noting that the broad peak around 2350 cm™", visible in all samples, results from atmospheric CO, interference.

The XRD patterns of the iron oxide/activated hydrochar composites are shown in Fig. 2b. Based on JCPDS
Card No. 19-0629, the characteristic peaks at Bragg diffraction angles (26) of 13.7°, 16.1°, 17.0°, 19.7°, 25.4°, and
27.6° confirm the presence of Fe,O, crystallites, corresponding to specific crystallographic planes (220), (311),
(222), (400), (511), and (440)°°. The XRD patterns further confirm the successful formation of magnetic Fe,O,
in both materials. No significant differences in the synthesized iron oxides were observed, indicating a uniform
incorporation of Fe,O, across the composites.

Surface and pore structure analysis
The key properties of materials to evaluate their suitability as adsorbents and catalysts include physical
characteristics, specific surface area, and porosity. These parameters are typically determined using N,
adsorption-desorption isotherms at 77 K, as depicted in Fig. 3a.

Based on the IUPAC classification, the synthetized materials exhibit a type IV(a) N, adsorption-desorption
isotherms®”. This type of isotherm is characteristic of predominantly mesoporous materials, with pores
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diameters ranging from 2 to 50 nm and minimal microporosity (<2 nm). It reflects the occurrence of multilayer
adsorption and capillary condensation within the mesopores®. Such behavior is well-documented for activated
hydrochar and iron oxide/activated hydrochar composites derived from biomass, which are widely recognized
as mesoporous solids*>*°.

The pore size distribution (Fig. 3b) confirms the mesoporous nature of all synthesized materials. The pore
sizes for HC, FeOHC, and FeOHC-C are centered around 4 nm*. Notably, FFOHC predominantly displays pores
of approximately 4 and 10 nm, indicating a high degree of uniformity. In contrast, HC and FeOHC-C exhibit less
uniform pore distributions, with pore sizes ranging between 3 and 15 nm. The specific surface area (Sy;;), total
pore volume (V. ), and average pore diameter (D) of the synthesized materials are summarized in Table 2. BET
analysis revealed a reduction in the S, of HC from 259.16 m? g 1t0 66.7 m? g~! for FeFOHC and 44.9 m? g~!
for FeFOHC-C. This decrease is attributed to pore blockage caused by the incorporation of iron oxide particles,
with the effect being more pronounced in FeOHC-C due to the precipitation of iron oxides on the surface*2. The
D, for HC, FeOHC, and FeOHC-C were 3.83, 3.82, and 3.29 nm, respectively, while the V_ range from 0.029 to
0.012 cm? g~ 1. The addition of iron salts during HTC likely contributed to the formation of iron oxides within
the hydrochar pores, reducing the available void space** Additionally, the chemical co-precipitation method
may have influenced the pore structure due to particle agglomeration on the hydrochar surface. These findings
suggest that the synthesized composites are promising candidates for adsorbing 2-CP. The molecular diameter
of 2-CP is approximately 5.7 A, significantly smaller than the average pore diameters of the materials, which are
seven times larger. This size disparity facilitates the diffusion of 2-CP molecules into the pores, enabling effective
adsorption on the material’s surface.

SEM-EDS analysis

SEM analysis was conducted to examine the morphology of the synthesized samples, as shown in Fig. 4.
The micrographs reveal the iron oxide/activated hydrochar composites with a heterogeneous distribution of
pores varying in size, shape, and dimensions across the surface. Both FFOHC and FeOHC-C samples exhibit
irregular surface structures, likely due to the release of volatiles and the formation of cavities during the HTC
and pyrolysis processes. Notably, the FeFOHC composite displayed nanometer-scale agglomerations of Fe;O,4
particles on the surface of the carbonaceous matrix (Fig. 4a), suggesting that the integration of Fe;O, into the
structure was effectively promoted during the HTC process. In contrast, the FeFOHC-C composite showed
smaller Fe;O, agglomerations due to the specific synthesis methodology employed (Fig. 4b). Additionally, larger
pores were observed in FeOHC, indicating less cavity blockage compared to FeOHC-C*. To further analyze the
distribution of iron on the surface of the composites, EDX mapping was performed (Fig. 4c and d). The results
revealed a heterogeneous distribution of iron across the surfaces of both materials.

Evaluation of adsorptive properties of synthesized materials

Adsorption kinetic studies

Adsorption kinetics are essential for understanding the temporal dynamics of contaminant removal from water.
In this study, the adsorption behavior of 2-CP onto the synthesized materials was investigated over 24 h, as
shown in Fig. 5. The adsorption process exhibited two distinct phases: an initial rapid phase characterized by
the swift removal of 2-CP due to the high availability of accessible adsorption sites on the material surfaces,
followed by a slower phase where the removal rate decreased as these active sites became progressively saturated.
Equilibrium was achieved at approximately 3 h for FeFOHC, whereas HC and FeOHC-C required nearly 10 h to
stabilize®.

The adsorption capacities of the materials followed the trend HC>FeOHC>FeOHC-C, with maximum
capacities of 15.4, 7.71, and 5.14 mg g™ !, respectively. These results align with literature data, highlighting the
importance of surface area and surface reactivity in adsorption processes?”. HC’s superior adsorption performance
can be attributed to its more active surface compared to the FeFOHC and FeOHC-C composites. While the iron
oxide/activated hydrochar composites demonstrated lower adsorption capacities, the incorporation of magnetite
provides catalytic properties that enhance their functional versatility, particularly for applications involving the
catalytic degradation or transformation of pollutants.

To evaluate the adsorption kinetics of 2-CP on the synthesized materials, the experimental data were fitted
to four widely used kinetic models: pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and
intraparticle diffusion models, represented by Eqgs. 2-5:

g =q- (1 _ e*k1< t) (2)

a b b
Materials (Sllg;g‘ 1) X}l’rﬁ g 81}1)11)
HC 259.2 0.028 3.83
FeOHC 66.61 0.012 3.82
FeOHC-C | 44.96 0.029 3.29

Table 2. Textural properties of the materials. *Specific surface area (S;;;) was determined with nitrogen by
multi-point BET method. Total pore volume (Vp) and average pore diameter (Dp) was determined by BJH
method.
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Here, q, (mg g™!) is the adsorbed amount of 2-CP at time £; g, and g, (mg g™?) are the equilibrium adsorption
capacities for PFO and PSO models, respectively; k, (h™!) and k, (g mg™' h™") are the rate constants for PFO and
PSO models, respectively; a (mg g™! min~!) and 8 (g mg™!) are the initial adsorption rate constant and surface
coverage-related parameter in the Elovich model; k, (mg g~! min~%3) and C (mg g™!) are the intraparticle
diffusion constant and boundary layer thickness parameter, respectively.

Scientific Reports|  (2025) 15:10705 | https://doi.org/10.1038/s41598-025-95686-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Z5 o~
® HC g
20- g
---------- £
154 e .,,,_-.“\t.'-.'-.'-.-.-.‘-.’-.- ................. o :
e =%
o T e PFO S
101 & =
'.:/' R S by PSO .g
5 j Elovich ?
I ----- Intraparticle =

0 T T T < o0 T T T T
0 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

(a) (b)

e

A FeOHC-C

=)
1

Adsorption capacity (mg/g)
ES
]

Z‘Az{ﬁ:" Elovich

P ----- Intraparticle
0 T T T T

0 5 10 15 20 25

Time (h)
(c)

Fig. 5. Adsorption kinetic curves of 2-chlorophenol adsorption on (a) HC, (b) FeOHC, and (c) FeOHC-C
materials (T =298 K, pH=6.0, adsorbent mass =25 mg, [2-CP] =20 mg L™!, rpm =200).

Non-linear regression analysis was conducted using MATLAB R2022b, with the resulting kinetic parameters
summarized in Table 3. Among the models, the Elovich equation provide the best fit for all materials, evidenced
by the highest correlation coefficients (R* 0.925-0.991) and the lowest Root Mean Square Error (RMSE:
0.496-0.517). The Elovich parameters revealed critical insights into adsorption dynamics where the initial
adsorption rate (a) was highest for FFOHC, indicating a fast initial adsorption of 2-CP. Additionally, its higher
number of sites available (B) suggests that this material has more available adsorption sites compared to HC and
FeOHC-C*. The a/p ratio from the Elovich model provides key insights into the adsorption kinetic mechanism
of the studied materials. FFOHC exhibits the highest ratio (= 111.5), indicating a rapid initial adsorption rate but
a faster saturation of active sites, consistent with its equilibrium adsorption capacity. In contrast, HC presents a
moderate ratio (=50.8), suggesting a balanced adsorption rate with a more gradual site occupancy. FFOHC-C,
with the lowest ratio (=~ 3.82), demonstrates a slower initial adsorption rate, likely due to diffusion limitations or
reduced accessibility to active sites. Furthermore, the experimental pH (6.0) was slightly below the isoelectric
point of the materials, resulting in a positively charged surface. This condition favored the electrostatic attraction
of the negatively charged 2-CP species, enhancing adsorption efficiency.

Adsorption isotherms

An adsorption isotherm describes the relationship between the amount of adsorbate retained on the surface of
the adsorbent and its equilibrium concentration in the liquid phase. Figure 6 presents the equilibrium adsorption
isotherms for 2-CP on the synthesized materials. The experimental data obtained at 298 K were fitted to four
isotherm models: Langmuir (Eq. 6), Freundlich (Eq. 7), Sips (Eq. 8), and Redlich-Peterson (Eq. 9).

qm - KL' Ce

:1+KL'C€ (6)

ge
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Model Parameter HC FeOHC | FeOHC-C
q, (mgg™) 14.43 | 5.949 5.157
k, (h™1) 0.422 | 2.194 0.253
PFO
R? 0.969 | 0.709 0.915
RMSE 0.952 | 1.170 0.537
q, (mgg™) 16.40 | 6.725 6.041
k, (gmg 'h™!) |0.030 | 0.381 0.046
PSO 2 818
R? 0.989 | 0.860 0.921
RMSE 0.547 | 0.876 0.521
a(mgg'h!) |14.78 | 120.0 2.779
B (gmg) 0.291 | 1.076 0.728
Elovich
R? 0.991 | 0.955 0.925
RMSE 0.517 | 0.496 0.504
k, (mgg 'h™*%) | 3.172 | 1.241 1.090
Intraparticle | C 1.974 | 2.575 0.406
diffusion R 0.906 [ 0.733 | 0.909
RMSE 1.650 | 1.210 0.556

Table 3. Kinetic parameters for 2-CP adsorption onto different adsorbents.
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Where g, is the adsorbed quantity per unit mass of adsorbent (mg g™!), and C, (mg L") is the equilibrium
adsorbate concentration; In the Langmuir model, g, (mg g™*) is the maximum monolayer adsorption capacity,
and K; (L mg!) is the Langmuir constant; The Freundlich model uses, K (L mg~!) as isotherm constant and
ny,as the adsorption intensity; The Sips model includes q_, (mg g™!) for saturation adsorption capacity, 1/n as a
model exponent, and b (L mg™!) as a constant; In the Redlich-Peterson model, K, rand a, (L mg" 1) are constants
and b is a nondimensional exponent with a value ranging from 0 to 1.

The adsorption isotherm parameters were determined through non-linear regression analysis using
MATLAB R2022b (Table 4). Among the evaluated models, the Sips isotherm exhibited the best fit across all
synthesized materials, demonstrating high correlation coefficients (R* = 0.989-0.994) and low root mean square
errors (RMSE=0.978-1.007). This strong agreement suggests that the adsorption process follows a hybrid
mechanism incorporating both Langmuir-like monolayer coverage and Freundlich-type surface heterogeneity.
Further analysis of the Sips model confirmed the formation of a 2-CP monolayer on the adsorbent surfaces, with
maximum adsorption capacities (q,,,) values of 27.16 mg g™ for HC, 24.63 mg g™ for FeOHC, and 18.70 mg
g™ for FeOHC-C. The observed reduction in adsorption capacity upon Fe,O, incorporation indicates that
iron oxide particles partially obstruct active adsorption sites, consistent with the lower specific surface areas
measured via BET analysis.

The heterogeneity parameter (n) in the Sips model provides insights into the surface uniformity of the
adsorbents. When n =~ 1, the Sips model converges to the Langmuir isotherm, implying a relatively homogeneous
surface. In contrast, n < 1 signifies increasing heterogeneity due to the presence of adsorption sites with varying
affinities*®. The HC material exhibited near-homogeneity characteristics (n=1.091, R?=0.993), closely aligning
with the Langmuir model (R*=0.994). However, FeFOHC and FeOHC-C displayed significantly greater surface
heterogeneity, with n=0.791 and n=0.487, respectively. These findings suggest that HTC produces a highly
uniform adsorbent surface, whereas the incorporation of Fe,0,, particularly through chemical co-precipitation,
introduces structural irregularities that enhance heterogeneity. The results underscore the critical influence
of synthesis methods on the physicochemical properties of adsorbents and their subsequent adsorption
performance.

Table 5 summarizes the maximum adsorption capacity (g,,,.) of 2-CP on various materials. In our study,
HC and FeOHC exhibited g, ._of 27.16 mg g™! and 24.63 mg g’gi, respectively, positioning them competitively
among previously reported adsorbents. These values surpass those reported for coconut pith carbon (<17.58 mg
g~ 1)* and banana-derived activated carbon (24.33 mg g~!)*, and are comparable to Adenopus breviflorus seeds
(25.94 mg g~ 1)*. Nonetheless, their adsorption capacity is notably lower than Croton caudatus-derived activated
carbon (53.62 mg g~!)°!, and significantly lower than magnetic composite carbon xerogels (130 mg g~!)>. This
comparison highlights the potential of HC and FeOHC as effective adsorbents for 2-CP removal, demonstrating

Model Parameter | HC | FeOHC | FEOHC-C
q,, (mgg™') |26.81 |2599 20.60
Langemuir K, (Lmg™") |0733 | 0.164 | 0.160
R? 0.994 | 0.991 0.976
RMSE 0.913 | 0.991 1.262
Kp,(Lmg™") |13.92 | 8611 7.434
Freundlich 6.100 | 4.089 | 4.544
R? 0.959 | 0.951 0.926
RMSE 2271 | 2278 | 2215
q,, (mgg™!) | 27.16 | 24.63 18.70
n 1.091 | 0.791 0.487
Sips b(Lmg!) |0726| 0.118 | 0.031
R? 0.993 | 0.993 | 0.989
RMSE 1.007 | 0.986 | 0.978
Ky (Lmg™') | 19.87 | 4299 | 3.287
ag (Lmg™!) | 0749 | 0.166 | 0.159
RP B 0.997 | 1.000 1.000
R? 0.994 | 0.991 0.976
RMSE 1.021 | 1111 1.411

Table 4. Fitting parameters for the adsorption isotherm data of 2-CP adsorption onto different adsorbents.
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Material Q.0 (mg g7") | Reference
Coconut pith carbon <17.58 “9
Banana-derived activated carbon 2433 50
Adenopus breviflorus 25.94 4

Croton caudatus-derived activated carbon | 53.62 51
Magnetic composite carbon xerogels 130.0 52

HC 27.16 This work
FeOHC 24.63 This work

Table 5. Comparison of the maximum adsorption capacity of 2-CP by HC, and FeOHC, with other reported
results.
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Fig. 7. Effect of temperature on 2-chlorophenol adsorption onto HC, FeOHC, and FeOHC-C materials
(pH=6.0, adsorbent mass =25 mg, [2-CP] =20 mg L~!, rpm =200).

competitive adsorption capacity within the mid-range of reported materials. While their performance is not
as high as certain specialized adsorbents, their simple synthesis and tunable properties may offer practical
advantages in industrial wastewater treatment.

Thermodynamic parameters for 2-CP adsorption

The calculation of thermodynamic parameters provides crucial insights into the sorption mechanisms.
Numerous studies have assessed adsorption at different temperatures to identify the mechanisms controlling the
sorption across different surfaces. In this study, adsorption experiments were conducted at 25, 35, and 45 °C to
investigate the temperature dependence of 2-CP adsorption on the synthesized materials (Fig. 7).

The adsorption capacity of HC remains constant across the tested temperature range, indicating a
temperature-independent adsorption mechanism. In contrast, adsorption capacity declined with increasing
temperature for the iron oxide/activated hydrochar composites, dropping from 40 to 26% for FeOHC and
from 27 to 9.9% for FeOHC-C. This decreasing trend suggests that 2-CP adsorption on iron oxide-containing
materials is spontaneous and exothermic. Conversely, the behavior observed in HC implies that an energy input
is required to initiate adsorption, indicating an endothermic process*. The diminished adsorption efficiency of
the iron-containing materials at elevated temperatures may be attributed to the weakening of adsorption forces
between the active sites of the adsorbent and the 2-CP molecules, reducing their retention®'. This phenomenon
aligns with previous findings, where a decrease in the adsorption of phenolic compounds has been observed in
magnetic-activated carbons derived from pomegranate and corn husks®>>*.

To further confirm these observations, the standard Gibbs free energy change (AG®), entropy (AS°) and
enthalpy (AH®) were determined using the following equations:

AG° = —RT - InK, (10)
A S° A H°

11

InkK. R RT (1)

Where K_is the equilibrium constant that can be calculated ad q /c, for each temperature, T is the absolute
temperature (K), and R is the universal gas constant (8.314 ] mol~T k™!). AH® and AS° are calculated from the
slope and intercept of the plots of In(K ) vs. 1/T, respectively.

As presented in Table 6, all Gibbs free energy values (AG®) were negative, confirming that the adsorption
of 2-CP onto all synthesized materials is thermodynamically favorable and spontaneous®'. The negative AH®
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AG®
A |ase (] mol ")
Materials | (kJ mol™!) | (K mol-1K™!) (293K | 308K |318K
HC 11.20 0.107 -20.67 | -21.75 | -22.80
FeOHC -75.89 -0.158 -18.54 | -16.08 | -15.43
FeOHC-C | -65.29 -0.200 -16.40 | -14.18 | -12.41

Table 6. Thermodynamics parameters for 2-CP adsorption on C, FFOHC and FeOHC-C.
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Fig. 8. Schematic of the possible interaction between 2-CP molecules and the surface of iron oxide/activated
hydrochar composites.

values for FeOHC and FeOHC-C indicate an exothermic process consistent with the observed decreased in
adsorption capacity at higher temperatures. In contrast, HC exhibited positive AH® values, supporting the
notion that its adsorption process is endothermic. Furthermore, the absolute values of AH®, ranging from
11.20 to 75.89 k] mol™’, suggest that the adsorption occurs primarily thought physical adsorption. Typically,
chemisorption processes require significantly higher enthalpy values, ranging from 80 to 450 k] mol~1>>. These
findings underscore the crucial role of material composition and surface chemistry in determining adsorption
mechanisms and thermodynamic behavior.

Adsorption mechanisms of 2-CP on HC and Iron oxide/activated hydrochar composites

The adsorption of 2-CP onto HC and iron oxide/activated hydrochar composites involves multiple mechanisms,
including hydrogen bonding between the phenolic hydroxyl group of 2-CP and oxygenated functional groups
(carboxyl and hydroxyl) on the adsorbents, m-m interactions between the benzene ring of 2-CP and the
graphitic domains of the carbon surface, and electrostatic attraction between the charged functional groups
of the adsorbent and the phenolic groups of 2-CP (Fig. 8)°!. FTIR spectroscopy confirms the presence of
oxygenated functional groups, including carboxyl, hydroxyl, and aromatic rings, which actively participate in
these interactions. The contribution of these functional groups suggests that surface chemistry plays a crucial
role in adsorption performance. Additionally, the incorporation of iron oxide may introduce further adsorption
pathways, such as surface complexation or Lewis acid-base interactions, potentially enhancing affinity toward
2-CP molecules®®. Moreover, electrostatic interactions also play a crucial role, as indicated by the isoelectric
point (pH,;,) values of the synthesized materials—6.02 for HC, 6.30 for FeOHC, and 6.39 for FeOHC-C—and
the pKa of 2-CP (8.52). At acidic pH, 2-CP remains predominantly neutral, favoring adsorption, whereas at
alkaline pH, it becomes anionic, leading to a decrease in adsorption capacity due to electrostatic repulsion as the
adsorbent surface becomes negatively charged. When pH exceeds the pH,,, this repulsion intensifies, further
reducing adsorption efficiency®®. These combined interactions—hydrogen bonding, n-m interactions, and
electrostatic forces—synergistically enhance the affinity between the adsorbent materials and 2-CP, providing
valuable insights into optimizing adsorption conditions for effective pollutant removal.
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Removal (%)

Catalyst test of Iron oxide/activated hydrochar for heterogeneous Fenton reaction

Effects of operational parameters

The degradation of 2-CP via heterogeneous Fenton oxidation reactions was evaluated under varying reaction
time, H,O, concentration, and pH (Fig. 9). As shown in Fig. 9a, the reaction follows a characteristic two-stage
pattern: an initial rapid degradation phase, followed by a slower phase that eventually stabilizes, suggesting
a progressive depletion of active catalytic sites or reaction efficiency over time. Notably, within the first hour,
the synthesized materials achieved approximately 40% removal of 2-CP, with no significant difference between
synthesis methods. Compared to adsorption alone, which required over 24 h to reach the same 40% removal, the
Fenton oxidation process significantly reduces operational time, highlighting its efficiency.

Figure 9b illustrates the impact of pH on 2-CP degradation using FEOHC and FeOHC-C, confirming that
catalytic activity in heterogeneous Fenton systems is strongly pH-dependent, as reported in previous studies®.
The highest removal efficiencies were observed at pH 3.0, where FeOHC and FeOHC-C achieved 35% and 29%
removal, respectively, after one hour at 25 °C. However, as the pH increased, degradation efficiency declined
markedly, reaching a minimum at pH 9.0 (13% for FeOHC and 9% for FeOHC-C). This trend aligns with the
well-established behavior of Fenton reactions, where acidic conditions favor hydroxyl radical generation, while
higher pH values promote iron precipitation, reducing catalytic activity and overall pollutant degradation
efficiency. However, the ANOVA analysis indicated no statistically significant differences in 2-CP removal
between pH 3.0 and pH 6.0 for both synthesized materials, reinforcing the effectiveness of carbonaceous
composites in the degradation of organic pollutants through heterogeneous Fenton reactions. This finding
highlights their potential applicability in advanced water treatment processes.
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Fig. 9. Effect of (a) time, (b) pH and (c) H,0, concentration on heterogeneous Fenton reaction (catalyst
mass =25 mg, [2-CP] =20 mg L}, rpm =200, Tukey’s multiple comparison test: **: p<0.01).
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Fig. 10. Reutilization studies of 2-CP oxidation via heterogeneous Fenton reactions with iron oxide/activated
hydrochar composites (catalyst mass =25 mg, [H,0,] =150 mM, pH=6.0, [2-CP]=20 mg L~ 1, rpm =200).

In Fenton systems, hydroxyl radicals (¢OH) play a crucial role in organic contaminant degradation. The
leaching of Fe?*/Fe** ions from the hydrochar surface significantly contributed to the generation of these
radicals. At pH 3.0, enhanced Fe?* dissolution facilitated the formation of «OH radicals leading to greater 2-CP
removal efficiency®®. This process follows the reaction:

Fe’™ + H,0, —» Fe®T + OH™ + o OH (12)

Under acidic conditions, Fe?* is readily released from Fe,O,, while the formation of ferric hydroxides (Fe(OH),)
is inhibited, sustaining high catalytic activity. However, at pH levels above 6.0, the oxidation potential of «OH
radicals decrease, and H,O, undergoes rapid decomposition into O, and H*, reducing its efficiency as an oxidant
and consequently diminishing pollutant removal®®.

The effect of H,O, concentration on 2-CP degradation was evaluated within the range of 50-150 mM
(Fig. 9¢). The results demonstrated a positive correlation between increasing H,O, concentration and pollutant
removal, with iron oxide/hydrochar composites exhibiting a linear trend in degradation efficiency. At lower
H,0, levels, the insufficient generation of «OH radicals resulted in limited removal performance. Conversely,
at 150 mM H,0,, the higher radical production significantly enhanced 2-CP degradation, achieving maximum
removal efficiencis of 37% and 27% for FeOHC and FeOHC, respectively. Despite this trend, no statistically
significant differences were observed between removal efficiencies at varying H,O, concentration, suggesting
that beyond a certain threshold, excess of H,0, may act as scavenger, consuming «OH radicals and limiting
further degradation.

Based on these findings, a possible reaction mechanism for 2-CP degradation via iron oxide/hydrochar
composites is proposed:

= Fe® — oxide + Hy02 —= Fe™! — oxide + OH™ + ¢OH (13)
= Fe" ™! — oxide + Ha0g —= Fe” — oxide + HO7 o + H+ (14)

Hydroxyl radicals are generated through the reaction of H,O, with Fe(II) sites on the catalyst surface, as well
as Fe?* ions dissolved in the bulk solution. The reduction of Fe(III) back to Fe(II) ensures the continuous
regeneration of active catalytic sites, maintaining the reaction cycle. Therefore, the heterogeneous Fenton
system facilitates contaminant removal through two complementary mechanisms: (1) adsorption of 2-CP onto
the composite surface and (2) catalytic oxidation via «OH radicals, leading to pollutant mineralization and
desorption of degradation byproducts. This dual-action mechanism underscores the efficiency of iron oxide/
hydrochar composites as sustainable catalysts for water purification applications.

Reusability of Iron-Oxide/Hydrochar composites via heterogeneous Fenton reaction

A key factor in the practical application of catalysts is their reusability. Therefore, the reusability of iron oxide/
hydrochar composites for 2-CP removal was assessed under the optimal conditions determined in previous
experiments (pH 6.0, H,0, 50 mM). As depicted in Fig. 10, FeOHC exhibited a decline in removal efficiency
from 43 to 33% after two reuse cycles. This significant decrease in performance during the second cycle can
be attributed to the detachment of weakly bound iron species from the composite surface during the initial
reaction, reducing the availability of catalytic active sites. However, the residual iron remained catalytically active
in subsequent cycles, maintaining some level of degradation efficiency. In contrast, FFOHC-C demonstrated
superior stability, sustaining a removal efficiency between 35% and 37% across five consecutive cycles. This
suggests that the iron species were more robustly anchored to the carbonaceous matrix, preventing substantial
leaching and ensuring prolonged catalytic activity. Moreover, after five cycles, no significant loss of efficiency was
observed, highlighting the enhanced durability of FfFOHC-C compared to FeOHC.
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Interestingly, by the final reuse cycle, the differences in performance between the two synthesized materials
were minimal, suggesting that both composites ultimately reached a steady-state efficiency. Additionally, no
detectable degradation byproducts were observed in the aqueous phase after each catalytic cycle, indicating the
effectiveness of the heterogeneous Fenton system in mineralizing 2-CP without generating secondary pollutants.
This stability and recyclability reinforce the potential of iron oxide/hydrochar composites for sustainable water
treatment applications.

Conclusions

Iron oxide/activated hydrochar composites derived from BSG were successfully synthesized through incipient wet
impregnation and chemical coprecipitation methods. Characterization of the materials revealed a mesoporous
surface with BET surface areas ranging from 44 to 259 m?/g, indicating a well-developed porous network suitable
for adsorption and catalytic applications. XRD analysis confirmed that magnetite (Fe,O,) was the predominant
iron oxide phase on the carbonaceous surface. The materials demonstrate dual-functionality in water treatment,
combining high adsorption capacity with efficient Fenton catalytic activity for 2-CP removal. Adsorption
studies showed that the synthesized materials followed the Elovich kinetic model, while the equilibrium data
were best described by the Sips isotherm, suggesting monolayer adsorption with slight heterogeneity, with
adsorption capacities ranging from 18.70 to 24.63 mg/g. Thermodynamic analysis confirmed that the adsorption
process was spontaneous and exothermic, primarily driven by physical interactions, including hydrogen
bonding, n-m interactions, and electrostatic attraction between the adsorbent surface and the 2-CP molecules.
Heterogeneous Fenton oxidation experiments showed that 2-CP degradation was most efficient under acidic
to neutral conditions (pH 3.0-6.0), where the generation of hydroxyl radicals was enhanced due to increased
Fe®* availability. Significant loss of efficiency was observed at alkaline pH values. Increasing H,O, concentration
improved degradation efficiency, but no further enhancement was observed, likely due to radical scavenging
effects. Reusability assays confirmed the long-term stability of the composites. While FeOHC exhibited a decline
in efficiency after two cycles due to iron leaching, FFOHC-C maintained consistent removal performance over
five cycles, highlighting the stabilizing effect of carbonaceous support on the active catalytic sites.

Overall, these findings demonstrate that iron oxide/hydrochar composites are effective, sustainable, and
reusable materials for the remediation of chlorinated organic pollutants in water. Their combined adsorption and
catalytic properties, along with their stability under operating conditions, position them as promising candidates
for scalable water treatment applications. Future research should explore their performance in more complex
water matrices containing competing organic and inorganic species, another activating agent like visible light
(Fenton- like reaction), as well as assess their long-term regeneration capacity over extended catalytic cycles to
further validate their practical implementation.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author upon rea-
sonable request.
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