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Transforming waste into value:
Single-step in situ synthesis of
magnetic porous carbon composite
adsorbents from sugarcane
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The demand for sustainability is driving research into new ways to make use of waste products. Porous
adsorbents with magnetic properties are reusable and do not require a significant external energy
source. They are well-suited to the task of decontaminating water on a large scale and, if benignly
synthesized from waste products, they would meet the demand for sustainability. In this research, an
in situ single-step synthesis is developed that generates a magnetic porous carbon composite from iron
scrap and sugarcane bagasse, both of which are abundant waste products. This procedure combines
the processes of carbonization, magnetization, and activation in one step. Iron scrap serves as both a
magnetic precursor and a self-activating agent, so no additional chemical activators are required. The
large surface area (505 m?/q) of the synthesized magnetic porous carbon composite adsorbent and

its large capacity for tetracycline adsorption (687.6 mg/g) are suitable properties for the treatment of
contaminated wastewater. The synthesis process is straightforward, and the use of waste materials to
fabricate an adsorbent that retains its performance even after five cycles of adsorption and desorption
ensures both cost-effectiveness and sustainability to support the concept of the circular economy.
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As industrial and agricultural activity intensifies worldwide, the problem of water pollution is one of increasing
concern'. Among the most problematic water contaminants, pharmaceutical residues of antibiotics present a
particularly serious threat to human health?. Since the antibiotic tetracycline (TC) is administered to livestock as
well as humans, it can enter the water supply through agricultural runoff and wastewater from the pharmaceutical
sector’. In wastewater, TC cannot easily be broken down and has a tendency to accumulate within surface and
groundwater, and sometimes in sources of drinking water. Over time, it can destroy the aquatic environment,
killing useful microorganisms and promoting antimicrobial resistance. Given that human health can also be
adversely affected by the presence of TC in water sources, it is essential that a sustainable approach be found for
the safe and efficient removal of TC from wastewater®.

Common approaches to eliminate contaminants include biodegradation®and oxidation® but adsorption’is
perhaps the cheapest, easiest, and most efficient method, and has the advantage of not producing dangerous
byproducts. Adsorption involves the adherence of target pollutants to a solid adsorbent surface. To work
effectively, the adsorbent requires good porosity, a large surface area, and suitable functional groups®. Materials
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based on carbon, such as biochar, activated carbon, carbon nanotubes, and graphene oxide, offer all of these
qualities, while their stability enables long-term use’.

The use of waste biomass to produce carbon materials offers a valuable means of eliminating the environmental
challenges the waste poses'’. Sugarcane bagasse (BG) is an important agricultural byproduct that must be
managed effectively to avoid environmental harm!!, so its conversion into products for use in agriculture,
energy, or industry offers a means to eliminate large volumes of potentially damaging waste. The suitability
of BG as a carbon source stems from the high levels of cellulose, hemicellulose, and lignin it contains!2. The
carbonization of BG allows the sustainable production of carbon-based adsorbents that can decontaminate
wastewater, while adding value to an agricultural waste, supporting environmental protection, and promoting
the circular economy.

Carbon adsorbents are usually powders, which are difficult to recover after use. The increased energy and
time required to recover them raise operating costs'?, discouraging the adoption of carbon adsorbents in large-
scale water treatment systems. However, the introduction of magnetic properties to carbon-based materials can
address these issues by making separation cheap and simple with an external magnetic field. Such processes
are inexpensive and can be scaled up easily'®. Magnetic carbon composite adsorbents can efficiently remove
pollutants and are easy to recover for reuse. Their reusability extends their lifespan, reducing waste generation
and overall treatment costs. Furthermore, the management of adsorbent movement and retrieval through
magnetic fields allows for greater operational efficiency and flexibility in system design'®.

The production of magnetic carbon composite adsorbents typically involves three main stages: carbonization,
activation, and magnetization. The carbonization step involves the heating of organic material in the absence
of oxygen, forming a material rich in carbon, whose surface area and porosity can be enhanced by chemical or
physical activation. Meanwhile, the magnetization process results in a carbon composite material with magnetic
properties that enhance separability. These three steps are often performed sequentially, but this approach can
be time-consuming, energy-intensive, and costly, limiting scalability for large-scale applications!®. Therefore,
combining the steps represents an interesting alternative. It is possible to combine carbonization and activation,
followed by a separate magnetization step!”!%. Alternatively, carbonization and magnetization can be combined,
while activation takes place separately'®. However, integrating all three steps delivers greater efficiency?®?!. The
single-step process saves time, energy, and cost, and is more attractive for large-scale applications.

The porosity and surface area of a carbon material can be increased through the use of activating agents.
Among the most widely used activating agents are phosphoric acid (H,PO,), zinc chloride (ZnCl,) and potassium
hydroxide (KOH)?*23. These compounds, however, carry an associated cost in both financial and environmental
terms. Alternatively, iron may be used since it can activate pores and provide magnetic properties?!. This approach
simplifies the synthesis process, reduces reliance on more costly agents, and improves the performance of the
adsorbent. More recently, a single-step process, which combined carbonization, activation, and magnetization
while using iron salts for magnetism and activation, was shown to be an efficient and cost-effective method®.

Traditionally, magnetic adsorbents are synthesized using commercial iron salts such as FeCl,, FeCl,,
FeSO,, and Fe(NO,),**® but these materials are all expensive compared with iron scrap, which is a steel
industry byproduct rich in a range of iron oxides?’. The use of iron scrap to produce magnetic adsorbents would
not only support the development of low-cost, high-performance materials for water purification, but also help
reduce the environmental challenge posed by the accumulation of iron scrap. This approach would align with the
principles of the circular economy, turning industrial waste into valuable resources while advancing sustainable
environmental remediation technologies.

In this study, a unified approach is proposed which combines the three steps of carbonization, activation,
and magnetization in one process, in which iron scrap acts as a pore activator and a source of magnetism. The
use of a single-step in situ synthesis is simpler, faster, and cheaper than conventional approaches, and requires
less energy. A similar technique cannot be found in the literature, and therefore, this is a significant contribution
to the field of magnetic carbon composite adsorbent synthesis. The production of high-performance, reusable
adsorbents from waste materials will increase the sustainability of cost-effective water treatment and showcase
the role of waste-derived materials in promoting the principles of the circular economy.

Materials and methods

Materials

This study used sugarcane bagasse (BG) (40-50% cellulose, 25-35% hemicellulose, 15-25% lignin, and other
minor minerals) as a source of carbon. BG was supplied by the Eastern Sugar and Cane Public Company Limited
in Sa Kaeo, Thailand. The magnetic precursor was iron scrap obtained from Songkhla, in southern Thailand. HCI
(37%) was supplied by J.T. Baker and Merck, and TC was from TCI Chemicals. The experiments used deionized
(DI) water, and all chemicals were of analytical reagent grade.

Preparation of magnetic porous carbon composite

Iron scrap solution preparation: Initially, the iron scrap was cleaned of dust, and then finely pulverized using a
500 g multifunction disintegrator. The iron scrap powder was then dissolved in concentrated HCl in the ratio of
0.04 g/mL. The solution was filtered and diluted using DI water in a ratio of 1:3 to obtain an acidic iron solution,
which contained around 2 g/L of iron ions. The measurement was obtained via inductively coupled plasma
optical emission spectrometry (ICP-OES, Avio500, PerkinElmer). This solution was then placed in storage until
required for the synthesis of the magnetic carbon composite adsorbent.

Sugarcane bagasse waste preparation: The bagasse was collected following three cycles of juice extraction,
washed in DI water to ensure the removal of impurities, sugar, and residual dirt, and dried thoroughly for 48 h
at 90 °C. The dried bagasse was chopped, ground, and sieved through a vibrating screen to ensure a particle size
of 710 um. The resulting material was labeled BG and placed in a desiccator for storage.
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Magnetic porous carbon composite preparation: Magnetic porous carbon composite (MPC) was prepared by
adding 50 mL of the 2 g/L iron stock solution to 2.5 g of BG. The mixture was stirred at 150 rpm for 15 h at room
temperature, then allowed to dry overnight at 90 °C. The dried product was then heated in a furnace at 2 °C/
min to 800 °C and held at that temperature for 2 h. Following pyrolysis, the sample was washed repeatedly in hot
water until the pH value of the runoff water became neutral. The sample was dried, and the final product was
labeled MPC-Fe2. The same process was followed to prepare MPC with an iron concentration of 1 g/L (MPC-
Fel), and a control porous carbon (PC) sample was produced without iron, using the same acid concentration.

Materials characterization

The phase composition and crystallinity of materials were identified by X-ray diffraction (XRD, Philips X Pert
MPD). Vibrating sample magnetometry (VSM, Lakeshore) was used to measure the magnetic properties at
298 K. Nitrogen adsorption-desorption analysis (Micromeritics 3 Flex analyzer) was carried out at 77 K, while
surface area and porosity were assessed using the Brunauer-Emmett-Teller (BET) method. The morphology,
surface texture, and distribution of iron particles were studied with scanning electron microscopy coupled
with energy dispersive X-ray spectroscopy (SEM, Quanta450 and EDX, X-Max 80, Oxford). Iron particles in
the carbonaceous structure were then examined using transmission electron microscopy (TEM, JEOL JEM-
2010 and JEM-2100 Plus). Elemental distribution mappings were produced by scanning TEM-EDS. Fourier
transform infrared spectroscopy in attenuated total reflection mode (ATR-FTIR, VERTEX 70, Bruker) was used
to identify the functional groups of materials. The elemental composition of surfaces and sample oxidation
states were investigated by X-ray photoelectron spectroscopy (XPS) (PHI5000 VersaProbe II, ULVAC-PHI)
performed at the SUT-NANOTEC-SLRI Joint Research Facility, Synchrotron Light Research Institute (SLRI),
Thailand. UV-Vis spectroscopy (UV 2600, Shimadzu) was performed to establish TC concentrations during
adsorption studies. Iron concentration was determined using inductively coupled plasma (ICP) analysis (ICP-
OES, Avio500, PerkinElmer).

Adsorption study

Adsorption Kinetics: Kinetics experiments were carried out to elucidate the rate at which TC is removed from
solution by the magnetic carbon composite adsorbent. Briefly, 0.010 g of adsorbent was added to 100 mL of a
100 mg/L TC solution and maintained under constant shaking at 25 + 1 °C. The adsorption study was conducted
in triplicate to ensure the reliability of the data. At predetermined time intervals (15, 30, 45, 60, 90, 180, 240,
300, 360, 480, 600, 720, 1440, 1800, 2160, and 2880 min), aliquots were withdrawn, and the adsorbent was
rapidly separated using an external magnet. The TC concentration in the supernatant was measured by UV-Vis
spectrophotometry at A = 357 nm. The amount of TC adsorbed at time t, g; (mg/g), was calculated from Eq. (1):

g = GGV )

m

where Co and Cj are the initial and time-t concentrations of TC (mg/L), V is the solution volume (L), and m
is the mass of adsorbent (g). The experimental data were fitted using the non-linear pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic models, as presented in the equations in Note S1 (Supplementary
Information).

Adsorption isotherms: Adsorption isotherms were used to evaluate and predict the capacities of materials
in terms of TC adsorption. An adsorbent dose of 0.010 g was added to 100 mL of TC solutions with initial
concentrations of 25, 75, 100, 150, 300, 500, 750, 1000, 1250, and 1500 mg/L. The adsorption study was conducted
in triplicate to ensure the reliability of the data. After shaking the mixture for 48 h at a temperature of 25 +1
°C, the magnetic carbon composite adsorbent was separated with an external magnet. The absorbance of the
supernatant was determined by UV-Visible spectrophotometry at A= 357 nm. The amount of TC adsorbed was
calculated from Eq. (2)

g = GGV @
m

in which Ce indicates the equilibrium concentration of the TC solution (mg/L), V' denotes the volume of
the solution (L), and m represents the adsorbent mass (g). The experimental data were fitted using various
non-linear models, including the Langmuir, Freundlich, Temkin, and Guggenheim-Anderson-de Boer (GAB)
models, as presented in the equations in Note S1, to describe the adsorption behavior and identify the best-
fitting model for the observed data.

Adsorbent reusability

To desorb TC, the adsorbent was placed in a 120 mL bottle which contained 20 mL of 75% EtOH solution. The
bottle was shaken for 24 h at 25 +1 °C to allow desorption to take place. The adsorbent was then repeatedly
washed in DI water, and dried for 1 h at 110 °C. It was then used again. In all, five adsorption-regeneration
cycles were carried out to assess the reusability of the material. Iron leaching after each adsorption cycle
was determined using inductively coupled plasma (ICP) analysis. The entire adsorption study, including the
desorption, regeneration cycles, and iron leaching measurements, was conducted in triplicate to ensure the
reliability and reproducibility of the results.
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Results and discussion
Materials characterization
In industrial surroundings, moisture and oxygen cause iron scrap to rust more readily, leading to a phase
transformation from metallic iron to iron oxide, which leads to the formation of structural defects, increasing
porosity and causing the material to weaken®®%. These oxidized phases are excellent, cheap iron precursors.
According to the XRF analysis, the iron scrap used in this work contained iron oxides (81.95%) (Table S1) while
the XRD analysis (Fig. 1a) showed that Fe,O,(No. 00-039-1346)**was present along with various oxyhydroxides
including a-FeOOH (No. 00-029-0713) and y-FeOOH (No. 00-044-1415)3!.

When the iron scrap was dissolved in concentrated HCI, the acid converted the iron oxide into soluble iron

ions, as follows3234:
FexO3 + Fe + 6HCl — 3 FeCly + 3H2O (3)
FexO3 + 6HCl — 2 FeCl3 + 3H20 (4)
FeOOH —+ 3HCI — FeCI’* + 2C1™ + 2H,0 (5)

When BG was immersed in the iron solution, Fe?* and Fe**were adsorbed on outer surfaces and within the
pore network. The ions formed bonds with the electron-rich oxygen atoms in the hydroxyl and ether groups
of cellulose®®, anchoring the iron in the BG matrix, where it was transformed during the carbonization stage.

Figure la presents XRD patterns which show the structural differences between iron scrap, MPC-Fe2-
raw, MPC-Fel, and MPC-Fe2. The results imply that structural changes occurred during synthesis. Following
pyrolysis at 800 °C, MPC-Fel and MPC-Fe2 samples exhibited sharper diffraction peaks than MPC-Fe2-raw,
suggesting greater crystallinity as a result of the high-temperature treatment. Iron phases of Fe,O, and Fe’
(metallic iron) were detected. The characteristic peaks of Fe,0, at 30.13°, 35.48° 43.12° 53.50° 57.00°, and
62.63° 20 correspond to the (220), (311), (400), (422), (511), and (440) crystallographic planes. Fe® was identified
from the peaks at 44.6° and 82.35° 20, which align with the (110) and (211) planes. The observed phases all
matched the standard JCPDF references for Fe,0,(No. 01-075-0033)*¢ and Fe’(No. 00-001-1262).

The magnetic phases in the MPC materials formed as a consequence of redox reactions and carbothermal
reduction during pyrolysis, as explained in earlier works®. The larger iron precursor content generated a greater
proportion of magnetic phases during synthesis. Evidence for this is seen in the threefold intensity of the Fe,O,
peak of MPC-Fe2 at (311) compared with MPC-Fel. The higher Fe,O, peak intensity in the pattern of MPC-
Fe2 indicate that greater levels of iron precursor content promoted more oxidation, causing more Fe,O, to
form®. However, both samples showed similar intensity levels for the Fe? peaks, suggesting that reduction to Fe®
was primarily affected by the carbon precursor rather than the iron precursor, from which it was inferred that
reduction occurred in a similar manner in both samples.

The XRD patterns of the carbonized samples indicated that turbostratic carbon was present in the samples.
This particular structure has randomly disordered graphene layers that result in the presence of both ordered and
disordered regions. The patterns show LDCC (less-developed crystalline carbon) and MDCC (more-developed
crystalline carbon), with LDCC confirmed by the wide hump at around 20-30° 26, suggesting lower crystallinity
and greater disorder in the structure?’. The hump corresponds to the disordered turbostratic regions, which
feature misaligned graphene layers. Meanwhile, the slight peak at 26° 26 corresponds to the MDCC region,
indicative of more ordered crystalline carbon, which may be a graphitic or similarly organized carbon form.
In the pattern of MPC-Fe2, the more pronounced MDCC peak, slightly stronger than the broad LDCC hump,
suggested a crystalline structure comprising ordered carbon regions as part of a turbostratic structure. However,
such obvious separation between the peak of MDCC and the hump of LDCC was not present in the pattern of
MPC-Fel, as the MDCC peak overlapped the wide hump. Although the right shoulder of the hump was raised
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Fig. 1. (a) XRD patterns of all prepared samples and (b) VSM analysis of the synthesized magnetic porous
carbon composite materials.
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somewhat, indicating the presence of at least some ordered crystalline regions, albeit fewer than for MPC-Fe2.
This difference indicated a less-developed carbon structure by comparison with MPC-Fe2, which benefitted
from the catalytic effect of the higher iron content. The synergistic combination of turbostratic carbon and
magnetic phases of Fe,0, and Fe’*! contributes to the adsorption and magnetic properties, which give the
material its dual functionality.

Figure 1b presents the VSM analysis, showing the magnetic properties of MPC-Fel and MPC-Fe2. Their
ferromagnetic qualities were confirmed by the hysteresis loop*?, while MPC-Fe2 exhibited a greater saturation
magnetization (Ms) of 10.24 emu/g, suggesting a higher degree of magnetic responsiveness. The higher
saturation magnetization of MPC-Fe2 was due to the greater Fe,O, content, as determined by XRD analysis.
Strong magnetic qualities could allow the adsorbent to be quickly and easily recovered and reused following
treatment, so lengthy filtration steps would not be necessary.

The pore characteristics of the synthesized porous carbon materials were evaluated using N, sorption
measurements to determine surface areas, total pore volumes (V,  at p/p°= 0.97) and pore size distributions.
All samples exhibited a sharp increase in N, adsorption when the pressure was relatively low (p/p°< 0.1)
(Fig. 2a), suggesting strong adsorption interactions in small pores and indicating that the structure was mainly
microporous®’. Mesopores are also present according to the presence of a small hysteresis loop. Mesopores
promote better gas diffusion and adsorption.

Table 1 compares the porosity parameters, revealing that specific surface area (Sy;) and overall porosity
increased upon the incorporation of iron into the carbon material. As the iron content increased, pore
development was enhanced, leading to a greater total pore volume which in this case was shown as an increase
from 0.17 cm®/g to 0.21 cm®/g. To further analyze the pore structure, the ¢-plot method was employed to
calculate the micropore volume (V. ), from which the mesopore volume (V) was subsequently derived.
The results indicate an increase in V,_  with the addition of iron scrap. Moreover, the Barrett-Joyner-Halenda
(BJH) method revealed that the pore size distributions of MPC-Fel and MPC-Fe2 were wider than that of PC.
The BJH curves (Fig. 2b-d) showed a shift toward larger pore diameters. In addition to rearranging the structure
of the pristine carbon (PC), the introduction of iron promoted pore expansion and contributed to the formation
of more mesopores*.

The activation mechanism of PC, MPC-Fel, and MPC-Fe2 highlighted the role of HCI treatment and iron
incorporation in modifying pore structure. For PC, HCI was the sole contributor to activation. HCI partially
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Fig. 2. (a) N, adsorption-desorption isotherms of all samples. The corresponding pore size distributions,
calculated using the BJH method, are shown for (b) PC, (c) MPC-Fel, and (d) MPC-Fe2.
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Samples (Sll':ls}}g) Xﬁz}/ 8) anllilq7g) anltel?/g) % Vo f\lg;t/)gmon capacy
PC 425 0.17 0.15 0.02 11.23 179.1 £0.3
MPC-Fel | 459 0.18 0.15 0.03 16.60 206.9 £0.4
MPC-Fe2 | 505 0.21 0.17 0.05 21.55 295.2+£0.2

Table 1. Pore properties of as-prepared samples and their tetracycline adsorption capacity.

hydrolyzed lignocellulosic biomass components*®, weakening chemical bonds to create a network of micropores
(< 2 nm) following pyrolysis*’*8. HCI also promoted oxidation, which in turn removing unstable organic
matter and affecting the pore structure by producing functional groups that contained oxygen?®°. In the case
of MPC-Fel and MPC-Fe2, the addition of iron scrap to HCl catalyzed the development of both mesopores and
micropores®»°!. Pore expansion was boosted by both iron concentrations used. Structural reorganization was
catalyzed by iron during pyrolysis, so the pore network became more open and better integrated, while the pore
volume and surface area were increased®”. In particular, MPC-Fe2 exhibited a moderate increase in mesopore
formation (2-50 nm), indicating that the higher iron content promoted mesoporosity and overall porosity. The
formation of pores was facilitated by the use of acid and the incorporation of iron, with HCl activation inducing
microporosity while iron scrap catalyzed the generation of mesopores. This progressive enhancement from PC
to MPC-Fe2 demonstrates the synergy of chemical activation and the catalytic effect of iron in creating high-
performance porous carbon materials. In addition to the activation of pore generation, the use of iron scrap also
promotes the development of magnetic phases, as explained earlier, allowing the production of materials that
can be recovered with a magnetic field.

The FTIR spectra of PC, MPC-Fel, and MPC-Fe2 (Fig.S1) revealed the presence of diverse functional groups
in all the studied materials. The C=0 stretching vibration of carbonyl groups was detected at around 1750 cm™,
which could represent quinones or conjugated carboxylic acids®>. The peaks at approximately 1480 cm~'and 1110
cm™!indicate C-O stretching vibrations which were attributed to phenol, carboxylate, or ether functionalities™.
The peak at around 2348 cm™ was due to CO,stretching vibrations from the surrounding atmosphere, an
artifact commonly observed in FTIR spectra®. Furthermore, the broad O-H stretching band from 2500 cm™!
to 3300 cm™! corresponds to carboxylic acid (-COOH) groups®®. The band at about 3600 cm™! was attributed
to O-H stretching in phenols or alcohols®”. The strong peak at 1594 cm™ was designated as C=C stretching in
graphitic structures®®, providing evidence of the turbostratic carbon framework in line with the XRD findings.
Moreover, the strong absorption band around 550-600 cm™! was a consequence of Fe-O vibrational modes, and
demonstrated the incorporation of iron oxide nanoparticles (Fe,O,) in the carbon matrix™. This band was not
produced by non-magnetic samples, thus confirming that iron oxide was integrated within the magnetic porous
carbon composite structure.

The preliminary adsorption results under the following conditions—adsorbent: 0.010 g, initial tetracycline
concentration: 500 mg/L, solution volume: 100 mL, and equilibrium time: 48 h—suggested a varied uptake of
TC for the different synthesized porous carbon materials, which was dependent on pore characteristics. MPC-
Fe2 offered the greatest surface area and mesopore volume, and duly exhibited the greatest TC adsorption, at
295.2 mg/g. Consequently, MPC-Fe2 was selected for further characterization and a detailed investigation of its
adsorption behavior to elucidate the adsorption mechanism and assess its practical applicability.

The SEM-EDS analysis of MPC-Fe2 (Fig. 3) revealed the morphological characteristics and elemental
composition of the material. The morphology of the magnetic carbon composite was irregular and porous, and
the surface was rough and fragmented. EDS mapping showed that the elements of carbon, oxygen and iron were
evenly distributed throughout the material. The carbon signal confirmed that the composite was carbonaceous,
and the oxygen signal was derived from surface functional groups, which potentially supported adsorption. EDS
mapping also indicated the dense localization of iron and oxygen in certain areas where magnetic particles were
embedded. These particles were visible throughout the surface, in varying sizes and shapes. The EDS spectrum
presented three clear peaks, associated with the iron Ka (6.4 keV), K (7.1 keV), and La (0.7 keV) lines. These
results showed that iron was effectively incorporated within the composite material and provided validation of
the presence of an iron phase.

The TEM image of MPC-Fe2 in Fig. 4a revealed iron-based nanoparticles within and on the carbon matrix
that could enhance the magnetic qualities of the composite. Figure 4b revealed MPC-Fe2 at greater magnification.
Graphitic-like turbostratic carbon was observed with a d-spacing of 0.36 nm, corresponding to the (002) plane
of graphitic carbon®. The turbostratic structure was formed as a consequence of misaligned graphene layers,
producing defects and stacking faults, which increased the surface area and availability of active sites, leading
to improved adsorption®-2. The observed interlayer spacing was consistent with the XRD results, further
confirming the structural characteristics of the material. The SAED pattern (Fig. 4c) confirmed crystallinity by
the presence of bright spots and diffraction rings that were attributed to Fe,O, and metallic Fe. The composition
of MPC-Fe2 shown in Fig. 4d aligned with the SEM-EDS mapping. It can be seen that iron was distributed from
both Fe,O, and Fe’, while oxygen was distributed from Fe,O, and surface functional groups which contained
oxygen. Carbon was distributed throughout the porous carbon matrix. It was thus concluded that the iron-based
nanoparticles were incorporated throughout the carbon framework.

The surface chemical composition of MPC-Fe2 and the oxidation states of the carbon and iron species were
examined through XPS analysis. The survey spectrum (Fig. 5a) shows that iron, oxygen, and carbon were all
present. The C 1s spectrum (Fig. 5b) presented peaks associated with C-C/C=C (284.50 V), C-O-C/C-OH
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Fig. 3. SEM-EDS analysis of MPC-Fe2, showing the color-coded distribution of C, O, and Fe elements, along
with their respective atomic percentages.
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Fig. 4. (a) TEM image of MPC-Fe2 at x8,000 magnification, (b) TEM image at x500,000 magnification, (c)
Selected Area Electron Diffraction (SAED), and (d) energy-dispersive X-ray spectroscopy (EDS) mapping.

(286.02 eV), C=0 (287.60 V), and COOH (288.74 eV), confirming that carbonization had occurred and
oxygenated functional groups had been successfully incorporated during pyrolysis®*®*. Table S2 shows the
existence of a dominant C=C peak in addition to n-m* resonance (290.56 eV), indicating partial graphitization.
This result aligned with the earlier XRD findings of the formation of turbostratic carbon. The O 1s spectrum
(Fig. 5¢) revealed the contributions of Fe,O, (530.57 V), C=O/COOH (531.98 eV), and C-OH/COOH (533.28
eV), and confirmed the presence of oxygenated functional groups®. These findings were consistent with
the FTIR spectra, which presented characteristic bands corresponding to these particular bonds. The Fe 2p
spectrum (Fig. 5d) revealed the presence of metallic Fe alongside Fe** and Fe*", which are characteristic of
Fe,0,. The formation of mixed-valence iron oxides was confirmed by satellite peaks®. The coexistence of Fe?*
and Fe’* in Fe,O, implied that iron was oxidized during the high-temperature treatment and then reduced
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Fig. 5. (a) Wide scan of MPC-Fe2, and deconvolutions of high-resolution XPS spectra for elements in MPC-
Fe2: (b) C 1s, (c) O 1s, and (d) Fe 2p.

to metallic Fe? in the carbon-rich environment. The XRD study also indicated the presence of both Fe’ and
Fe,O, phases. Furthermore, the XPS analysis supported the SEM/EDS and TEM/EDS results, from which it was
concluded that Fe,O, and Fe® were present in addition to oxygen functionalities distributed across the carbon
matrix. These findings highlighted the structural and chemical characteristics of MPC-Fe2 that could influence
its physicochemical properties and potential applications.

Adsorption of tetracycline

To assess whether a given material will effectively remove a pollutant, it is necessary to understand the adsorption
behavior of the pollutant on the adsorbent. The adsorption kinetics and isotherms of TC on MPC-Fe2 were
investigated using different adsorption times and TC concentrations. Adsorption behavior was then determined
from the non-linear fitting of the resulting data to kinetics and isotherm models.

The PFO and PSO kinetic models can be used to describe the adsorption kinetics of the magnetic carbon
composite, comparing the two to establish which offers the better fit (Fig. 6a and b). The PFO model assumes
that the adsorption rate is in direct proportion to the difference between the number of adsorbed molecules
and the number of vacant sites. The relationship appears linear when concentrations are low, while saturation
is reached as the concentration increases. The PSO model assumes that the adsorption rate is in proportion to
the square of the number of available adsorption sites. This model typically works when the adsorption process
is limited due to site availability rather than surface coverage. Given that the R? in this study was greater for the
PSO model (R?=0.9991), the PSO model more accurately represented the kinetics of adsorption of TC on MPC-
Fe2. It was thus inferred that the rate-limiting step was connected to adsorption site availability rather than the
adsorbate concentration gradient.

The adsorption isotherm for MPC-Fe2, along with the non-linear fitting obtained from the Langmuir,
Freundlich, Temkin, and Guggenheim-Anderson-de Boer (GAB) models, are shown in Fig. 6¢-f. These models
were selected due to their common application in adsorption isotherm studies, with each providing different
insights into the nature of the adsorption process. The Langmuir model, for instance, assumes monolayer
adsorption on a surface with a finite number of identical sites, while the Freundlich model describes adsorption
on heterogeneous surfaces with varying adsorption energies. The Temkin model accounts for the effects of
indirect adsorbate-adsorbate interactions®, and the GAB model is particularly useful for describing multilayer
adsorption phenomena®’. The fitting process was performed using a non-linear regression approach to minimize
the sum of squared errors and obtain the best-fit parameters for each model. The corresponding parameter
values and fitting results are presented in Table S3.

Scientific Reports |

(2025) 15:16098 | https://doi.org/10.1038/s41598-025-00610-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Equilibrium Adsorption Capacity (q,, mg/g) Adsorption Capacity (q, mg/g)

Equilibrium Adsorption Capacity (q,. mg/g)

1404 ¢ MPC-Fe2
----PFO

1204
1004 ol F
] =
80 i

-
604 «

e

0 500

Time (t, min)

1000 1500 2000 2500 3000

o MPC-Fe2
—— Langmuir

500

250+

0 400

800

1200

1600

Equilibrium Concentration (C,. mg/L)

« MPC-Fe2

500+

0 400

800

1200

1600

Equilibrium Concentration (Cg, mg/L)

Adsorption Capacity (q,, mg/g)

Equilibrium Adsorption Capacity (q,, mg/g)

Equilibrium Adsorption Capacity (q,, mg/g)

o MPC-Fe2

1----PSO

750

500

Time (t, min)

1000 1500 2000 2500 3000

»  MPC-Fe2
Freundlich

500
2501
0 .
0 400 800 1200 1600
Equilibrium Concentration (Ce., mg/L)
750
s MPC-Fe2
GAB
500
=
2501
=
0 -
0 400 800 1200 1600

Equilibrium Concentration (C,. mg/L)

Fig. 6. Effect of contact time on tetracycline (TC) adsorption onto MPC-Fe2, with experimental data shown
including standard deviation bars (in black), and non-linear fitting using: (a) pseudo-first-order (PFO) model,
(b) pseudo-second-order (PSO) model. Adsorption isotherm data, also shown with standard deviation bars
(in black), are fitted using non-linear models: (¢) Langmuir, (d) Freundlich, (e) Temkin, and (f) Guggenheim-
Anderson-de Boer (GAB).

Among the four isotherm models evaluated, the GAB model offered the best fit to the experimental data for
tetracycline adsorption on MPC-Fe2, with a high coefficient of determination (R?= 0.9971). This model accounts
for multilayer adsorption and incorporates intermolecular interactions beyond the initial monolayer. The fitted
maximum monolayer adsorption capacity () was 319.4 mg/g, which is in good agreement with the observed
adsorption plateau, indicating a reasonable representation of surface saturation. The model parameters, K, =
9.45 x 107 and K,= 3.72 x10™* L/mg, correspond to the affinity of tetracycline for the primary adsorption
sites and the interaction strength contributing to multilayer formation, respectively. The highest adsorption
capacity observed for MPC-Fe2 under the tested conditions was 687.6 mg/g, recorded at an initial tetracycline
concentration of 1500 mg/L.
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Fig. 7. Proposed adsorption mechanism of MPC-Fe2 for tetracycline.

Figure 7 illustrates the proposed mechanism of TC adsorption on MPC-Fe2. The process was influenced by
the pore structure and surface chemistry of the adsorbent. According to both FTIR and XPS analyses, oxygen-
containing functional groups were present at the carbon surface, including carbonyl (C=0), carboxyl (COOH),
hydroxyl (C-OH), and ether (C-O-C). C=C bonds were also observed, which are typical of turbostratic
structures. All of these functional groups were able to interact with TC molecules, generating adsorption
sites that offered different levels of affinity, producing a heterogeneous adsorption process. In particular, -7
interactions between the aromatic rings of TC and the n-electron-rich turbostratic carbon formed strong bonds
as the delocalized electrons overlapped®. Additionally, hydrogen bonding played a role in stabilizing adsorbed
TC, as the -NH,and -OH groups in TC could form hydrogen bonds with the oxygen-containing functional
groups on MPC-Fe2%. Electrostatic interactions also contributed to the adsorption process, with the protonated
secondary ammonium group in TC enhancing the interaction’’.

In addition to surface chemistry, adsorption was also affected by the pore structure of the adsorbent. The
specific surface area of MPC-Fe2 was relatively large, at 505 m?/g, while the total pore volume was 0.21 cm?/g.
The well-developed pore structure of the adsorbent enhanced the adsorption of TC. Since the surface area of
the adsorbent was large, there were numerous sites where physical adsorption could occur, and the high pore
volume helped accommodate TC molecules, which were readily confined within the pores’’. Thus, the pores
were efficiently filled, and the adsorbed species were stabilized. These synergistic effects resulted in a maximum
adsorption capacity of 687.6 mg/g, highlighting the effectiveness of MPC-Fe2 in removing TC from aqueous
solutions.

Adsorbent reusability

The reusability of an adsorbent is a critical property that lowers costs and allows large-scale systems to remain
economically feasible. Adsorbent reusability was assessed here by running a series of adsorption-desorption
cycles. In the initial cycle, the efficiency of pollutant removal was normalized to 100%, with subsequent cycles
then compared to this base. Fig. S2a (left axis) shows that the percent removal was stable for the first three
cycles but then slightly decreased to 95% by the fifth cycle, while the adsorbent retained its magnetic qualities
as presented in Fig. S2b.

To ensure environmental safety and the potential for real-world applications, the iron leaching behavior of
MPC-Fe2 was evaluated. Fig. S2a (right axis) presents the measured concentrations of iron released into solution
after each cycle. The results confirm that the amount of iron leaching remained consistently low across all cycles,
with concentrations well below the World Health Organization (WHO) guideline limit of 0.3 mg/L for iron in
drinking water’2. This finding is important, as excessive leaching of iron not only raises concerns about water
quality and safety but also indicates structural degradation of the adsorbent. In this study, the minimal leaching
observed suggests strong chemical stability of the iron species immobilized within the adsorbent matrix.
Therefore, MPC-Fe2 not only demonstrates excellent reusability and magnetic separability but also meets safety
standards for metal release, supporting its practical applicability in water treatment processes.

Scientific Reports |

(2025) 15:16098 | https://doi.org/10.1038/s41598-025-00610-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Comparative study

Table S4 provides a comparison of various iron-based magnetic carbon composite adsorbents for tetracycline
removal, including the magnetic porous carbon composite (MPC-Fe2) prepared in this study. The key attributes
highlighted include sources of magnetic properties, preparation methods, material properties, and adsorption
performances. The MPC-Fe2 adsorbent stands out for its unique in situ protocol, which integrates carbonization,
activation, and magnetization in a single step, making it more cost-effective, time-efficient, and energy-efficient
than processes that separate these steps. Although other studies have sought to combine the three processes,
they have mostly used external activators for pore creation, and commercial iron salts as the magnetic source,
adding costs and complicating the process. The use of iron scrap for magnetization and pore activation along
with the integration of the three steps is a much more sustainable approach. In terms of adsorption capacity,
MPC-Fe2 ranks among the best reported so far, surpassing many other materials, possibly due to its large
surface area, well-developed pore structure, and diverse surface functionalities. While it does not offer superior
magnetization in comparison to some other adsorbents, its magnetic response is sufficient for easy and quick
recovery of the adsorbent.

Conclusion

This study demonstrates the effective valorization of agricultural and industrial waste by using sugarcane bagasse
and iron scrap to fabricate a highly efficient magnetic composite adsorbent that offers a sustainable approach
to water purification. By integrating carbonization, magnetization, and activation in a single-step process, the
synthesis not only reduces production costs but also saves time and energy compared to traditional multi-step
methods. The use of iron scrap as both a magnetic precursor and a pore activator simplifies the synthesis process,
eliminates the need for chemical activators, and supports the circular economy. The high adsorption capacity
and reusability of the magnetic adsorbent material suggest its feasibility for large-scale water treatment. The easy
recovery of the magnetic composite adsorbent further enhances its real-world potential. This work not only
addresses the problem of water contamination but also offers a scalable, cost-effective, and environmentally
friendly solution.

Data availability
The datasets generated and/or analysed during the current study are available in the Mendeley Data repository,
DOT: https://doi.org/10.17632/pn3vdzng92.1.
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