Open Access Article. Published on 18 2025. Downloaded on 09.12.25 14:07:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Sustainability

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
3530

Received 30th April 2025
Accepted 17th June 2025

DOI: 10.1039/d5su00312a

rsc.li/rscsus

Sustainability spotlight

Facile fabrication of magnetite (Fe;0,)
nanoparticles by hydrothermal carbonization of
waste iron supplementsT

Ahmed I. Yunus, ©2 Samuel A. Darko,*® Yongsheng Chen ©?
and Joe F. Bozeman |/*@

We report a novel, time-dependent synthesis of magnetic magnetite (FezO4) and maghemite (Fe,Oz)
nanoparticles (MNPs) embedded in hydrochar via hydrothermal carbonization (HTC) of expired
pharmaceutical waste containing iron-based supplements. This unique circular reuse and waste
valorization proposition offers pharmaceutical waste as a sustainable iron-rich feedstock for MNP
fabrication. The synthesis was conducted at a fixed temperature of 275 °C with residence times of 6 and
12 h, producing maghemite- and magnetite-dominant phases, respectively. Unlike conventional
methods that rely on high temperatures, toxic reagents, or complex protocols, our approach offers
a low-cost, sustainable route for functional nanomaterial production. The structural, morphological, and
surface chemical characteristics of the MNP hydrochar were elucidated using XRD, SEM, and FTIR
analyses. To evaluate environmental sustainability, we performed a comparative life cycle assessment
(LCA) against co-precipitation and pyrolysis/gasification methods. The HTC route exhibited the lowest
environmental impact across multiple TRACI 2.1 impact categories. Finally, the adsorption performance
of the fabricated MNP hydrochar was assessed in a model methylene blue (MB) wastewater system,
demonstrating >95% removal efficiency and an adsorption capacity of 1.38 mg g~. These findings
present a viable pathway for integrating waste valorization, green nanomaterial synthesis, and sustainable
wastewater treatment.

With the increasing demand for nanomaterials, sustainable fabrication methods are urgently needed. This study introduces a low-energy hydrothermal

carbonization (HTC) route to synthesize magnetite and maghemite nanoparticles (MNPs) from expired iron-rich pharmaceutical waste. Through integrated life

cycle assessment (LCA), we demonstrate substantially lower environmental impacts compared to conventional co-precipitation and pyrolysis/gasification
processes. The fabricated MNPs effectively removed methylene blue (MB) dye from simulated wastewater, illustrating how nanoscale materials can drive

macroscale environmental benefits. By coupling waste valorization, green nanomaterial synthesis, environmental impact assessment, and functional validation,
this work advances circular economy strategies for sustainable chemical manufacturing. It directly contributes to the UN Sustainable Development Goals (SDGs)

of responsible consumption and production; industry, innovation, and infrastructure; clean water and sanitation; climate action.
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1 Introduction

The paradigm shift from the industrial age to the digital and
electronic age, encompassing artificial intelligence and
machine learning landscape, puts pressure on sustaining

Atlanta, GA 30318, USA. E-mail: sdarko@stu.edu; joe.bozeman@ce.gatech.edu;
ayunus7@gatech.edu; yongsheng.chen@ce.gatech.edu

*Department of Physics and Engineering, Benedict College, Columbia, SC 29204, USA
“College of Science and Technology, St. Thomas University, Miami Gardens, FL 33054,
USA

“School of Public Policy, Georgia Institute of Technology, Atlanta, GA 30332, USA

T Electronic supplementary information (ESI) available: Section 1. FTIR, XRD,
SEM, and EDX characterization of solid MNP hydrochar. Section 2. LCA
functional unit, scenarios, and study boundary. Section 3. LCA inventory,
environmental impact assessment, and interpretation. Section 4. Comparative
analysis of the ten (10) TRACI 2.1 impact categories. See DOIL:
https://doi.org/10.1039/d55u00312a

3530 | RSC Sustainability, 2025, 3, 3530-3547

natural resources globally. These natural resources include
metals for nano-materials, which are highly used for producing
microchips, semiconductors, and other digital hardware
components.' Consequentially, nanoparticles are being fabri-
cated at an astonishing pace to enhance the miniaturization of
digital hardware. Iron (Fe)-doped carbon—the nanoparticles of
focus in the present study—is essential to this new global
economy.*® At the same time, metal waste generation—from
extraction to the end of life of metal-based products—has led to
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a global waste management catastrophe. Therefore, new reuse
avenues of metal waste, such as Fe, are urgently needed.

Fe, Fe-doped, or Fe-encapsulated carbons have become very
attractive nanomaterials for hardware manufacturing to
support the digital and electronic age. Due to Fe-doped carbons'
superparamagnetic properties, their applications as nano-
particles are diverse and of utmost importance to the present
study, wastewater treatment.*' In wastewater treatment,
disinfection and color, oil, and heavy metal removal are the
main applications of Fe nanoparticles.”*** For example,
previous studies have utilized Fe-doped carbon materials—such
as biochar—for adsorption of oil and synthetic dyes (e.g,
methylene blue (MB)).'*** Other previous studies have used Fe
nanoparticles—such as magnetite (Fe;0,)—for Fenton oxida-
tion due to their ability to break down bacteria and organic
pollutants through hydroxyl radical production.'>>*>>

As aresult of economic and environmental importance of Fe-
doped nanoparticles, the synthesis of magnetic magnetite
(Fe304) or maghemite (Fe,O3) nanoparticles (MNPs) has been
the subject of many previous studies, with some even claiming
their approach as “green” or sustainable.**'“'®'” However,
a critical knowledge gap remains: these studies lack a compre-
hensive life cycle assessment (LCA) of their MNP fabrication
process to quantify the environmental impact. Green or
sustainable chemistry emphasizes reducing or eliminating the
use and generation of hazardous chemicals in its processes.*
The goal is to be safer, efficient, and environmentally friendly
while eliminating waste.** For example, several studies have
suggested that employing physical and chemical methods—
such as ball milling, pyrolysis, co-precipitation, the sol-gel
process, and electrochemical synthesis—are sustainable
approaches.””*?!' However, these previous studies applied
methods utilizing several reagents, and their fabrication steps
were proven expensive and chemically intensive, and therefore
were environmentally dangerous.®72%2%32

A potential solution to reduce the expensive reagent use and
hazardous fabrication activities associated with synthesizing
and fabricating MNPs could be hydrothermal carbonization
(HTC).>**3* HTC is an effective technology for the treatment
and conversion of diverse feedstocks—such as food waste,
municipal waste, and plant material, to obtain energy-dense
biocrude, hydrochar, and other innocuous end products—
which can be used as adsorbents in wastewater treatment and

electronic =~ component manufacturing among many

others.*353%°

To address the LCA-based critical knowledge gap in the
evaluation of MNP fabrication, we examined the HTC process
because the energy balance involved is quite interesting.
Attractively, HTC feedstock does not need to be dried, allowing
for large energy savings.** Also, a significant percentage of
carbon in the original HTC feedstock remains integrated within
the hydrochar (the HTC end-product), ultimately minimizing
greenhouse gas emissions.**** Lastly, HTC requires less mate-
rial processing (e.g., dewatering, sieving, grinding, etc.) and
handling (e.g., sterilization, dust removal, etc.).>**’

Building on these findings, our main goal is to fabricate
MNPs using HTC with dietary Fe supplements as our rich

© 2025 The Author(s). Published by the Royal Society of Chemistry
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source of Fe. This stems from the fact that, to sustainably
fabricate MNPs, the incoming feedstock type is essential to
ensure that the fabricated MNPs have the correct composition
of crystallinity, nanoparticle sizes, and magnetic proper-
ties.29303438 Ag g result, Fe-rich waste materials have been eval-
uated as sustainable feedstock with the potential to yield
MNPs.?>%%3438 Examples of waste feedstocks with a high Fe
content are steel slag, bauxite residue, Fe ore tailings, and spent
catalysts from industrial reactors—such as hydro-
desulfurization or Fischer-Tropsch.***' These types of Fe-rich
waste materials can ensure a greater yield of MNPs,?%303438

To achieve our main goal of fabricating MNPs through the
HTC route and comparatively evaluate this facile process with
common processes, we established five (5) objectives. Our study
follows the logical outline of these objectives, and they are (1)
investigate the potential of HTC treatment in converting Fe-rich
feedstock (i.e., Fe dietary supplements) to MNPs by producing
MNP hydrochar; (2) study the effect of temperature and reaction
time on the yield and characteristics of the produced MNP
hydrochar; (3) examine the microstructure and chemical
composition of the produced MNP hydrochar using Fourier
Transform Infrared (FTIR) spectroscopy, X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDX); (4) investigate in a novel
way the sustainability of HTC for MNP fabrication compared to
pyrolysis/gasification and co-precipitation through a complete
LCA; finally, (5) comparatively evaluate the adsorption perfor-
mance of the HTC-fabricated MNP hydrochar in the removal of
MB from wastewater.

2 Materials and methods
2.1 Raw materials

The feedstock used in the present study comprised over-the-
counter expired Fe dietary supplements that a local healthcare
facility donated. They contained ferrous fumarate (>95%) as the
main ingredient along with others (<5%) (i.e., amino acids,
chelates, citrates, rice flour, and gelatin). Our HTC feedstock
presents a sustainable pathway to reducing pharmaceutical
waste. The target feedstock of this study was Fe-rich waste
materials with 33-40% elemental Fe; hence, the availability of
a large amount of expired Fe dietary supplements met this
criterion. The Fe dietary supplements were in a capsule form,
which was then opened to obtain the powdered Fe supplement,
increasing its surface area and heterogeneity. The Fe supple-
ment was also dry, requiring the addition of water for the HTC
process.

2.2 Batch MNP hydrochar production

To satisfy objective 1, batch production of MNP hydrochar was
conducted in a laboratory. All batch carbonization experiments
were conducted following previously established procedures in
the studies of Sarrion et al. (2023) and Berge et al. (2011).*>** The
method used in the present study is illustrated in Fig. 1.
Consequently, 20 g of feedstock and 20 g of deionized (DI) water
were placed in 160 mL stainless steel tubular reactors (i.e.,

RSC Sustainability, 2025, 3, 3530-3547 | 3531


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00312a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 2025. Downloaded on 09.12.25 14:07:05.

(cc)

RSC Sustainability

View Article Online

Paper

($)
-
I
14
(o]
'S
X
(%]
o
(/7]
(=]
w
w
('S

Ferrous fumarate, amino acid
chelate & citrate, Rice flour ,

= Reaction Time: 6 and 12 h
= Temperature: 275 °C
= Feedstock: 20 g + 20 g DI-H,O

HTC Reactors
Gelatin.

Fig. 1 Feedstock content and MNP hydrochar batch production method using HTC.

25.4 cm long) fitted with gas-sampling valves. All reactors in
experimental triplicates were subsequently sealed and heated in
a laboratory oven to the desired temperature of 275 °C for 6 and
12 hours (h) of reaction times, as illustrated in Fig. 1.

2.3 Phase quantification of MNP hydrochar

Quantification of the phases of the produced MNP hydrochar
was conducted in steps to achieve objective 2. Firstly, after each
batch production, when the reaction time was reached, the
reactors were safely removed from the oven and placed in open
air until they reached room temperature (~23 °C). The cooling
stage took approximately three (3) h, which was not included in
the total reaction time.

Secondly, after cooling, the gaseous product was discharged
into a fume hood, and the solid phase was separated from the
liquid by vacuum filtration. Then, the solid phase material was
dried at 80 °C to remove residual moisture. MNP hydrochar is
denoted using the following nomenclature: Fe(t), where Fe
stands for the Fe supplement and ¢ for the reaction time.

Lastly, a mass balance analysis of the HTC process was
performed using the steps and equations in Sections 2.3.1 and
2.3.2. The inputs of the mass balance analysis were the DI water
and feedstock, whereas the outputs were the solid phase (i.e.,
dried MNP hydrochar), the liquid phase (process liquid or tar),
and the gas phase. To quantitatively account for the gas phase,
we assumed the difference between the initial and final masses
of the solid and liquid phases.

2.3.1 Liquid phase content after HTC batch production.
Since objective 2 focuses on the yield and characteristics, the
liquid phase content of the produced MNP hydrochar was
calculated using eqn (1) below:

3532 | RSC Sustainability, 2025, 3, 3530-3547

Wi — Wop
WOD

Moisture content = ( ) x 100% 1)

Eqn (1) presents the formula for calculating the moisture
content for MNP hydrochar, where W; is the initial weight
(feedstock) and Wop (MNP hydrochar) is the weight after oven
drying.

2.3.2 Solid phase content after HTC batch production.
Next, in objective 2, the solid phase content was the focus of the
HTC batch production process. The higher the solid phase
yield, the higher the production of MNP hydrochar. Hence, the
yield percentage of the MNP hydrochar at different reaction
times was calculated using the following equation:

MNP hydrochar yield = (%) x 100% (2)
t

Eqn (2) presents the solid phase yield % of HTC, where W, is
the weight of the dry MNP hydrochar product and W is the
weight of the feedstock sample before HTC processing.

2.4 Characterization of the solid MNP hydrochar

To fulfill objective 3, the MNP hydrochar was characterized using
FTIR, XRD, SEM, and EDX to elucidate its functional groups,
crystalline structure, surface morphology, and elemental
composition. The instrumentation and analytical rigor steps
employed in this pursuit are detailed in Section 1 of the ESL}

2.5 Life cycle assessment of MNP hydrochar production

Although numerous studies have labeled their MNP fabrication
method as “green” or “sustainable,” they lack adequate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 System boundary for the LCA of magnetite (FesO,4) nanoparticle (MNP) production via three pathways: (1) hydrothermal carbonization
(HTC), (2) pyrolysis/gasification, and (3) co-precipitation. The red dashed box delineates the LCA study boundary, encompassing resource inputs
(chemicals, water, and energy) and emissions outputs (air, water, land, and energy). Blue-outlined rectangles represent the feedstock input
streams for each scenario.

(ISO) 14044:2006 framework for LCA, which provides a rigorous
and internationally accepted methodology for evaluating envi-
ronmental impacts across a process or system. Our compre-
hensive LCA approach is illustrated in Fig. 2 and summarized in
Table 1.

quantitative evidence to substantiate these claims. In alignment
with objective 4, the sustainability performance of HTC for MNP
fabrication was systematically investigated and benchmarked
against pyrolysis/gasification and co-precipitation. To ensure
our method is reproducible and scientifically rigorous, we
utilized the International Organization for Standardization

Table 1 LCA of MNPs produced per gram of Fe-rich feedstock processed: resource (input) and emission (output) inventory data®

Parameter Scenario 1: hydrothermal carbonization (HTC)”  Scenario 2: pyrolysis & gasification® Scenario 3: co-precipitation?

Open Access Article. Published on 18 2025. Downloaded on 09.12.25 14:07:05.

(cc)

Feedstock/chemicals
Waste feedstock (g)
Air input (L)

Water (mL)
FeCl;-6H,0 (g)
FeSO,-7H,0 (g)
NH,OH (mL)

NaOH (mL)

HCI (mL)

Energy

Heat energy (kW h)
Electricity (kW h)
Byproducts

Solid residue (g)

Tar byproduct (liquid) (g)
Syngas byproduct (gas) (g)
Reaction conditions
Reaction temperature (°C)

Reaction atmosphere

Reaction time (h)

1 (Fe-rich waste feedstock)
N/A

1

N/A

N/A

N/A

N/A

N/A

0.32-0.35
0.80-0.85
MNP hydrochar, tar, and syngas
0.21-0.23
0.65-0.66
0.07-0.12

275-300

Sealed autoclave or pressurized reactors

(23 MPa (megapascals) to 40 MPa) and aqueous
6 to 12

1 (biomass waste feedstock)
5

N/A

0.7117

0.400

60

N/A

N/A

0.33-0.93

0.81-1.85

MNP biochar, tar, and syngas
0.25-0.45

0.4-0.45

0-0.2

280-800
Air and inert gas (N,)

1to3

N/A

N/A

N/A

1.082

0.556

20 (1 M)

20

20 (5.49 mol L™ solution)

0.07-0.09

0.37-0.41

MNPs and salt residue
0.75-0.9

0.15-0.25

0

60-80
Aqueous and stirred

0.5to 2

“ N/A = not typically applicable in the reaction process. ” LCA inventory data for HTC were gathered from this study. © LCA inventory data for
pyrolysis/gasification MNP fabrication method were from ref. 17, 29, 41, 44 and 45. ¢ LCA inventory data for co-precipitation MNP fabrication
method were from ref. 4, 6, 7, 11, 18, 19 and 46-48.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 3530-3547 | 3533
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Fig. 2 illustrates the study boundary for LCA evaluation
between the three (3) scenarios (i.e., HTC, pyrolysis/gasification,
and co-precipitation), whereas Table 1 presents resource input
and output inventory data. The functional unit is the total mass
of MNPs produced per gram of Fe-rich feedstock processed.
This functional unit is derived from the solid, liquid, and gas
phase quantification (i.e., mass balance analysis) of the HTC
process used in this study (refer to Table 1). For comparative
analysis with pyrolysis/gasification and co-precipitation
processes, the mass yields of MNPs from literature studies
were utilized, as presented in Table 1. This comparative LCA
evaluation integrated process inventories, impact assessment,
and multi-criteria ranking to elucidate the relative environ-
mental implications of each fabrication route. Further in-depth
methodological details on the functional unit, scenarios, and
study boundary are outlined in Section 2 of the ESL{ More
details on the LCA inventory, environmental impact assess-
ment, and interpretation are also thoroughly presented in
Section 3 of the ESL.}

2.6 Adsorption mechanism and kinetics of MNP hydrochar

Building on earlier results on the sustainability assessment of
HTC as an alternative production pathway for MNPs, objective 5
was addressed by evaluating the synthetic color adsorption
performance of HTC fabricated MNP hydrochar. The adsorp-
tion kinetic behavior and mechanism of the HTC fabricated
MNP hydrochar is reported, offering insights into its real-world
functional application for wastewater treatment.

To complete this last objective, single-use batch adsorption
experiments were conducted to evaluate the removal efficiency
of MB under isothermal conditions using the synthesized MNP
hydrochar. The experiments were performed in 250 mL Erlen-
meyer flasks containing 100 mL of MB solution at initial
concentrations (Co) of 5 mg L' and 10 mg L™". The adsorbent
dosage was maintained at 1 g per 100 mL solution. The mixtures
were then stirred at 150 rpm using a mechanical shaker at room
temperature (23 °C). The adsorption process was 90 minutes,
after which the samples were filtered to separate the adsorbent.
The residual MB concentration in the supernatant was
measured using a HACH DR 5000 ultraviolet-visible (UV-vis)
spectrophotometer at a wavelength (1) of 665 nm. All experi-
ments were performed in triplicate, and the average values were
reported to ensure accuracy and reproducibility. The percentage
removal of MB was calculated using eqn (3).

View Article Online
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MB removal efficiency = (%) x 100% (3)
o

Eqn (3) presents the formula for removal efficiency calcula-
tion of MB using MNP hydrochar, where Co and Crrepresent the
initial and equilibrium MB concentrations, respectively.

3 Results and discussion
3.1 Mass balance and MNP hydrochar yield

Phase quantification of MNP hydrochar was conducted with
a simple mass balance analysis approach. The obtained results
for MNP hydrochar under different HTC conditions are pre-
sented in Table 2. The table presents the average mass in and
out, along with the standard error values, of the reactors after
HTC. The reported values include the mass of MNPs hydrochar
recovered, the liquid, and the gas from the triplicate experi-
ments conducted at a constant temperature of 275 °C and with
different reaction times (i.e., 6 h and 12 h). In summary, the
results indicate that the MNP hydrochar production decreases
when reaction times increase (i.e., from 6 h to 12 h), with the
MNP hydrochar production as low as 8.2 g for Fe;,,. We posit
that this low production is due to a large overall decomposition
of the feedstock material or because the carbon in the feedstock
progressively reacted and diffused out over time into the liquid
and gas phases. This observation is contextualized in the
subsequent paragraphs, where the evolution of carbon into the
liquid, gas, and solid phase byproducts is discussed in greater
detail.

The liquid phase byproduct reported in Table 2 includes
three (3) different liquids: liquids collected by vacuum filtration
after the HTC experiments, residual liquids evaporated while
drying the MNP hydrochar in the oven, and liquid soaked by the
filter paper. The first step of the HTC reaction is hydrolysis,
which requires water to react with the feedstock to break bonds
and enable the formation of new ones.*>** This hydrolysis step
is inherently sensitive to the reaction conditions, such as
temperature and time, which is crucial for determining the
nature of the products formed.*»**** Furthermore, under-
standing the effect of time is particularly important, as it
governs not only the decomposition but also the yield and
composition of the HTC process liquid and gas phases. The
effect of time and temperature on the production of the HTC

Table 2 HTC mass balance and MNP hydrochar percent (%) yield of feedstock at 275 °C and two different reaction times

Mass in Mass out Yield Mass out Yield Mass out Yield

Fe feedstock + water ~ MNP hydrochar  Percentage Net liquid Percentage  Gas” Percentage
Feedstock Time (h)  (1:1) (g) () (%) () (%) (®) (%)
Iron supplement 6 40.0 £ 0.0 8.95 + 0.81 22.4 25.96 £ 0.62  64.9 2.74 £ 0.34 6.9
(Fe) 12 40.0 + 0.0 8.20 £ 0.81 20.5 26.39 £1.23  66.0 4.70 £ 0.34 11.8

“ Gas weights were not measured but calculated by subtracting the initial and final masses of the solid and liquid phases.

3534 | RSC Sustainability, 2025, 3, 3530-3547
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process liquid is evident in this present study as the net liquid
increased (i.e., 65-66%) with reaction time.

The gas phase generated after the HTC process presented
noteworthy characteristics. Upon depressurization and venting
of the reactors, a distinct pungent odor—reminiscent of sulfur-
containing compounds (e.g., hydrogen sulfide, H,S)—was
observed, suggesting the formation of volatile sulfurous species
during feedstock decomposition.*® Similar observation and
evaluation were detailed by Wang et al. (2020) on HTC hydro-
char fabrication.*® By calculating the gas phase, it was observed
that it increased as the HTC reaction time increased. From
Table 2, it can be observed that the mass of the gas produced at
Feqon (11.75%) is approximately two (2) times greater than the
amount of gas produced at Feg, (6.85%). A similar trend is
observed in the findings of relevant previous studies.****
Hydrolysis and dehydration of the feedstock likely produced
hydrogen sulfide (H,S), sulfur dioxide (SO,), and carbon dioxide
(CO,) as the dominant constituents of the gaseous phase.

The yield of MNP hydrochar is an important indicator of
process efficiency and resource recovery; hence, the solid phase
is most important to this present study. Table 2 additionally
describes the solid phase yield of the MNP hydrochar of the
HTC temperature (i.e., 275 °C) and two (2) reaction times (i.e., 6
and 12 h). The solid phase MNP hydrochar production
decreased with an increase in reaction time. As shown in Table
2, 20.5-22.4% of the initial feedstock was retained as the MNP
hydrochar. This solid yield falls within a favorable range for
HTC systems and supports the material recovery goals outlined
in objectives 1 and 2.

View Article Online
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Notably, the MNP hydrochar yield showed a declining trend
as the reaction time doubled, a behavior attributed to progres-
sive decomposition and pyrolysis reactions. This decrease is
closely connected with deoxygenation reactions and volatile
matter conversion, as oxygen and hydrogen contents become
lower at higher temperatures.*® This shift in reactions also
coincides with the formation of two (2) structurally related iron
oxide phases—magnetite (Fe;O,) and maghemite (Fe,O;)—
which collectively influence the functional performance and
physicochemical properties of the fabricated MNP hydrochar.

3.2 Physico-chemical characteristics of the MNP hydrochar

3.2.1 FTIR spectra of MNP hydrochar. To understand the
functional performance in the MNP hydrochar after HTC at
different reaction times, FTIR spectroscopy was performed for
the feedstock along with all MNP hydrochar samples. This
ensures satisfying objective 3. From Fig. 3A, the peak observed
at 3000 cm™ " in the feedstock indicates the presence of the -
CH; stretch (methyl). This group disappears as the Fe-rich
feedstock is being carbonized for 6 and 12 h reaction times.
The loss of functional groups is due to the diverse thermal
decomposition upon Fe synthesis.”>****® A clear shift in the
spectrum is observed when moving from the feedstock to the
MNP hydrochar as the intensity of all the functional groups,
bands, and peaks (% transmittance) decreases (Fig. 3A). Further
explanation of the occurrence and disappearance of the illus-
trated functional groups in the FTIR plot is provided next.

The FTIR spectra of the feedstock and MNP hydrochar ob-
tained at 6 and 12 h show absorbance peaks at 3400 cm™ " and

A ETIR

—Fe_12hrs
110 —Fe_6hrs
100 - —Fe Raw
%0
80
70 4
60

50 4

% Transmittance

40 -

30 4

20
3500

2500 2000 1500 1000 500

Wavelength (cm™)

3000

B XRD
° Magnetite(Fe; 0,) =0
Maghemite(Fe,05)= O
Graphite=e
—
3 —6HRS
<, . —12HRS
%\ . 5 o 8
g L 0. 0 0 Magnetite
3 o o 0%0 0} 0
E .
0 =] o o
) o O of0a olao Maghemite

26 (degrees)

Fig. 3

(A and B) FTIR and XRD spectra of the raw Fe-rich feedstock and MNP hydrochar products at HTC times of 6 h and 12 h. In the FTIR plot,

the raw feedstock spectrum is indicated in red and spectra of MNP hydrochar fabricated at 6 and 12 h are indicated in green and black,
respectively. In the XRD plot, patterns of MNP hydrochar fabricated at 6 and 12 h are indicated in black and red. The XRD diffraction patterns show
the phase identification of magnetite (FezO4) (<), maghemite (Fe,Os) (), and graphite (@) in the synthesized MNP hydrochar.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2000 cm ! (Fig. 3A). We posit that these absorbance peaks are
due to the O-H stretching vibration, which can be related to that
of water in the sample. For the feedstock, the peak at 1100 cm ™"
is due to the C=O stretching vibrations of the carbonyls
(aldehyde, ketones esters, and carboxylic acids). However, in the
MNP hydrochar carbonized for 6 and 12 h, these peaks are less
prominent due to dehydration and decarboxylation, which
eliminate oxygen-containing functional groups. Another feature
of the raw feedstock is the presence of (Fe-O) at the wave-
number of 700 em ™, which indicates the presence of Fe bonded
with oxygen in the material. After HTC for 6 and 12 h, the peaks
(% transmittance) are reduced on the FTIR graph of the MNP
hydrochar due to the oxidation process of HTC. This observa-
tion is critical, as it illustrates the phase transformation of Fe-O
species into the desired magnetite (Fe;0,) and maghemite
(Fe,03) nanoparticles.

3.2.2 XRD spectra of MNP hydrochar. To further validate
the phase transformation of the feedstock Fe-O species iden-
tified in the FTIR spectra (Fig. 3A), XRD analysis was conducted
to confirm the crystalline structure and mineral phases present
in the MNP hydrochar. The XRD intensity pattern highlighted in
Fig. 3B represents the physical mineral components and crystal
structures of the MNP hydrochar at 6 and 12 h reaction times.
The MATCH 3 database—by “Crystal Impact”—search results
showed intensity patterns that largely matched magnetite
(Fe;0,), maghemite (Fe,O;), and some peaks corresponding to
graphite. The results suggest that the minor graphite peak is
a derivative of the carbonization of the organic material (i.e.,
feedstock precursor material) added to Fe supplements—such
as rice. Next, we discuss in detail the evaluation of the XRD
intensity peaks to provide definitive evidence of the formation
of magnetite (Fe;0,) and maghemite (Fe,O3) as required in
objective 3.

As shown in Fig. 3B, the XRD technique determined that the
fabricated MNP hydrochar exhibits characteristic peaks corre-
sponding to magnetite (Fe;O,) at 26 = ~30.2°, 35.5°, 43.2°,
53.6°, 57.3°, and 62.8°. Evidently, these spectral peaks are
associated with the (220), (311), (400), (422), (511), and (440)
Miller indices, respectively (Fig. 3B). Furthermore, these peaks
in the Fe;,, spectra confirm the formation of a cubic spinel
magnetite (Fe3O,) structure during the 12 h HTC process.
Lastly, the Fe;,, spectra aligns with the Joint Committee on
Powder Diffraction Standards reference card (No. 75-0033)."**

Regarding the 6 h HTC process shown in Fig. 3B, the XRD
spectra illustrated the production of maghemite (Fe,O3)
hydrochar. The maghemite (Fe,O3) hydrochar is characterized
by shorter peak intensity, indicating smaller crystallite sizes
and potential structural disorder. The presence of broad peaks
at lower angles suggests the presence of graphitic carbon in the
sample, likely from HTC byproducts. Crystallite size estima-
tion using the Scherrer equation (eqn (4)) suggests that the
magnetite (Fe;0,4) hydrochar in the 12 h reaction sample has
a larger crystallite size (~11.4 nm) than that in the 6 h sample
(~10.3 nm), as evidenced by sharper, more defined peaks. The
higher intensity of magnetite (Fe;0,) peaks in the 12 h sample
suggests increased crystallinity due to a longer residence time,
facilitating greater phase transformation from maghemite
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(Fe,03) to magnetite (Fe;0,). In this light, a longer reaction
time (>6 h) during HTC can produce more magnetite (Fe;0,)
hydrochar.

kA
D=
G cos 0

(4)

Eqn (4) presents the Scherrer equation for crystallite size
estimation, where D is the crystallite size (nm), k is the Scherrer
constant (typically 0.89 for spherical nanoparticles), A is the
wavelength of CuKa radiation (0.15406 nm), § is the full width
at half maximum of the diffraction peak (radians) and 4 is the
Bragg angle (°).

3.2.3 SEM images of MNP hydrochar

3.2.3.1 SEM images of MNP hydrochar after 6 h of HTC reac-
tion. The MNP hydrochar was analyzed by SEM imaging to
follow the changes in their surface morphology, structural
transformation, and particle distribution to elucidate objective
3 further. When observed under a scanning electron micro-
scope with a view field of 9.23 um to 1.94 nm, the material's
microstructure appears irregularly shaped (Fig. 4A-D). This is
unlike the well-defined MNPs synthesized via co-precipitation
methods.?****” Hence, HTC-fabricated MNPs tend to form
irregularly shaped aggregates, consistent with the magnetite
(Fe304)-biochar composites synthesized in previous studies.?***
The HTC-fabricated MNP microstructure consists of heteroge-
neous, agglomerated clusters with a rough and porous surface
texture.

Despite the 6 h HTC reaction time, the surface morphology
does not show significant refinement, implying that particle
growth is incomplete or that secondary nucleation is occurring
concurrently with carbonization. This aligns with the literature
on hydrothermally synthesized MNPs, where longer reaction
times (e.g., 12 h or more) improve crystallinity and increase
agglomeration.”?*** The dense, rock-like appearance observed
in the hydrochar and its characteristic black coloration suggest
partial carbonization of residual organic matter, likely due to
incomplete degradation of feedstock components (Fig. 4).

We utilized Image], an open-source image-analyzing soft-
ware developed by the U.S. National Institutes of Health (NIH),
to aid in estimating the hydrochar MNP size. The MNP hydro-
char size from the SEM images in Fig. 4 indicates that primary
maghemite (Fe,03) hydrochar ranges from 200 nm to ~1.2 umy;
therefore, agglomerated clusters extend into the micrometer
range. Compared to co-precipitation methods, which yield more
uniform MNPs (~10-50 nm),'>** HTC results in a broader size
distribution and greater heterogeneity. This variation in size
and morphology could impact the adsorption efficiency, as
smaller nanoparticles typically provide a higher surface area,
while larger clusters may enhance magnetic separation
capabilities.

Furthermore, porous structural characteristics observed in
SEM images could enhance the adsorption performance in
wastewater treatment, particularly for applications requiring
magnetic separability and high surface interaction. However,
the degree of particle aggregation may limit dispersion stability,
requiring further optimization to prevent excessive clustering.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A—E) SEM micrographs and accompanying EDX elemental analysis illustrating the morphology of the MNP hydrochar obtained after 6 h

of HTC. The images were captured at view fields of 9.23 um, 9.25 um, 21.3 um, and 1.94 mm, highlighting the MNP hydrochar's aggregated

microstructure and elemental composition.

These findings reinforce HTC as a viable yet structurally
inconsistent fabrication route for MNPs, necessitating modifi-
cations in reaction parameters to control particle homogeneity.

3.2.3.2 SEM images of MNP hydrochar after 12 h of HTC
reaction. Following the characterization of the 6 h HTC reaction
products, the reaction time was extended to 12 h to examine its

© 2025 The Author(s). Published by the Royal Society of Chemistry

impact on the morphology and overall structural integrity of the
MNP hydrochar. The SEM images in Fig. 5a-d captured at the
9.23 um to 1.94 nm view field illustrate significant textural and
morphological changes in the 12 h HTC-derived MNP hydro-
char compared to that fabricated with a shorter reaction dura-
tion. The estimated size of the MNP hydrochar obtained after
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Fig. 5

(A—E). SEM micrographs and the corresponding EDX elemental analysis illustrating the morphology of the MNP hydrochar obtained after

12 h of HTC. The images were captured at view fields of 9.24 um, 9.23 um, 21.3 um, and 9.23 mm, showcasing more compact and crystalline

features of the MNP hydrochar.

12 h of reaction time ranged from 500 nm to ~1.2 um. Notably,
the microstructure of the 12 h HTC-derived MNP hydrochar
exhibits a more defined crystalline nature with visibly larger and
more uniformly shaped agglomerates. This trend is in align-
ment with the corresponding XRD data (refer to Section 3.2.2),

3538 | RSC Sustainability, 2025, 3, 3530-3547

indicating a phase transition from maghemite (Fe,O;) to
magnetite (Fe;0,), suggesting a more complete transformation
of Fe oxides under prolonged HTC conditions.

At lower magnifications, the particles appear less porous and
more compacted, with a reduction in the highly irregular,
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amorphous structures observed in the 6 h HTC fabricated MNP
hydrochar. This indicates that an extended reaction time facil-
itated further nucleation and growth of the magnetite (Fe;0,)
crystals, leading to better-defined particle boundaries and
reduced structural heterogeneity. Such observations are
consistent with previous studies on HTC-derived Fe-O
composites, where increased reaction durations enhanced
crystal growth and minimized amorphous carbon phases.?***>*

High-magnification SEM imaging reveals that the degree of
particle agglomeration is more pronounced, likely due to the
enhanced magnetic interactions among the magnetite (Fe;0,4)
nanoparticles. This aggregation behavior is commonly reported
in HTC-fabricated Fe-O materials, where the strong dipole-
dipole attraction between magnetite (Fe;0,) hydrochar leads to
cluster formation. The nanoparticles’ surface also appears
smoother compared to the 6 h HTC MNP hydrochar, signifying
a reduction in residual organic material from the feedstock,
which aligns with the observed more blackish coloration of the
final product.

Furthermore, the more compacted and less porous nature of
the 12 h HTC MNP hydrochar could affect the adsorption effi-
ciency in environmental applications. While a denser structure
may result in a lower specific surface area, the enhanced crys-
tallinity and reduced organic impurities may improve the
material's stability and magnetic separation efficiency. This is
particularly relevant for applications in wastewater treatment,
where magnetic separation is a key factor in recovering the
adsorbent after contaminant removal.

We recognize that extending the HTC reaction time from 6 to
12 h markedly improved the crystallinity, particle uniformity,
and reduction of residual organic matter in the MNP hydrochar
(Fig. 5). However, the increased particle compaction and
aggregation suggest that additional optimization—such as
surface modification or dispersing agents—may be necessary to
balance structural integrity with surface accessibility for
adsorption-based applications.

3.2.4 Elemental analysis of MNP hydrochar. As a final
component of objective 3, EDX was employed to determine the
elemental composition of the MNP hydrochar and to corrobo-
rate the presence and distribution of key elements associated
with magnetite (Fe;O,) and maghemite (Fe,Oz) hydrochar.
Elemental Fe and carbon contents of the MNP hydrochar is
often carefully considered because the more carbon the MNP
hydrochar possesses, the greater its energy value and adsorp-
tion capability.*>** Also, more carbon in the MNP hydrochar is
preferable to produce carbon-based materials for carbon
sequestration and soil amendment.**** Fe produced in the MNP
hydrochar was high due to the main composition of the HTC
feedstock. This led to the present study's successful formation
of magnetite (Fe;0,) and maghemite (Fe,O3). Table 3 illustrates
the weight% of each element in the fabricated MNP hydrochar.

Carbon was the most abundant element in the fabricated
MNPs hydrochar. The weight% of carbon in the MNP hydrochar
increased as the reaction time increased (i.e., from 6 h to 12 h).
The increased trend suggests that a more complete carboniza-
tion of the product can be achieved at a high reaction residence
time.”® Other trace elements—such as calcium (Ca) and gold

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Weight% of elements present in MNP hydrochar after 6 h and
12 h of HTC reaction

HTC reaction

time (h) HTC (°C) C (%) O (%) F(%) Fe(%) N (%)
6 275 80.9 56.4 0.0 38.0 1.50
12 71.8 12.7 6.3 37.4 0.0

(Au)—are found in negligible quantities in the MNP hydrochar
(refer to Fig. 4E and 5E). The presence of Au is due to gold-
sputtering to enhance the SEM imaging with the Hitachi TM-
3000 (Tokyo, Japan) instrument.

3.3 Sustainability of MNP fabrication: comparative analysis

We herein meet objective 4 of this present study by presenting
a complete LCA of three (3) common MNP production routes—
HTC, pyrolysis/gasification, and co-precipitation—focusing on
the product stage of each. As depicted in Fig. 6, the analysis
covers ten (10) impact categories, offering a comparative view of
the environmental performance of these fabrication routes.
Scenario 1, which represented the HTC route for MNP fabrica-
tion, is sustainable in five (5) impact categories, whereas co-
precipitation (i.e., scenario 3) ranked the most sustainable in
the other five (5). Scenario 2, pyrolysis/gasification, ranked the
worst and was unsustainable in all ten (10) impact categories.

Furthermore, a point-to-point explanation of the LCA impact
results is presented in Section 4 of the ESL.{ These explanations
thoroughly provide critical insights into the advantages,
disadvantages, and process mechanisms resulting in the impact
categories output of Fig. 6. Next, we interpret the impact cate-
gories results further.

3.3.1 Sustainability assessment. A complete LCA analysis
involves the interpretation of the environmental impact cate-
gories for effective decision-making, sustainability assessment,
and comparative evaluation of alternative process routes. The
sustainability interpretation evaluation of the three (3) MNP
fabrication routes—HTC, pyrolysis/gasification, and co-precip-
itation—was conducted using a ranking-based framework
derived from the LCA impact category scores (Fig. 7).

The environmental impact ranking matrix revealed that HTC
demonstrated the highest environmental sustainability,
achieving the best performance (ranked 1st) in five (5) out of the
ten (10) impact categories (see Fig. 7). Additionally, HTC ach-
ieved an overall lowest total score of 15 and an average envi-
ronmental impact score of 1.5, positioning it as the most
sustainable fabrication pathway.

Co-precipitation ranked second overall, performing best in
the other five (5) impact categories, with a total score of 16 and
an average impact score of 1.6. Conversely, pyrolysis/
gasification was consistently the least sustainable, ranking
worst (rank 3) across 9 out of 10 impact categories and
recording the highest total score (29) and average impact score
(2.9).

These findings highlight the relative environmental advan-
tages of HTC, offering a more sustainable route for MNP

RSC Sustainability, 2025, 3, 3530-3547 | 3539
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Fig. 6 LCA results for the three MNP fabrication routes—S1: hydrothermal carbonization (HTC) (colored green), S2: pyrolysis/gasification
(colored orange), and S3: co-precipitation (colored blue)—evaluated using the TRACI 2.1 impact assessment method in SimaPro (Ecoinvent
database). Black error bars represent the mean environmental impacts based on 10 000 Monte Carlo simulations, with error bars indicating the
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Fig. 7 Representation of the environmental impact ranking matrix for three (3) MNP fabrication routes: S1: hydrothermal carbonization (HTC),
S2: pyrolysis/gasification, and S3: co-precipitation. Rankings were assigned for each impact category based on the relative magnitude of
environmental burdens derived from Life Cycle Assessment (LCA), where 1 = best (lowest impact), 2 = intermediate, and 3 = worst (highest
impact). Highlighted cells are color-coded to reflect ranking levels, with green, yellow, and red representing the best, intermediate, and worst
performance. Summary rows show total scores, average impact scores, and overall rankings across all categories to aid comparative sustain-
ability interpretation.
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synthesis than the chemical and energy-intensive pyrolysis/
gasification and co-precipitation methods. The color-coded
ranking matrix in Fig. 7 also visually supports this interpreta-
tion, reinforcing the environmental trade-offs inherent in each
production route.

Environmental sustainability assessment of a process
extends beyond matrix-based ranking LCA frameworks
ensuring that the end product meets functional performance
benchmarks for researchers engaged in “green” synthesis or
sustainable process development is equally essential. In the
subsequent section, the wastewater treatment performance of
the HTC-fabricated MNP hydrochar is evaluated and compara-
tively assessed against MNPs produced via pyrolysis and co-
precipitation routes.

3.4 Wastewater treatment application evaluation - batch
adsorption experiments

This section evaluates the efficiency and performance in
removing MB from simulated wastewater to assess the practical

View Article Online
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utility of the HTC fabricated MNP hydrochar through objective
5. UV-vis analysis revealed a broad absorption band near 395-
405 nm, consistent with the characteristic ligand-to-metal
charge transfer (LMCT) transition from O> to Fe®*'. This
assignment aligns with the observed spectra and is similar to
other synthesized MNPs for MB removal.® Additionally,
a comparative adsorption evaluation was performed between
the HTC-derived MNP hydrochar in this study and MNPs from
pyrolysis and co-precipitation. The subsequent sections, 3.4.1 to
3.4.5, focus on the effects of pH, initial concentration, contact
time, adsorption kinetics, and isotherms. Furthermore, we
discuss the adsorption mechanism and reaction of MNP
hydrochar.

3.4.1 Effect of pH. A solution's pH markedly influences the
surface charge on the adsorbent and adsorbate, thereby
dictating electrostatic interactions and, consequently, the
adsorption performance."***” In the present study, the pH
varies between 3 and 11 at ambient temperature. As shown in
Fig. 8A, the MB removal efficiency remains above 95% within
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Fig. 8

(A—D) MB removal efficiency, adsorption kinetics of MNP hydrochar, and qualitative presentation of MNP hydrochar MB adsorption study.

(A) MB removal efficiency over time at two initial concentrations (5 mg L™ and 10 mg L), showing rapid uptake within 30 minutes and
equilibrium in 60 minutes. (B) Pseudo-second-order kinetic model fitting adsorption data, indicating strong correlation (R? > 0.9) and suggesting
a chemisorption-dominant mechanism. (C) Visual comparison of MB solution before and after treatment, with the right vial (1 g MNP hydrochar)
showing clear decolorization relative to the untreated control (0 g MNP hydrochar). (D) Magnetic separation demonstration of MB-loaded MNP
hydrochar attracted to a magnet, confirming the magnetic recoverability of the material after dye adsorption.
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the pH range of 9-11, indicating a pronounced affinity of HTC-
derived MNP hydrochar for MB under alkaline conditions. At
lower pH (3-5), a modest decline in adsorption capacity (Q.) is
observed, likely due to competition between H" ions and the
positively charged MB dye molecules for negatively charged
sites on the adsorbent surface." Once the pH exceeds 7,
deprotonation of surface functional groups (e.g., carboxyl and
phenolic groups) on the MNP hydrochar enhances electrostatic
attraction with MB cations.’>**®

These results align with prior reports where MNP-based
adsorbents achieve optimal dye removal at a slightly alkaline
pH (8-10)."****” The high (>95%) removal in alkaline media
accentuates the potential use of HTC-derived MNP hydrochar
for treatment scenarios where the effluent or raw wastewater
has elevated pH values.

3.4.2 Effect of initial concentration. The initial adsorbate
concentration is the driving force for mass transfer, influencing
the extent to which adsorption sites become saturated over
time.* Hence, two (2) MB initial concentrations (5 mg L™ and
10 mg L") were tested in the present study. With the initial
concentration of 5 mg L™", the 6 h HTC-derived MNP hydrochar
exhibited a Q. of 0.7305 mg g ', whereas increasing the
concentration to 10 mg L' (and extending HTC to 12 h)
enhanced the adsorption capacity to 1.38 mg g~ (refer to
Table 4). This increase in capacity with higher MB concentra-
tion is in line with previous literature reports on co-
precipitation-derived MNPs with pyrolyzed biochar compos-
ites,”” wherein higher initial concentrations create a stronger
concentration gradient that drives MB molecules more effi-
ciently to the adsorbent surface.**

Although some studies have reported higher Q. values (e.g.,
19-183.82 mg g ' for pyrolysis-derived Fe-biochar nano-
composites),***”*° it is noteworthy that the adsorption kinetics
in the present study remain rapid, and the overall removal
efficiency is consistently above 95% at neutral to alkaline pH
(Fig. 8A and Table 4). Furthermore, while the Q. value reported
in this study was lower compared to materials such as biochar,
activated carbons, and zeolites with Brunauer-Emmett-Teller
(BET) values exceeding 200-900 m”® g7, it remained competitive
with other similar green-synthesized MNPs with reported BET
values of 7-150 m” g '.!»*% This wide range can be due to
fabrication methods and initial feedstock properties. We esti-
mate the BET value of our MNP hydrochar to be in a similar
range. Lastly, from an application standpoint, achieving high
removal percentages—especially at lower-to-moderate MB
concentrations—can be advantageous for certain industrial or
municipal wastewater streams.>*"%>

3.4.3 Effect of contact time of MNP hydrochar as an
adsorbent. Adsorption of MB onto the HTC-derived MNP
hydrochar occurred biphasically: an initial rapid uptake fol-
lowed by a slower approach to equilibrium. This trend is dis-
cussed in similar studies using MB.***! Equilibrium is achieved
within approximately 90 minutes for both 5 and 10 mg L ™"
initial concentrations, which is relatively fast compared to some
pyrolyzed adsorbents (see Fig. 8A and B).***” As shown in
Fig. 8A, during the initial phase (within the first 30 minutes),
abundant vacant sites on the external surface and the accessible
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pores of the MNP hydrochar allowed for swift MB binding. As
these sites became occupied, intraparticle diffusion and repul-
sive forces among adsorbed MB molecules slowed the adsorp-
tion rate, culminating in equilibrium.

This rapid kinetics demonstrates that HTC-derived MNP
adsorbents, synthesized from waste Fe supplements, have
a practical advantage in situations requiring prompt contami-
nant removal. Industrial treatment processes like continuous-
flow systems can capitalize on shorter residence times,
reducing the overall operational costs.

3.4.4 Adsorption kinetics and isotherms. In the context of
wastewater treatment system design, adsorption kinetics and
isotherm modeling are critical tools for evaluating the adsor-
bent mechanisms and efficiency of pollutant uptake. Kinetic
modeling provides insight into the underlying rate-limiting
steps. In our kinetic modeling analysis, the pseudo-second-
order model described the experimental data more accurately
than the pseudo-first-order model. The pseudo-second-order
model equation was then utilized in this study following other
similar MNP adsorption studies (refer to Table 4).>444863

As presented in Table 4, the rate constants (K,) for the 6 h
and 12 h HTC-derived hydrochar were 1.2529 ¢ mg™ " min~* and
0.5847 ¢ mg ™' min ', respectively, with correlation coefficients
(R?) exceeding 0.98 (see Fig. 8B). These results suggest chemi-
sorption as the principal process for MB adsorption, involving
valence forces or electron sharing between the adsorbent
surface sites and the MB molecules.

The adsorption capacities (Q.) for the MNP hydrochar in this
study were lower than those reported for co-precipitation or
pyrolysis + coprecipitation derived MNP adsorbents (i.e., 19 and
20 mg g ' at initial MB concentrations of 10 and 15 mg L™,
respectively).*** However, the relatively high k, values reflect
rapid kinetic behavior, a critical advantageous parameter for
large-scale treatment systems that require quick throughput.
Isotherm modeling (e.g., Langmuir and Freundlich) could
further confirm whether MB adsorption on the MNP hydrochar
follows monolayer or multilayer adsorption, although prelimi-
nary data indicate the strong applicability of monolayer models
at the tested concentrations.™

3.4.5 Adsorption mechanisms. FTIR analysis of the present
study (refer to Section 3.2.1) and previous literature collectively
indicate that electrostatic attraction, hydrogen bonding, and m—
7 interactions are key drivers of MB sequestration on MNP
hydrochar.*>3>%6535%%8 Under alkaline conditions, the deproto-
nation of functional groups—carboxylic (-COOH), phenolic (-
OH), and other acidic sites—renders the adsorbent surface
negatively charged, reinforcing electrostatic coupling with the
cationic MB molecules.'>?**¢535458 The Fe-O oxide moieties can
also facilitate surface complexation, further increasing the
adsorption affinity."**** Additionally, w-7 stacking between
the aromatic rings of MB and the graphitic domains in MNP
hydrochar contributes to the overall adsorption capacity.**

While the equilibrium adsorption capacities of HTC-derived
MNP hydrochar are somewhat lower than those attained by
certain co-precipitation or pyrolyzed adsorbents (refer to Table
4), advantages such as faster kinetic responses and greater
sustainability ranking position them as viable candidates for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sustainable water treatment applications. Given that real-world
systems often involve moderate dye or color concentrations and
demand quick treatment times, these MNP hydrochar could
play a pivotal role in scalable and sustainable wastewater
remediation processes.

3.5 Implications and future research directions

This study demonstrates that the fabrication pathways for
magnetite (Fe;0,) and maghemite (Fe,O3) nanoparticles—via
HTC, pyrolysis/gasification, and co-precipitation—differ signif-
icantly in terms of energy demands, chemical inputs, and
environmental burdens. Among these, HTC emerged as the
most environmentally favorable route. To further enhance its
sustainability, future research should focus on integrating
diverse Fe-rich feedstocks, renewable energy sources (e.g., solar
thermal input) and optimizing key reaction parameters, such as
temperature and residence time, to reduce fossil fuel depletion,
acidification potential, and respiratory impacts. Additionally,
expanding the LCA system boundaries to include infrastructure
requirements and end-of-life scenarios will provide a more
comprehensive understanding of each method's long-term
sustainability and technological viability.

4 Conclusions

In the present study, expired Fe dietary supplements were
successfully converted via HTC into MNP hydrochar, predomi-
nantly comprising magnetite (Fe;0,) and maghemite (Fe,O3)
with comparable magnetic spinel structures to Fe nanoparticles
from previous studies that utilized co-precipitation. The
straightforward stainless steel reactor setup demonstrated that
extending the HTC reaction time from 6 to 12 h increased the
fixed carbon content in the hydrochar but decreased the overall
yield. This underscores the balance between maximizing carbon
retention and driving off volatile components.

Our HTC process highlights a viable pathway for converting
Fe-rich waste materials into value-added nanoparticles with
a broad potential in remediation or advanced materials. More-
over, the relatively mild operating conditions (275 °C) present
safety concerns than higher-temperature pyrolytic
methods. However, further characterization of the liquid and gas
phases remains vital for elucidating chemical transformations
and exploring beneficial reuses (e.g., syngas for energy recovery).

From an LCA perspective, the results suggested that the HTC
process is most sustainable, by a close margin, compared to the
co-precipitation method. Hence, HTC minimizes environmental
burdens across several impact categories through its straight-
forward operating strategies. Meanwhile, MB adsorption trials
confirm that HTC-derived MNP hydrochar can effectively remove
contaminants, showcasing its suitability for wastewater treat-
ment. Ultimately, selection of the MNP fabrication method will
mainly depend on the quantity of MNPs needed and the specific
application. Both co-precipitation and HTC can be even more
sustainable, and future research should optimize reactor designs
and scalability to fully realize the most appropriate route for
sustainable, large-scale production of MNPs.
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Abbreviations

AP Acidification potential

EDX Energy dispersive X-ray spectroscopy

EP Eutrophication potential

FTIR Fourier Transform Infrared Spectroscopy

GWP Global warming potential

HTC Hydrothermal carbonization

LCA Life cycle assessment/analysis

MB Methylene blue

MNPs Magnetite or Maghemite nanoparticles
ODP Ozone depletion potential

SEM Scanning Electron Microscopy

SFP Smog formation potential

XRD X-ray diffraction
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