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A novel magnetic hydrochar composed of nanosized magnetite (Fe;0,4) particles supported on a hy-
drochar matrix was synthesized via hydrothermal carbonization of sunflower husk, employing phosphoric
acid as the activating agent. An exhaustive characterization of the hydrochars and the magnetic hydrochar
was undertaken to identify, mainly, the mechanism by which the iron oxide nanoparticles interact with
the hydrochar matrix. The magnetic hydrochar exhibited superparamagnetic properties with a saturation
magnetization of 55,21 emu/g. BET surface area and pore diameter of the magnetic hydrochar were found
to be 55.25 m?/g and 10,49 nm respectively which are in accordance with mesoporous materials. Fourier
transform infrared spectroscopy and z potential characterization suggest that the main mechanisms of
interaction between the magnetite nanoparticles and the hydrochar matrix were coulombic ones, where
carboxyl and hydroxyl oxygen-containing functional groups of the hydrochar were more likely to interact
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with the iron oxide nanoparticles.
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1. Introduction

Nowadays, the valorization of biomass is becoming of great im-
portance since it’s a way to reuse and recycle materials (that are
produced in large amounts in different areas including agriculture
and livestock) and converting them into more functional products.
As a case of point, thermochemical conversion of biomass (pyrol-
ysis, gasification, or hydrothermal carbonization) into hydrochars
or biochars is an efficient approach where the biomass is treated
at different conditions of temperature, pressure, residence time,
biomass to water ratio, and pH of the substrate that will lead
to materials with particular physicochemical properties [1-3]. Hy-
drochars seem to appear as prospective materials that can be
employed in numerous fields some of which are nanoelectron-
ics, catalysis, optics, biosensors, environmental remediation, en-
ergy, hydrogen storage, drug transport, magnetic resonance imag-
ing, and cancer diagnosis [4-8].

Hydrochars are produced via Hydrothermal Carbonization
(HTC) which is an effective technically-attractive thermochemical
exothermic process that converts biomass into rich carbonaceous
materials. Commonly, it operates at relatively low temperatures
(~100-300 °C) compared to pyrolysis and autogenous pressure [9].
The temperature should be above 100 °C since at this first range,

* Corresponding author.
E-mail address: mfhorst@uns.edu.ar (M.F. Horst).

https://doi.org/10.1016/j.molstruc.2021.130509
0022-2860/© 2021 Elsevier B.V. All rights reserved.

chemical reactions take place including hydrolysis, dehydration,
decarboxylation, condensation, polymerization, and aromatization
[10]. Despite hydrochars having interesting physicochemical prop-
erties, their implementation as adsorbents [11,12], is compromised
because of their subsequent separation from the aqueous media.
This stage commonly requires complex procedures involving cen-
trifugation or filtration that leads to mass of adsorbents loss as
well as possible contamination of the aqueous media. On account
of this, the possibility of modifying the HC by incorporating mag-
netic moieties such as magnetite or maghemite on its surface has
been investigated as a viable solution. The presence of these in-
organic oxides would be useful due to their magnetic properties
because they could be removed from the media by an external
magnetic field. Besides, in some cases the existence of iron oxides
offers a synergy regarding the adsorption capacity for certain pol-
lutants, thus enhancing the removal efficiency of the adsorbents
[13,14].

Sunflower Husk (SFH) is a biomass waste generated in the in-
dustrial process of production of sunflower oil where the seed is
directly used and the husk is a residue that may be combusted and
serve in thermal energy [15]. This biomass represents one of the
most important agro-industrial wastes in Argentina, particularly in
Buenos Aires province. Argentina cultivates annually around 1.35
million ha to produce 3.7 million ha of sunflower seed [16,17]. In
turn, the industry oil company produces just over 1.25 million Mg
year-1 of sunflower oil, leaving a shell residue of 600,000 Mg year-
1 [16]. The literature reports that SFH is an organic residue with


https://doi.org/10.1016/j.molstruc.2021.130509
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130509&domain=pdf
mailto:mfhorst@uns.edu.ar
https://doi.org/10.1016/j.molstruc.2021.130509

A.A.B. Patifio, V.L. Lassalle and M.F. Horst

an important amount of lignin, cellulose, and other elements such
as K, Ca, Mg y S in minor proportions [18].

Some works reported the synthesis of composites including
HTC and magnetite particles. Kazazk et al. [19] studied a mag-
netic hydrochar prepared by the HTC method which produced a
porous structure hydrochar (Vtotal = 0.071 cm3/g and BET sur-
face area = 23 m?2/g) that contributed to the adsorption of Pb (II)
at pH 5 within 120 min of equilibrium time. Shuqing Guo et al.
[20] studied an HTC process that was carried out using lawn grass
as the feedstock and exploring different temperatures (200-240 °C)
and times (30-180 min) [20]. On the other hand, Moonis Ali Khan
et al. [21] reported a nitrogen-doped magnetic hydrochar devel-
oped from sugarcane bagasse and used as an adsorbent of tran-
sition heavy metals. The characterization results reveal that the
material was mesoporous (BET surface area: 62.5 m2/g) and that
the main surface functional groups were oxygen and nitrogen from
FTIR and XPS analysis. The batch adsorption experiments showed
75-80% of percent removal efficiencies. Another study from Hasan
Saygili et. al [22], includes iron hydrochar produced from an indus-
trial waste product. Characterization results (XRF, SEM-EDX, XRD,
FTIR, BET, and VSM) showed a successful impregnation of iron into
the hydrochar. Furthermore, the material was applied in the ad-
sorption of methylene blue and methyl orange where the maxi-
mum adsorption capacity was 11 and 8.9 mg/g respectively.

Recent studies devoted to magnetic hydrochar synthesis from
different biomass wastes have shown that these types of materials
provide an efficient and promising way to solve water remedia-
tion problems by adsorption due to their structural, chemical, and
morphological characteristics. Their magnetic property makes them
even more interesting to separate from an aqueous media giving
the possibility of reuse. Additionally, the different feedstocks used
to prepare hydrochars showed an excellent alternative to a circular
economy where high-volume wastes are converted into valuable
products. Besides, HTC has shown in previous studies several ad-
vantages over conventional thermochemical methods as no prior
drying is requested and the high quality of the char is suitable for
water treatment applications [23-25].

This work aims to prepare hydrochar from sunflower husk
(SHF) by hydrothermal carbonization method, as a raw material for
the synthesis of magnetic hydrochar. The objectives include analyz-
ing the hydrothermal conditions such as residence time and tem-
perature, which give rise to hydrochars with different characteris-
tics to determine the optimum one. All the materials were charac-
terized by BET, FTIR, DRX, TGA, and TEM. Besides, chemical anal-
ysis, DLS, and zeta potential were employed. For MHC, magnetic
properties were studied by VSM. Finally, the possible mechanisms
of interaction between hydrochar and the iron oxide nanoparticles
were studied.

2. Materials and methods
2.1. Materials

In this study, sunflower husk (SHF) was used as the feed-
stock. Ferrous sulfate heptahydrate (FeS04.7H,0) and ferric chlo-
ride hexahydrate (FeCl;3.6H,0) of analytical grade were used for
the synthesis of magnetite nanoparticles and were purchased from
Cicarelli Laboratory (Argentina), ammonium hydroxide (NH4OH)
was provided by Anedra Laboratory (Argentina), Phosphoric acid
(H3PO4) at 50% was utilized as the activating agent.

2.1.1. Pretreatment of sunflower husk (SFH)

SFH was washed up with tap water to remove dust and dirt.
Secondly, the husks were washed all over again employing bidis-
tilled water and repeated the procedure until the washing water
was clean enough. Finally, the husks were dried in an oven at 40 °C
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for 5 days. The dried SFH was crushed using a blender and sieved
by a 50 mesh Sigma Aldrich sieve (297 pm) until and homoge-
neous pore size and conserved in plastic jars.

2.1.2. Preparation of activated hydrochar

In this first step, an amount of SFH (2 g) was added into a flask
containing 50 mL of the activating agent phosphoric acid (H3PO4)
50%. The mixture was kept under stirring for 5 min. Following, the
resultant mixture was added into a 100 mL Teflon-lined stainless-
steel reactor and then transferred to an oven and heated at 150 °C.
The influence of treatment time was explored by using: 3 h (HC1),
6 h (HC2), and 24 h (HC3). After cooling down until ambient tem-
perature, the hydrochar was washed and rinsed under vacuum fil-
tration until pH 6 and subsequently dried at 40 °C. Residence time
is the average length of time that the hydrothermal reaction re-
mains in a reservoir, in other words, the time that the reactor had
been left in the oven.

2.1.3. Synthesis of magnetic hydrochar

The synthesis of magnetic hydrochar was conducted by in situ
co-precipitation of magnetite nanoparticles into the hydrochar ma-
trix, following an adaptation of previously reported works [26,27].
In a typical procedure, 1.6 g of Fe3+ and 0.6 g of Fe?* 2:1 were
initially stirred for 3 h in presence of 0.5 g of HC at room tem-
perature. The iron oxide:hydrochar ratio was selected of 1:1. Then,
6 mL of NH4OH 28-30% was added dropwise (1 mL/min). Later
on, this mixture was added to a Teflon-lined stainless-steel reactor
which was transferred to the oven and left for 3 h at 150 °C (this
selected residence time was taken into account by hydrochar char-
acterization that will be discussed in another section). Finally, the
black solid (MHC) was purified by washing with distilled water to
get rid of the impurities by using an external magnetic field and
dried at 40 °C. Scheme 1

Scheme 1 Summarizes a graphical view of the pathways for the
experimental procedure.

2.14. Stability test

The stability of the materials was performed by incubating
them in bidistilled and real water samples using 100 mg of ma-
terial in 100 mL of bidistilled/real water under vigorous stirring.
Then, aliquots were taken every 2 h (approximately) for 72 h. Each
aliquot was filtered and measured at 215-240 nm by spectroscopy
UV-visible using Agilent 8453 equipment [28].

2.1.5. Characterization techniques

Fourier Transform Infrared (FTIR) spectroscopy of HC and MHC
has been recorded on a Thermo Scientific Nicolet iS50 FT-IR:
Thermo Scientific Nicolet iS50 NIR module with Integrating Sphere
in the frequency range 4000-400 cm~! for the characterization
of surface functional groups. The surface physical morphology of
HC and MHC was examined by Transmission Electron Microscopy
(TEM). Malvern Zetasizer Nano ZS90 was employed to measure the
Z potential (£) and the average hydrodynamic diameter of parti-
cles by dynamic light scattering (DLS). Elemental analysis using an
Exeter analytical CE-440 under optimal equipment operating con-
ditions was carried out. The method uncertainty is +0.40% for each
of the specific elements. For these measurements, the observed er-
ror was +0.76. The detection limit (LD) is 1 pg for each of the
specified elements. Thermal stability analysis of hydrochars was
performed in a TA Q500 instrument at room temperature up to
500 °C at 10 °C/min under air atmosphere. Atomic absorption spec-
troscopy was used to determine mg Fe/mg present in MHC. For
this purpose, an amount of the material was weighed and disag-
gregated in hydrochloric acid 10%. Then aliquots of this dissolution
were measured in the ABC Avanta 932 spectrometer.
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Scheme 1. Graphical view of the pathways for the experimental procedure (the authors acknowledge the contribution of Mind the graph).

N, adsorption-desorption isotherms of carbonaceous organic
materials took place using a Quantachrome Autosorb iQ surface
analyzer equipment with its control software and data analysis
(ASiQwin 6.0). The samples were pretreated with heat and vac-
uum at 200 °C and 1 x 1073 Torr for 48 h in a 9 mm glass cell.
The absorbed volume data ranged from 7 x 10~2 to 750 Torr (P |
PO =7 x 10> to 1) of N, was analyzed using Brunauer - Emmett -
Teller (BET) theory taking relative pressure points according to the
Rouquerol et al. [29], to determine the specific surface area. For
the determination of the distribution of pore diameter and pore
volume in the requested ranges, DFT and Barrett-Joyner-Halenda
(BJH) methods were used by adjusting the experimental data for
each measurement.

Magnetization curves, expressing specific magnetization (M) as
a function of applied magnetic field (H) at room temperature, were
obtained using a vibrating sample magnetometer (VSM) LakeShore
7404 operated with maximum applied fields ©OHmax = 1.8 T.

3. Results and discussion
3.1. Hydrochar and sunflower husk characterization

3.1.1. FTIR characterization

FTIR spectra of all materials were recorded to identify func-
tional groups present in hydrochar, and SHF. Fig. 1 depicts the FTIR
spectra showing the main typical peaks of this biomass residue.
The broadband located at 3100 to 3700 cm~! is associated with
the stretching vibration of O-H (in hydroxyl or carboxyl groups)
and water adsorbed on the surface [30]. A band at 2900 cm™!
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Fig. 1. FTIR spectra of SFH and HC.

can be attributed to C-H aliphatic stretching vibration which is
more evident in hydrochars and less intense in the SFH spectrum
[30]. Around 1700 cm~! a signal appears a vibration related to the
C=0 functional group that almost disappears in SFH demonstrating
that components of SFH degraded and simultaneously underwent a
polymerization reaction [20]. The band at 1612 cm~! was ascribed
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Table 1
Chemical composition of hydrochars and sunflower husk.

Residence time (horas)

Sample Yields  %C %H %N %0* H/C oJc

HC1 3 47 67.02 5.41 0.45 27.12 0.080 0.405

HC2 6 45 67.72 5.31 0.35 26.62 0.078 0.393

HC3 24 43 68.40 4.81 0.34 26.45 0.070 0.386

SFH 46.57 6.32 0.96 46.15 0.14 0.990
Table 2

Hydrodynamic diameter, PDI and Z potential of
hydrochars and sunflower husk.

Sample  Hp (nm) PDI *Zpot (mV)
SFH 876.55 0.823 -11.15
HC1 1728.25 0.586 -6.16

HC2 1260.5 0.548  -6.65

HC3 779.125 0333  -8.28

Mag 532.56 0386  -7.51

MHC 670.73 0.431 -20.3

*No ionic strength adjusted (pH= 5.5)

to the asymmetric stretching vibration of aromatic C=C [19]. Fur-
thermore, hydrochar obtained from sunflower husk was activated
with H3;PO,4, the band between 900 and 1200 cm~! may be at-
tributed to the presence of phosphorus species in the samples [31].

3.1.2. Elemental analysis

Chemical analysis of hydrochars and sunflower husk was con-
ducted using elemental analysis to estimate their composition. The
reached data are summarized in Table 1. Sunflower husk has a
relatively high carbon content. After hydrothermal carbonization,
hydrochars 1, 2, and 3 increased their carbon content from 46.57
to 68.40% as the residence time increases from 3 to 24 h. More
complete carbonization of the products can be achieved by operat-
ing at longer residence times. Furthermore, oxygen and hydrogen
decrease as the residence time increases. They were transformed
into gas through a dehydration reaction [12]. The dehydration re-
action carbonized biomass by lowering H/C and O/C. Some other
chemical reactions and mechanisms are involved in HTC but ac-
cording to the evidence from available literature substantial hy-
drolysis of cellulose and lignin occur above 200 °C [32]. These re-
sults are congruous with some previous investigations where hy-
drochar was obtained from corn cob residual. Those data showed
that carbon composition increased with increasing residence time,
whereas oxygen and hydrogen decreased [33].

3.1.3. Zeta potential and hydrodynamic diameter

Table 2 lists the data corresponding to the hydrodynamic diam-
eter and zeta potential of SFH and HC1, 2 and 3.

The zeta potential value and sign are related to the surface
charge of the particle materials. As it could be observed the zeta
potential of all materials are negative in aqueous dispersions (pH
around to 5.5). These results were consistent with those found for
other hydrochar in the literature [34]|. Moreover, as will be dis-
cussed in the section below, the z potential of SFH and HC are
negative from 3 to 8 pH values. This is indicative that functional
groups with a negative charge are mainly exposed to the surface of
SFH and HC materials. This was supported by FTIR characterization
where it was confirmed the presence of e.g. - COOH (1700 cm™1),
- OH (3100-3700 cm~1). Other authors found negative zeta poten-
tial values in biochars produced from straws of canola, corn, soy-
bean, and peanut at different pyrolysis temperatures [34].

As reflected in Table 2, as the residence time increases from
HC1 to HC2, the hydrodynamic diameter decreases (enhance their
stability in an aqueous solution). It was studied that the residence
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time has a similar effect compared with the temperature in hy-
drothermal carbonization methods [10]. It was demonstrated that
a long residence time has an effect on the polymerization of frag-
ments solved in the liquid phase, so this led to the formation of
secondary hydrochar and consequently to form microspheres par-
ticles [35].

3.14. Adsorption and desorption of N, isotherms

BET surface area, pore volume, and pore width results are
shown in Table 3. The N, adsorption-desorption isotherms
form part of supplementary material. The adsorption-desorption
isotherms of hydrochars belong to VI isotherm type (that are char-
acteristic of mesoporous materials) and H4 hysteresis loop. In this
study it was determined that the analyzed samples recorded low
values of adsorption volume of N, (~150 cm3 | g - 23 cm? | g), ac-
cording to the values of surface area and total pore volume found
for the materials (HC1> HC2> HC3 = SFH sorted in decreasing val-
ues). The pore size distribution shows that these are mesoporous
materials with little macropore contribution [36]. The micropore
contribution is negligible in the HC1 to HC2 samples while in SFH
it appears more substantial than in the previous samples, which
was observed at the peak at 2 nm in the BJH model and 1.5 nm in
the adjustment distribution by the method DFT (data not shown).
In most of the studies that are related to hydrochars, isotherms are
type I (as IUPAC classification) governed by the presence of micro-
pores [37]. However, this depends on different conditions, such as
the utilized feedstock, the temperature range and residence time.
As can be seen in Table 2, surface area and pore volume increase
for HC1 and HC2 compared to the raw SFH. A difference was ap-
preciable when residence time was increased to 24 h, a diminished
in these parameters was observed. Moreover, as residence time in-
creases from HC1 to HC3, BET surface area and pore volume de-
crease. These results demonstrated that the hydrochar properties
are dependent on hydrothermal process conditions such as resi-
dence time. Similar results were obtained by other authors using
oil palm shells [38]. From the results, it could be said that a higher
surface area and pore volume could be obtained with lower tem-
perature, and residence time of the hydrothermal conditions pro-
cess. These results were confirmed in a recent study where the au-
thors analyzed the role of hydrochar properties on the porosity of
hydrochar-based porous carbon materials [39].

From BET surface area, pore volume, and pore width, HC1 was
the selected material to synthesize the magnetic hydrochar (MHC).
This selection was done taking into account that the surface pa-
rameters were considered convenient for the potential application
of the material as an adsorbent in water remediation. From here-
inafter, it'll be called HC.

3.2. Magnetic hydrochar characterization

3.2.1. FTIR characterization

In Fig. 2, the MHC sample exhibits a vibration at 585 cm~! re-
lated to the stretching vibration of the Fe-O bond corresponding
to iron oxide [40]. As it can be seen in the FTIR spectrum of HC,
there are functional groups such as OH~ and COOH~ that vibrate
approximately at 3400 and 1600 cm~! that could participate in
the interaction with magnetite. In comparison, most of the vibra-
tions that are present in the HC disappear in the MHC suggest-
ing that magnetite nanoparticles are integrated into the surface of
the hydrochar probably by a physical force such as coulomb in-
teraction [41]. Besides, in the MHC spectrum, O-H vibration has
shifted to a lower wavenumber and the C=0 present in COOH™
has disappeared. This indicates that these two groups are more
likely to interact with magnetite nanoparticles. Similar results were
obtained in similar materials, for example, a magnetic hydrochar
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Table 3
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Surface area and porous structures for SFH and hydrochars.

Sample  Residence time (horas)

BET Surface area (m?/g)

Pore volume (cm3/g)  Pore width (nm)

HC1 3 150

HC2 6 39,16
HC3 24 22,46
SFH 23,14

0,19 2,49
0,0739 2,79
0,0276 2,77
0,0206 0,924

| e

_\ )
—e B . "
’ e

Transmittance (%)

C=0c=c

s
Fe-O

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. FTIR spectra of HC and MHC.
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Fig. 3. X-ray diffraction patterns of MHC and HC.

from nanocellulose [30] and magnetic porous carbon from waste
hydrochar [42].

3.2.2. Structural analysis

Fig. 3 displays the XRD patterns obtained from the hydrochar
and compares them with the one corresponding to SFH. MHC
diffractogram sharp peaks at 20 values characteristic of magnetite
crystalline structure are observed. The crystalline planes of mag-
netite are evidenced at 18°, 30°, 35°, 42°, 53°, 57°, and 62° that
are ascribable to (111), (220), (311), (400), (422), (511) and (440).
These results were compared with standard reference patterns and
measurements to identify the ferromagnetic phase in MHC. This is
consistent with the reference magnetite with tab number 19-629

[43]. It has an inverse spinel structure with face-centered cubic lat-
tice and where Fe3* and Fe2t occupied octahedral and tetrahedral
sites [44]. Hence, this demonstrates the successful incorporation of
magnetite on the hydrochar. On the other hand, an intense broad-
band can be seen at 26: 23°, which according to the literature in-
dicates the presence of an amorphous phase that in this case is as-
cribed to the hydrochar [45]. Similar studies have shown that this
broadband is related to disordered carbons such as hydrochars and
biochars with a high carbon content that appear between 20° and
30° [46,47].

3.2.3. Morphological analysis

TEM images of the magnetic hydrochar at different magnifica-
tions are shown in Fig. 4. It could be seen that magnetite particles
are distributed in the hydrochar matrix that appears as colorless
support (Fig, 4 ¢ and d). The particles are well dispersed in the
HC matrix showing in some cases agglomerates of particles. From
TEM micrographs it could be suggested that magnetic particles
were stabilized by the HC. As it was already mentioned from FTIR
characterizations, the disappearance of some characteristic peaks
of HC when magnetite particles were incorporated suggested that
inorganic moieties should be integrated into the HC matrix, and
this could be observed by TEM images. The magnetite particles ap-
pear as spheres that are the predominant shape. The particle size
reaches values from 9 to 24 nm, approximately (Fig. 4 b). These
results are consistent with previous studies that have worked with
magnetic bio and hydrochars and have shown a good dispersion of
Fe304 on the surface of the biochar with a particle size of approx-
imately 10-20 nm [30,48].

For comparison TEM images of HC and magnetite particles
could be observed in Fig. 4a and b. The hydrochar that was ex-
posed to hydrothermal carbonization at 150 °C for 3 h, has cellu-
lose fibers appearance as seen in Fig. 4a. After magnetite incorpo-
ration, the hydrochar looked a little different from the previously
obtained. This is due to the hydrochar undergoing another 3 h of
heating at 150 °C, which means more residence time, leads to a
different morphological structure from fibers to a smooth appear-
ance due to further decomposition of carbonaceous material. Sim-
ilar images were observed by other authors in hydrochar magnetic
materials [42]. Moreover, the presence of magnetic nanoparticles
in the hydrochar matrix showed aggregate nanoparticles into the
hydrochar matrix. Similar results were observed by other authors
in biocompatible magnetic composite obtained from egg white
biomass [49].

Besides, BET analysis could be conducted to have information
about the surface area and the morphological structure of the ma-
terial. The BET measurements yielded values of 55.52 m?/g. This
result is consistent with a mesoporous material without the pres-
ence of macroporous as well as microporous. The pore diameter
predicted was estimated at 10.49 nm. Comparing the results ob-
tained for the HC matrix, the BET surface area was diminished
when the magnetite nanoparticles were incorporated into the hy-
drochar. Nevertheless, an increase in the pore diameter was ob-
served. These results could be attributed to the temperature time
which was exposed the hydrochar when the iron oxides moieties
were incorporated by the second hydrothermal carbonization. This
reinforces the results observed by TEM and which was described
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Fig. 4. TEM images of a) HC, b) neck magnetite, c and d) MHC.

before. Similar results were observed by other authors [50]. In
this study, magnetic hydrochar was synthesized by hydrothermal
carbonization evaluating different carbonization temperatures. The
authors observed by BET characterization that the surface area of
magnetic carbon composites decreased with increasing the produc-
tion temperature of hydrochar.

3.2.4. Magnetic characterization

The VSM measurements were conducted to characterize the
magnetic property of magnetic hydrochar. As it can be seen in
Fig. 5, the magnetic hydrochar demonstrated to have superpara-
magnetic properties since the magnetization curve shows a satu-
ration magnetization value of 55.21 emu/g in the order of which
obtained for bulk magnetite (roughly 80 emu/g) in our previous
researches [51] and a coercivity of 0.164 oe.

Other authors observed a saturation magnetization value of 13.6
to 16.3 emu/g for a hydrochar magnetic material [50]. The authors
attributed the differences to the different content on Fe,03 parti-
cles. For instance, Hasan Saygili has reported a synthesis of mag-
netic hydrochar by using grape pulp as bio-waste material and it
was reported a saturation magnetization and coercivity of 2 emu/g
and 15 Oe, respectively [22].

3.2.5. Zeta potential, hydrodynamic diameter, and surface charge as a
function of pH

Table 2 shows the hydrodynamic diameter and zeta potential
of HC and also MHC values. The hydrodynamic diameter value

60
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Fig. 5. Magnetization curve at room temperature for MHC.

obtained for MHC was notably smaller (670 nm) than the cor-
responding one for HC (1 um). This result was consistent with
those observed for naked magnetite nanoparticles (532 nm). These
results are consistent with those observed by TEM micrographs
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where magnetite particles have a size of around 20 nm. It is im-
portant to mention that for hydrodynamic measurements, the val-
ues are considered the hydrated particle in the suspension. These
results were similar to those obtained for the particle size distribu-
tion of orange peel hydrochar and Fe-orange peel hydrochar [52].

In aqueous media, the z potential of MHC compared with HC,
registered higher negative values. For instance, at pH 5.5, z poten-
tial of HC was 6.16 and -20.3 for MHC. The presence of negative
surface charge on HC and also in MHC was attributed to the func-
tional groups present in this type of hydrochar where the feed-
stock was from lignocellulosic biomass, such as carboxyl and hy-
droxyl. MHC experienced a second “hydrothermal carbonization”
causing the hydrochar to undergo once more a series of reactions
as hydrolysis and dehydration which have affected the cellulose,
hemicellulose, and lignin structure. So, the consequence of these
series of reactions have led to exposed negative acidic and basic
surface functional groups [10]. Previous studies have demonstrated
that functional groups such as carboxyl and hydroxyl present in the
hydrochar play an important role in its inherent negative charge
[53].

The z potential as a function of pH was studied for raw mag-
netite nanoparticles, HC and MHC, and data are depicted in Fig. 6.
The analysis was conducted by adjusting the ionic strength with
two electrolytes, NaCl and KNO3 0.01M. In both electrolytes, the
z potential of the HC and MHC are negative across the pH range
of 3 to 9. This was ascribed as it was already mentioned to dis-
sociation of biomass structure so exhibited hydroxyl and carboxyl
groups on the surface. Similar results were obtained by Wang et al.
[54] for magnetic greigite/biochar. As pH increases, zeta potential
decreases for both materials and both electrolytes. This behavior
was due to as pH increases, deprotonation process takes place. Fur-
thermore, MHC reached a higher magnitude of negative zeta po-
tential when compared with HC caused by its magnetic component
[32]. It is evident from the development of MHC zeta potential that
it has achieved a different material when it was incorporated into
magnetite nanoparticles. From the data arising from the material’s
characterization, it is possible to suggest that the HC and the mag-
netite might interact by physical forces such as electrostatic inter-
action as a result of the difference between zeta potentials. These
results are consistent with previous researches found in the liter-
ature. For example, Yanfei Li et al. synthesized a magnetic acti-
vated carbon whose zeta potential was found to be negative and
increased the negative charge as increasing the pH, showing the
importance of O-containing functional groups [55].

3.2.6. Thermogravimetric analysis

Fig. 7 shows the thermal degradation curves of HC and MHC.
Firstly, as it could be seen from the weight loss curves, the incor-
poration of iron oxide particles contributes to increasing the de-
composition temperature of the HC. Below 200 °C, both samples
showed a weight loss of 3.036% associated with the presence of
interstitial water present in both materials. In HC, the first main
weight loss from after 200 °C is correlated to the decomposition of
biopolymers present in the HC such as fractions of cellulose, hemi-
cellulose, and lignin [56]. The devolatilization of organic occurs in
the range from 250 °C until 550 °C [57]. As it could be observed,
the weight loss in MHC is considerably lower compared with HC,
which proposes that the presence of Fe3O4 in HC increases the
thermal stability [58]. These results are congruous with prior re-
search of magnetic hydrochars where the first weight loss was re-
lated to the water moieties present in the surface of particles in
the material. The loss after 200 °C can be associated with the de-
composition of organic substances involving small molecules such
as oxygen-containing functional groups -OH, -COOH, and -CO. Be-
yond 500 °C, weight loss is associated with the decomposition of
both inorganic and organic residues [59,60].
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Fig. 6. Z potential as function of pH of HC, MHC and naked magnetite in different
electrolytes: a) 0.001 M KNO; (HC and MHC initial pH :4.79 and 6.41), b) 0.001 M
NaCl (HC and MHC initial pH :5.55 and 5.36).

Moreover, the thermogravimetric measurement of magnetite
nanoparticles synthesized by hydrothermal methodology is not
shown since the authors have been synthesized magnetite
nanoparticles by co-precipitation methodology and analyzed by TG
characterization [27]. It analyzed the thermogravimetric measure-
ments of magnetite particles obtained by HT methodology [61]. In
this study, the authors found closed similar TG curves for mag-
netite nanoparticles synthesized by HT with those obtained in our
previous studies. As it was described in both research a total mass
loss was around 5% until almost 800 K, attributable to water con-
tent. Both magnetite nanoparticles synthesized by the two differ-
ent techniques demonstrated almost identical thermogravimetric
curves, that was the reason for which it is not presented in the
TG curves in this study.

The iron content was analyzed on MHC. The analysis was con-
ducted by measuring the Fe content by triplicate using absorption
atomic spectroscopy. From the results, it could be said that the Fe
content was around 50% of the total mass (48.52 mg Fe/100 mg of
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Fig. 7. Weight loss as function of temperature for MHC and HC.

material). So, the results are following the nominal ratio used for
the synthesis of 1:1 for Mag:HC.

3.2.7. Stability test of MHC

The stability test was conducted in bidistilled water and real
water samples. This assay was important taking into account the
potential application of biochar magnetic material as an adsorbent
of pollutants in aqueous media. The tests were conducted by incu-
bating MHC material in bidistilled water (pH around 6.0) and real
underground water sample (pH around 8.0) collected from route
35, km 15 of the region of Bahia Blanca, southwest of Buenos Aires
province from Argentina.

According to our knowledge, there have been studies where the
biochars could release dissolved organic carbon (DOC) when it was
applied in soils and water, and DOC could modify the physico-
chemical properties of these media [62]. The different fractions of
DOC generate a signal in the UV-visible region (at around 254 nm)
that may be detected by UV-visible spectrometry signal [63]. DOC
compositions were analyzed by Fourier transform ion cyclotron,
gas chromatography coupled with mass spectrometer and FTIR,
among others [64,65], and its compositions were in general small
organic compounds composed of phenolic, acid, and bio-oil com-
pounds, among others which depends on the origin of the biomass
used to produce the biochar.

Fig. 8 depicts the UV-vis spectra of supernatant arising from the
incubation of MHC on bidistilled (Fig. 8a) and real water (Fig. 8b)
samples, respectively. As it could be observed both spectra pre-
sented an absorbance band between 215 to 240 nm at the dif-
ferent times of incubation. This behavior could be attributable to
organic dissolved compounds [63]. The absorbance values around
220 to 240 nm demonstrates quite different absorbance values,
being higher absorbances for bidistilled water than in real water
samples. Although an increase in the absorbance values was ob-
served when the incubation time is longer, it was registered at 3
and 6 h of the assay, an absence or little absorbance value at this
wavelength. So, it could be said that the material had not shown
notable organic matter leaching during the first experiment. De-
spite these results, the absorbance values in bi-distilled water were
higher in comparison with those raised by the stability test in
the real water sample. It could appreciate a diminution of the ab-
sorbance value when MHC was incubated in the real water sample,
meanwhile, when the material was put in contact with bidistilled
water, a high increase of the absorbance at 220/240 nm could be
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observed. Moreover, the supernatant of the assays demonstrated a
dark brown color for bidistilled water incubation, meanwhile, in
real water samples, the solutions had light-yellow or almost trans-
parent color. From these results, it could be said that the MHC ma-
terial has less DOC release when it’s suspended in a real water
sample than when it is employed in bidistilled water. Similar re-
sults were obtained by Liu et al. [63] analyzing DOC extracted so-
lutions in water, acid and basic media. The authors observed that
the extracted solutions had from light-yellow to dark-yellow color.

Otherwise, it was studied in the research group other magnetic
materials, such as biopolymer magnetic nanocomposites, where it
was observed that at 220 nm a signal is attributable to Fe leach-
ing from the materials [66]. So, it could be said that there is an
overlapping of both signals from the DOC and Fe leaching and con-
tribute in the same manner to the instability of the MHC.

3.2.8. Mechanism of formation of MHC

From FTIR, zeta potential results, and TEM micrographs it could
be possible to propose a possible mechanism by which the hy-
drochar interacts with magnetite nanoparticles. Fig. 9 represents
the possible mechanism by the principal functional groups of hy-
drochar that have interacted with magnetite nanoparticles to form
the magnetic hydrochar material. It could be observed that car-
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Fig. 9. Mechanism proposed for hydrochar and magnetite nanoparticles linkage.

boxyl and hydroxyl were the probable functional groups from hy-
drochar that interact with magnetite nanoparticles. This suggestion
could be reinforced with the results obtained by FTIR character-
ization. As it was observed by FTIR analysis that the bands cor-
responding to carboxyl groups from hydrochar disappeared when
iron oxides were incorporated, so it would be one of the respon-
sible interactions that could be raised in the formation of MHC.
The interaction could be by the formation of C - O - Fe. This in-
teraction was also observed by other authors in the synthesis of
magnetic hydrochar from cellulose [30]. Besides, in Fig. 9 it could
be observed a photograph of the magnetic behavior of MHC when
an external magnetic field was applied by an Nd -imam, as a qual-
itatively magnetic property.

4. Conclusion and outlook

“In this research the valorization of agro-industrial waste from
Argentina was studied for the development of novel adsorbent ma-
terial. From characterization data, it was observed that in MHC
material the possible main mechanism by which the magnetite
nanoparticles interact with hydrochar is by coulombic interactions
between carboxyl and hydroxyl functional groups from hydrochar
and iron oxides nanoparticles. Based on the material characteriza-
tion it is possible to suggest that the MHC synthesized in this work
could be used as potential adsorbent for environmental remedia-
tion, especially as an adsorbent of emergent pollutants. The prac-
tical application of this material will be presented in a separate
contribution.”
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