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Materials based on graphitic carbon are used for environmental remediation, due to their high surface area
and their capacity to adsorb pollutants in liquid environments. Carbonaceous materials derived from
residues are particularly interesting, as their synthesis has a smaller impact on the environment. In the
present work, we report a preliminary study on the preparation of graphitic carbon made from cork
waste powder modified with magnetic nanoparticles (MNPs). This is the first time such composites were
prepared using pyrolysed/carbonised cork, from a powder residue of cork stopper production. This
makes the process sustainable and in line with the circular economy. The composites were prepared by
vacuum infiltration of the MNPs on pyrolysed cork powder, with a successive thermal treatment,
resulting in a carbon material that retained the porous microstructure of the original cork, ideal for the
absorption of pollutants or separation of oils and water, while also being magnetically separable
afterwards. It was seen that post-infiltration heating was better in air than under nitrogen, with the
nitrogen atmosphere and presence of highly porous carbon possibly partially reducing magnetite to FeO,
with a reduction in magnetic properties. MNPs with different chemical compositions were tested — zinc
ferrite (ZnFe,O4) and magnetite (FezsO4) — with the magnetite composites showing the highest
magnetisation. Moreover, magnetite particles of different dimensions were considered: 6, 9 and 15 nm;
results indicated that the 9 nm magnetite NPs were the most easily infiltrated; the magnetisation,
however, was higher for the composites with the 15 nm magnetite NPs (about 9 emu g™, despite the
oxide component comprising only around 12 wt% of the composite, due to their greater initial
magnetisation. This value is higher than those of similar composites prepared using carbon from other

natural sources. SEM analysis showed the presence of MNPs on the surface of the material, with the
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Accepted 6th December 2024 particles being on the nanometric scale and showing no aggregation on the micron scale. Composites

prepared with these 15 nm MNPs also showed greater stability in both water and an organic solvent
(chloroform) and were demonstrated to be magnetically separable from suspensions, making them the
rsc.li/rscsus most suitable for environmental remediation applications.
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The manuscript reports the work on the preparation of composites made of graphitic carbon derived from cork powder and magnetic nanoparticles (MNPs). The
composites were prepared following the principles of green chemistry; more specifically, principle 7 - use of renewable feedstock, for instance plant-based
materials — was applied. Cork is a plant-based renewable source; in addition to this, its use is highly sustainable due to its specific characteristics. Cork, in
fact, is the bark of Quercus suber L. and the tree is not harmed when the bark is harvested. Moreover, to grow it back, the tree absorbs more CO,; this makes its
use have a positive impact on the environment. In this work, we employed cork powder, which is a residue of the production of stoppers for bottles; in this way,
we investigated the possible valorisation of a residue of an industrial process, further adding a green element to this work.

1. Introduction
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been widely studied, due to their enhanced properties and,
therefore, superior performance.>?

One of the main fields of application is environmental
remediation; this is an increasingly important and expanding
area, due to the higher levels of pollution in water, as well as in
air and ground.*® Indeed, materials such as activated carbon
are widely used for water purification, ie. adsorption of
pollutants; this includes both organic and inorganic contami-
nants.® Carbon-based materials can also be employed for oil-
water separation processes; in fact, when combined with poly-
mers such as polydimethylsiloxane (PDMS), the resulting
composites can separate oily molecules and/or organic solvents
from water matrices.”

In recent years, there has been growing interest in the
development of materials of natural origin, whose syntheses do
not employ toxic solvents and have a smaller impact on the
environment.® Indeed, the literature reports graphitic carbon
with interesting properties derived from biomass, i.e. plants.
This material, generally called biochar, is prepared by pyrolysis
of biomass, which converts organic molecules into inorganic
graphitic carbon.® To reduce the impact even further, the use of
materials from industrial waste should be considered, and as
a result, the production of graphitic carbon from waste has been
widely investigated.**®

Cork is a material with many interesting properties and
potential applications. It is the bark of the cork oak tree Quercus
suber L. and is composed mainly of suberin and lignin. It has
a regular microstructure, with honeycomb-shaped cells in the
radial direction and rectangular cells in the transverse direc-
tions; the average dimensions of the cells are 15-20 pm and 40-
45 um, respectively." Cork is a material with hierarchical
porosity; indeed, in addition to the large micron scale pores due
to its honeycomb structure, smaller pores (below 100 nm) are
present in the walls of the cells.*” Cork is harvested from the tree
without harming it; in fact, for the tree to regrow the cork back,
it absorbs more CO,, making its use sustainable and with
a positive impact on the environment. The best quality cork is
used for bottle stoppers; this process, however, produces some
residues such as granules or powders of different dimensions.
The use of such residues to prepare graphitic carbon has
previously been investigated;'® pyrolysed cork powder was used
as an additive to chitosan scaffolds to endow them with elec-
trical conductivity [Scalera, 2021].** Moreover, its use as
a template agent was also reported, to prepare ceramics such as
hexagonal ferrites, titanium dioxide or calcium carbonate.>™*

Several studies were performed on graphite-based biochar
materials modified with magnetic compounds, to endow them
with magnetic properties. This is an important functionality in
the application of purification of water, as magnetic powders
could be easily separated/removed from water using a magnet.
Different protocols were reported for the preparation of
magnetic composites; in some instances, a magnetic compound
was added to the starting material before pyrolysis, while in
others magnetisation was induced after."®*® The addition of
magnetic nanoparticles (MNPs) as an effective tool to impart
magnetic properties to a composite was also explored.>**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the present work, we report the preparation of cork-
derived graphitic carbon modified with MNPs; in this prelimi-
nary study, we investigate the effects of the chemical nature of
the particles (zinc ferrite vs. magnetite), their size and concen-
trations on the resulting magnetisation of the composites. This
is the first time that a carbonaceous material derived from cork
has been used to make magnetic materials using MNPs. The
stability of such composites was also investigated in both water
and chloroform, considering their possible applications for
wastewater treatment (pollutants’ adsorption and/or water-oil
separation).

2. Materials and methods
2.1 Synthesis of the MNPs and their characterisation

Table 1 lists the different MNPs prepared, using protocols
previously reported in the literature. More specifically, zinc
ferrite (ZnFe,0,) and magnetite (Fe;0,) MNPs were prepared;
for ZnFe,0,, particles with a 6 nm diameter were considered
(MNP1),>*> while for magnetite MNPs with dimensions of 6, 9
and 15 nm were studied (MNP2, MNP3 and MNP4, respec-
tively).>*** A brief description of the synthesis protocols is re-
ported below.

To prepare the zinc ferrite nanoparticles (MNP1), Zn(acac),
and Fe(acac); were used as precursors in triethylene glycol
(TEG), in a molar ratio of 1 : 2. The mixture was heated at 110 °C
under argon,; after 1 hour, the temperature was raised to 210 °C
for 2 hours and successively to 295 °C for 1.5 hours. Then the
system was cooled to RT and the nanoparticles were collected
and washed with a mixture of ethanol and acetone (1 : 3 volume
ratio) in a centrifuge at 1500g for 15 minutes; the solid was
dissolved in ethanol.

For the synthesis of MNP2 and MNP3, [Fe(CO);] was used as
the precursor, while oleic acid was employed as a surfactant, in
dioctyl ether. Different ratios of the precursor and surfactant
were considered, to obtain MNPs of different dimensions:
0.2 ml of Fe(CO)s (1.52 mmol) was added to a mixture con-
taining 10 ml of octyl ether and oleic acid (1.08 g or 0.43 g to
obtain 6 or 9 nm MNPs, respectively) at 100 °C after 30 minutes
of degassing at this temperature. The mixture was heated to
reflux and kept at that temperature for 2 h. Then, the reaction
mixture was cooled down to room temperature under air.
Finally, the nanoparticles were washed with an ethanol/acetone
mixture. The solid was dissolved in chloroform.

To prepare MNP4, on the other hand, a mixture of 0.178 g
FeO(OH), 1.4 g oleic acid and 5 g 1-octadecene was first
degassed at 100 °C for 20 minutes and then heated to 320 °C

Table 1 Description of the synthesised MNPs employed in the prep-
aration of the composites

MNP name Composition Dimensions (nm) Reference
1 ZnFe, 0,4 6 22
2 Fe;0, 6 23
3 Fe;0, 9 23
4 Fe;0, 15 24

RSC Sustainability, 2025, 3, 914-928 | 915
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under stirring and an inert atmosphere and maintained at this
temperature for 1 h. Finally, the cooled reaction mixture was
washed with an isopropanol/acetone mixture. The solid was
dissolved in chloroform.

For each MNP prepared suspension, the iron content was
determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES), using a Varian 720-ES instrument.
Then the nanoparticle concentration was estimated from the
iron content. For this calculation, a composition of pure
ZnFe,0, was assumed for MNP1;>* for MNP2, MNP3 and MNP4,
Fe;0, was considered as the main phase, although small
amounts of y-Fe,0; (maghemite) were also taken into account,
as reported in the literature,” with the amounts varying slightly
with the MNPs' size.

2.2 Pyrolysis of the cork powder and infiltration with MNPs

The waste cork powder was supplied by Amorim Cork
Composites. Powders with two different granulometries were
employed: powder formed of larger particles (average dimen-
sion 200-400 pm, indicated with the symbol C), and a fine cork
powder formed of smaller ones (average dimension 20-40 pm,
indicated with the symbol FC).

Pyrolysis was performed by thermal treatment of the
powders in a Nabertherm RHTH 120-600/16 furnace (horizontal
design). Before pyrolysis, a high vacuum was achieved using
a turbomolecular pump; successively, atmospheric pressure
conditions were restored with oxygen-free N, gas. The thermal
treatment was performed using the following cycle: (i) heating
ramp of 3 °C min~' from room temperature to 700 °C; (ii)
heating ramp of 1 °C min~" from 700 °C to 900 °C; (iii) a 30
minutes isotherm at 900 °C. The furnace was then naturally
cooled down to room temperature. A flow of oxygen-free N, was
maintained during the whole cycle.

The pyrolysed powders were infiltrated with the MNP-
containing solutions; to do this, 30 mg of pyrolysed powder
were dispersed in 10 ml of ethanol solution; an appropriate
volume of MNP solution was added, to achieve the desired Fe : C
ratios. The infiltration was performed in ethanol to prevent the
precipitation of nano-colloids that are not soluble in water. For
these calculations, it was assumed that all pyrolysed powder was
made of carbon, neglecting other possible elements (i.e. N and
O) present as minor components. The solution was evaporated
under vacuum using a rotary evaporator. After the infiltration,
the powders were dried overnight at 60 °C and then thermally
treated in either air or N, at 150 and 350 °C, respectively (heat
ramp of 5 °C min~' and dwell time of 1 hour). Table 2
summarises the prepared samples; all experiments were per-
formed with a C: Fe molar ratio of about 40.

Successive tests with MNP4 were also carried out, using
different C:Fe molar ratios, namely 138, 60 and 40; in these
experiments, only the fine cork powder FC was employed, and
the thermal treatment was performed just in air (see Table 3).

2.3 Characterisation of the magnetic composites

The amount of MNPs infiltrated into the powders was deter-
mined by thermo-gravimetric analysis (TGA), using an SDT
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Table 2 Summary of samples prepared with different MNPs and
different cork powders, with the corresponding inorganic residue at
800 °C*

Sample name Description Residue at 800 °C (%)

C1_air Large cork powder, MNP1, air 15
C1_N, Large cork powder, MNP1, N, 14
FC1_air Fine cork powder, MNP1, air 18
FC1_N, Fine cork powder, MNP1, N, 14
C2_air Large cork powder, MNP2, air 3
C2_N, Large cork powder, MNP2, N, 4
FC2_air Fine cork powder, MNP2, air 12
FC2_N, Fine cork powder, MNP2, N, 14
C3_air Large cork powder, MNP3, air 13
C3_N, Large cork powder, MNP3, N, 23
FC3_air Fine cork powder, MNP3, air 17
FC3_N, Fine cork powder, MNP3, N, 20
C4_air Large cork powder, MNP4, air 12
C4_N, Large cork powder, MNP4, N, 10
FC4_air Fine cork powder, MNP3, air 11
FC4_N, Fine cork powder, MNP3, N, 8

“ N.B. The values reported here are the average of two tests; error was
always below 5%.

Table 3 List of the samples prepared with MNP4 for different C: Fe
ratios, with the corresponding inorganic residue at 800 °C

Sample C: Fe ratio Residue at 800 °C
name (mol mol™) (%)

FC4_a 138 5

FC4_b 69 7

FC4_c 40 12

Q600 (TA Instruments). The powders were heated up to 800 °C
in air (gas flow: 100 ml min~") at a rate of 5 °C min ™.

The infiltrated powders were analysed by X-ray diffraction
(XRD) to verify the formation of the magnetic iron-based phase.
For the analysis, an X'Pert PRO MRD instrument was used,
equipped with a fast RTMS detector, under CuKe. radiation (40
mA and 40 kV). The measurements were acquired in an interval
between 20° and 60° 26 range, with a step scan of 0.02° and an
acquisition time of 200 s. The diffraction patterns were
compared with the standard JCPDF files 41-1487 for graphite
and 19-0629 for magnetite. Raman spectroscopy was performed
using an integrated confocal micro-Raman system (LabRAM
Aramis, Horiba Jobin Yvon), with a 100 mW power 785 nm
AlGaAs diode laser, operating at 1 mV for 300 s to avoid
damaging the samples. The morphology of the samples was
determined by scanning electron microscopy (SEM) using
a Hitachi S-4100 at 25 kV. Samples were sputtered with gold
prior to analysis, to avoid charge accumulation. Zeta potential
measurements were performed on the composites using
a dynamic light scattering instrument (NanoZS90) using an
aqueous suspension of the powders at a concentration of 1 mg
ml~". The specific surface area (SSA) was measured via the
adsorption/desorption of N, using a Micrometrics TriStar II

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 List of the samples employed for the stability tests in water
and chloroform

Sample name Description

FC2_AP Composite with MNP2 as prepared (no stability test)
FC2_W Composite with MNP2 washed in water

FC2_Cl Composite with MNP2 washed in chloroform
FC3_AP Composite with MNP3 as prepared (no stability test)
FC3_W Composite with MNP3 washed in water

FC3_Cl Composite with MNP3 washed in chloroform
FC4_AP Composite with MNP4 as prepared (no stability test)
FC4_W Composite with MNP4 washed in water

FC4_Cl Composite with MNP4 washed in chloroform

Plus, on samples outgassed at 100 °C, using the Brunauer—
Emmett-Teller (BET) method for the SSA and the Barrett-Joy-
ner-Halenda (BJH) method for pore size distribution.

The magnetisation of the samples was measured using
a vibrating sample magnetometer (VSM, Cryogenic Ltd).
Measurements were performed on MNPs and composites as dry
samples at 300 K. For each analysed sample, results were shown
as specific magnetisation (units of emu g™ ).

2.4 Stability of the composites

To test the stability of the composites, selected samples were
placed in different solvents and the effect on the magnetisation
was assessed. More specifically, 25 mg of composite was placed
in 45 ml of distilled water or chloroform and subjected to
contact stirring for 24 hours at room temperature. At the end,
the solid was separated from the liquid by centrifugation; the
composite was dried at 60 °C, and successively its magnet-
isation was measured as described above. Table 4 reports all the
tests performed.

3. Results and discussion
3.1 Effect of the MNP composition: ZnFe,0, and Fe;0,

Infiltration experiments were performed for MNPs with
different chemical compositions, namely ZnFe,O, (MNP1) and
Fe;0,(MNP2) (see Table 1). Particles of the same dimension (6
nm) were considered, to focus on possible differences caused
only by the chemical nature of the particles. MNP1 was selected
as it is prepared in ethanol, the same solvent employed for the
infiltration; potentially, this could favour the infiltration.
MNP2, on the other hand, was suspended in chloroform, and
the appropriate volume of suspension was added to the infil-
tration solvent. As stated in the previous section, the experi-
ments were performed using a C: Fe ratio of about 40.
Cork-derived powders with larger and smaller sizes were
considered, to see if this parameter affected the effectiveness of
the infiltration process and which size could lead to materials
with the best magnetisation. Infiltration of cork-derived pyro-
lysed powder has already been performed before; in previous
work, however, the infiltration was done using either a solu-
tion"” or a sol,"'® while no experiment was ever carried out
using NPs suspended in a solvent. Furthermore, in this previous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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work, the carbonised cork was used as a template to produce
porous “ecoceramics”, with no carbon remaining - the mate-
rials produced were pure ceramics, not carbon-metal oxide
composites. The novel work in this paper is that this is the first
time that magnetic carbonised cork-MNP composites have
been reported. After the infiltration, different thermal treat-
ments were considered - in air and in N,.

TGA measurements were performed on the composites to
determine the amount of inorganic phase present in each
material. Previous studies on cork-derived graphitic materials
showed that the combustion takes place below 500 °C; the
presence of other compounds infiltrated in the material,
however, could lead to enhanced thermal stability and, hence,
combustion at higher temperatures.?® Because of this, tests were
performed at temperatures up to 800 °C, to ensure a complete
combustion of the carbon derived from the pyrolysis of the cork;
in this way, the residual weight will be the infiltrated inorganic
phase. Table 2 shows the values for the different composites; it
can be seen that when MNP1 is employed, the amount of
inorganic phase is higher than that for MNP2, the difference
being particularly evident when the larger pyrolysed cork
powder is infiltrated. C1 samples (large cork powder) treated
either in air or in nitrogen show an amount of inorganic phase
of about 14-15%; for C2 samples, on the other hand, values of
3-4% were registered. These data confirm that MNPs sus-
pended in the same solvent used for the infiltrations were more
easily incorporated inside the material.

Fig. 1 shows the magnetisation curves for composite pyro-
lysed cork powders infiltrated with both types of MNPs of equal
dimensions (6 nm). More specifically, the magnetisation curves
of the FC and C powders are reported in Fig. 1(a) and (b),
respectively, while Fig. 1(c) shows the curves of the MNPs alone
for comparison. There is no hysteresis in these MNPs, as they
are all superparamagnetic due to their small dimensions (6-15
nm), being below the single domain size and the super-
paramagnetic limit. This means that they have zero coercivity
and remanent magnetisation, although they still retain
considerable magnetisation values.

Considering the magnetisation curves of the MNPs alone
(Fig. 1(c)), it can be seen that MNP2 shows a magnetisation
almost three times greater than that of MNP1. This is in
agreement with the literature, as magnetite is known to have
a much greater magnetisation of around 90-100 emu g~ (ref.
23, 24 and 26) compared to values around 30-35 emu g ' for
ZnFe,0,.”* It should be noted that the magnetisation has not
saturated at the applied field of 1 T for any of these MNPs, so
their maximum saturation magnetisation will be higher.

Regarding the composites, for both C and FC powders, the
infiltration with MNP2 led to materials with higher magnet-
isation in comparison to MNP1, as would be expected. For FC
powder (Fig. 1(a)), the FC2_air sample presents the highest
magnetisation (about 5 emu g~ '), with FC2_N, being slightly
lower and FC1_N, slightly lower still (around 3 emu g~ ). For the
coarser C powder (Fig. 1(b)), the C2_N, composite was the most
magnetic one (about 4 emu g~ '), and C2_air and C1_N, had
similar values (with C2_air being slightly higher), both over 3
emu g~ . Literature data have also shown that the nature and

RSC Sustainability, 2025, 3, 914-928 | 917
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Fig. 1 Magnetisation for composites prepared with MNP1 (6 nm
ZnFe,04) and MNP2 (6 nm FezOy), (a) with fine pyrolysed cork powder
FC, (b) large pyrolysed cork powder C, and (c) MNPs alone.

the properties of the actual MNPs have a significant effect on
any composites produced.”” Nevertheless, considering that the
magnetic oxide component does not exceed 18 wt% in any of
these composites, they all have reasonable magnetisation for
such composite materials. The exception to this was ZnFe,O,
(MNP1) when heated in air.

With both FC and C powders, MNP1 gave a composite
material with a greatly reduced magnetisation when heated in

918 | RSC Sustainability, 2025, 3, 914-928
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air, with values around only 1 emu g ', indicating a detrimental
effect on the magnetic properties of these particular composites
under these conditions.

Regarding the samples infiltrated with MNP1, as we have
noted, the thermal treatment in air led to a significant decrease
in the magnetisation; this change was observed for both C and
FC powders. A possible explanation for this is that the reactive
atmosphere caused a partial decomposition of the magnetic
ZnFe,0, phase. To verify if this was the case, Raman analyses
were performed for samples FC1_N, and FC1_air, to see if any
difference in composition could be observed. As reported in
Fig. 2(a), for both samples the signals characteristic of ZnFe,0,
are present; more specifically, peaks at 226, 291, 409, 495 and
613 cm~ ' were detected.?**® For the sample treated in air,
however, additional signals can also be detected at 349 and
370 cm ' (see the larger inset); this corresponds to lep-
idocrocite, a non-magnetic iron oxyhydroxide (y-FeO(OH)).**
This confirms the hypothesis of a ZnFe,0, reaction with oxygen,
leading to lower overall magnetisation. This signal is not very
intense; it has to be remembered, however, that Raman is not
a quantitative technique and, therefore, the intensity of the
peaks cannot be related to the actual proportion of each phase
in a composite material. Indeed, the signal can be affected by
several parameters, including the efficiency in scattering of the
laser, as well as the crystallinity of the compound. In addition to
these signals, peaks belonging to graphitic carbon can also be
detected at 1325 and 1590 cm™ ' (D and G peaks); these were
previously observed in pyrolysed cork and derived materials.*>**

In Fig. 2(b), the XRD patterns for the sample FC2_air are
reported; the clear diffraction pattern of magnetite (Fe;0,) can
be seen, with the most intense peak at 26 = 37.1°.*> From the
relative intensities of the other peaks, no preferred orientation
was observed. All peaks were quite wide, as expected from NPs
of such small dimensions. A very wide, virtually amorphous
peak corresponding to hexagonal a-graphite was also observed,
centred around 26.6°, in agreement with the literature and as
previously observed for pyrolysed cork powder."

To study the morphology of the composites, SEM analyses
were performed. Fig. 3 shows some images for the sample
C2_air.

Fig. 3(a) (low magnification) shows the characteristic 3D
structure of cork, with rectangular cells in the tangential axis,
about 40 um wide; this indicates that the cork morphology is
preserved, despite the thermal treatment (pyrolysis and post-
infiltration treatment). From the images taken at higher
magnification (Fig. 3(b)-(d)), hexagonal cells about 15 pm in
diameter (radial view) are apparent, and NPs can be observed on
the surface of the cell wall, which are spherical particles with
dimensions below 10 nm. Although in some cases aggregation
of NPs occurs, the nanometric structure is preserved, without
agglomeration at a micrometric scale. SEM images for other
samples present similar features (data not shown).

These data confirmed that, once infiltrated in the pyrolysed
cork powder, MNPs maintain their nanosized characteristics.
The literature reports different behaviour for carbon-MNP
composites. Kohzadi et al.,* for instance, deposited iron oxide
MNPs on graphene oxides, which were observed on the surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Raman spectra for samples FC1_N, and FC1_air; (b) XRD pattern for the sample FC2_air. The standard XRD patterns used for iden-

tification were 75-2078 for a-graphite and 19-629 for magnetite.

of the material, although with some aggregation. In the work of
Fachina et al.,** on the other hand, y-CoFe,O, MNPs were not
seen on the graphene oxide surface, despite the composite
showing magnetic behaviour. Similar results were obtained by
Ruey-Shin et al.,* as Fe;0, MNPs were not clearly observed on
the composite with activated carbon, probably due to their very
small dimensions.

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

As can be seen in Table 5, all the composites and the
carbonised cork alone (C and FC) had negative zeta potentials,
showing that these particles dispersed in water had a negative
charge. Generally, a suspension with a zeta potential of £20 mV
or more is considered a stable one, and if over 30 mV, it is very
stable. The zeta potentials of the large (C) and fine (FC) pyro-
lysed cork particles alone are high, indicating very good
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Fig. 3 SEM images for the sample C2_air at different magnifications.

Table 5 Zeta potential values for the different samples

Sample name Description Zeta potential (mV)
C Large pyrolysed cork powder —20.5+2.2
C1_air ZnFe,0,4, 6 nm, air —22.7 + 2.8
C2_air Fe;04, 6 nm, air —48.2 + 0.8
C3_air Fe;0,4, 9 nm, air —33.8+1.2
C4_air Fe;04, 15 nm, air —22.7 £ 0.1
C1_N, ZnFe,0,4, 6 nm, N, —24.1 £ 0.9
C2_N, Fe;0,, 6 nm, N, —36.9+ 1.5
C3_N, Fe3;04, 9 nm, N, —28.7 £ 0.3
C4.N, Fe;0,, 15 nm, N, —10.2 + 1.0
FC Fine pyrolysed cork powder —36.2 + 3.1
FC1_air ZnFe,04, 6 nm, air —10.4 + 1.6
FC2_air Fe;0,4, 6 nm, air —56.3 + 2.8
FC3_air Fe;0,4, 9 nm, air —34.1 £ 0.5
FC4_air Fe;04, 15 nm, air —-7.1+£0.9
FC1_N, ZnFe,0,, 6 nm, N, —12.1 4+ 0.5
FC2_N, Fe;0,, 6 nm, N, —34.4 429
FC3_N, Fe;0,, 9 nm, N, —25.2 4+ 3.9
FC4 N, Fe;0,, 15 nm, N, —6.6 £ 0.8

stability, at —20.5 mV and —36.2 mV, respectively. The least
stable composite suspensions were FC1_air (6 nm ZnFe,0,) and
three of the suspensions made with 15 nm Fe;O, (MNP4):
C4_N,, FC4_N, and FC4_air , and those made using the fine
cork powder (FC) had the lowest zeta potentials of all (—6.6 mV
and —7.1 mV for FC4_N, and FC4_air, respectively). C4_air, also
made using 15 nm Fe;O, (MNP4) in air with the large carbon-
ised cork particles, was stable, however.

920 | RSC Sustainability, 2025, 3, 914-928

In general, the composites made with 6 nm ZnFe,0, (C1/
FC1, using MNP1) were always less stable than those made
with 6 and 9 nm Fe;0, (C2/FC2 and C3/FC3, using MNP2 and
MNP3) under the same conditions, and this appeared worse for
MNP1 when the fine cork powder (FC) was used. The smallest
6 nm Fe;0, (C2 using MNP2) consistently gave the highest zeta
potential for all composition series, with the larger 9 nm Fe;0,
(C3 using MNP3) made by the same route consistently being the
second best. The composites made using the small MNP2 and
MNP3 NPs appeared more stable in suspension when the fine
cork (FC) was used and were worse when heated under N,.
Conversely, for MNP1 and MNP2, the use of fine cork powder
(FC) resulted in less stable suspensions with much lower zeta
potentials. Overall, MNP2 heated in air gave the highest zeta
potentials of —48.3 mV and —56.3 mV for C2_air and FC2_air,
respectively.

3.2 Effect of MNP size: Fe;0, with different dimensions

Considering the results described in the previous section,
further infiltration tests were carried out. As the zinc ferrite-
based materials showed the worst performance, they were not
used for other experiments; therefore, the work was focused on
the use of magnetite MNPs with different dimensions, as re-
ported in Table 1. Indeed, MNPs with diameters of 9 and 15 nm
were also used; this was done to see which MNPs were more
effectively infiltrated and the consequent effect on the mag-
netisation of the composites. It is known that the measured
magnetisation of nanoparticles is generally greater with larger
size as they approach or exceed the magnetic domain size.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Although these particles are larger, these dimensions are still
much smaller than the pores of the walls of the cork cells,
estimated to be just below 100 nm." They are also all super-
paramagnetic. As with the previous experiments, post-
infiltration treatments in either N, or air were considered.

Fig. 4 shows the magnetisation of the composites, as well as
of the simple MNPs.

Considering the samples treated in air (Fig. 4(a) and (b) for
larger and finer cork powder, respectively), it can be seen that
the highest magnetisation was measured for samples infiltrated
with the largest MNPs (15 nm), i.e. C4_air and FC4_air. This is
in line with the properties of the MNPs themselves, as shown in
Fig. 4(e), where the magnetization approaches 100 emu g~ in
the case of MNP4. More specifically, considering the infiltra-
tions performed on the fine cork-derived powder, it can be seen
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that the measured magnetisation for FC3_air and FC4_air is
significantly higher than for FC2_air (Fig. 4(b)); moreover, the
curves are steeper and approach the maximum obtained at up
to 1 T more quickly. The shape of the curves is in agreement
with those of the pure MNPs (see Fig. 4(e)); this indicates that
the magnetic behaviour of the different MNPs is maintained
when they are incorporated into the matrix, and all are still
superparamagnetic. Considering the values of the infiltrated
inorganic phase as a function of the MNP dimensions
(Fig. 5(a)), it can be seen that the most effective infiltrations
were performed with MNPs of an intermediate size of 9 nm;
with these particles, in fact, the FC3_air composites consisted of
17% wt of inorganic compounds, compared to 12 and 11% wt of
the 6 and 15 nm particles, respectively. However, despite the
higher proportion of the magnetic phase, the FC3_air

©

o w o
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Magnetisation (emu/g)
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Applied magnetic field (T)

FC3_N2
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Magnetisation (emu/g)
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Fig.4 Magnetisation of the composites prepared with FesO4 MNPs of different dimensions, using pyrolysed large cork powder C (a) in air and (c)
in Ny; pyrolysed fine cork powder FC (b) in air and (d) in N5; () MNPs alone. (f) Photographs of FC4_air particles in air and in a suspension of water,
without and with the presence of an exterior magnet, demonstrating that this material can be magnetically separated.
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composite reaches a lower magnetisation value, due to the
lower MNP3 magnetic properties.

Regarding the samples prepared with the larger cork-derived
powder, the same magnetisation value is achieved for samples
C2_air and C3_air (about 3.5 emu g~ '); the shape of the curves,
however, is different, due to the different magnetic behaviour of
the infiltrated MNPs. When larger particles are employed
(sample C4_air), a measured magnetisation greater than 6 emu
g~ was reached; although it is higher than values obtained with
the smaller MNPs, it is still significantly lower than that for the
sample FC4_air (almost 9 emu g~ '). This indicates a better
performance for the composites prepared with the finer pyro-
lysed cork powder. Indeed, from Fig. 4(f), it can be seen that in
the presence of a magnet, the powder is attracted towards it,
confirming its magnetisation. This is also the case when sus-
pended in water, allowing for the magnetic extraction of these
composite particles and demonstrating that these magnet-
isation values are sufficient for such applications.

922 | RSC Sustainability, 2025, 3, 914-928
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The same magnetisation for the composites prepared with
the fine powder was also measured when smaller MNPs were
employed (Fig. 4(b)). These data can be partially explained
considering the greater quantity of inorganic phase infiltrated
in the fine powder (see Fig. 5(a)); indeed, in samples C2_air and
C3_air, an oxide proportion of 3 and 12% wt was measured, vs.
13 and 17% wt in FC2_air and FC3_air.

These lower concentrations, however, cannot be the only
cause of the difference in magnetisation. Previous studies on
similar composites (i.e. graphitic carbon with MNPs) showed
that the magnetic properties may be affected by several
parameters, including the characteristics of the carbon-based
substrate,® although the effect of each parameter is not
always understood.

When the infiltrated materials were thermally treated in N,,
however, a different behaviour was observed. Samples prepared
with MNP2 and MNP3 showed a pattern similar to that observed
in the samples prepared in air, i.e. an increase in the magnet-
isation with increasing particles’ dimensions; this was seen for
composites prepared with both large and fine powders. When
the 15 nm particles were used, however, a significant decrease
in the measured magnetisation was seen; indeed, the sample
C4_N, reaches a maximum value of about 3 emu g™, compa-
rable to that of C2_N, (where 6 nm particles were employed).
For the sample prepared with the fine cork pyrolysed powder,
this feature is even more obvious, as the maximum measured
magnetisation of FC4_N, is even lower than that of FC2_N,.
These data cannot be easily explained, and it is not clear why
such a decrease was observed; however, the fact that the same
behaviour is observed with these particles with both large and
fine pyrolysed cork powders indicates a consistency and, hence,
a common origin for the effect (i.e. not a measurement artifact).

It has to be highlighted that the magnetisation curves for
C4_N, and FC4_N,, although less intense, still show a very steep
initial rise in the signal; this indicates that the nature of the
magnetic MNP does not change, but it is more likely that, for
some reason, fewer MNPs are present. A hypothesis is that the
more reducing (oxygen-free) N, atmosphere led to changes in
the oxidation state in some of the iron ions, forming non-
magnetic, or lesser-magnetic, compounds; analysis of the
samples did not show any significant difference in the compo-
sition in comparison to other samples (data not shown). It is
possible, however, that small changes in the composition and/
or oxidation state on the surface of these small NPs, not
detected by analytical techniques such as Raman or XRD, may
have a significant effect on magnetic properties.

Some magnetite (Fe;0,) may have been converted to the less
magnetic wustite phase (FeO); bulk FeO is paramagnetic, and
NPs of FeO have been reported to have a mass magnetisation of
only around 11 emu g~ *.** It has been shown that magnetite can
be reduced to FeO with heating in the presence of carbon®” and
in carbon nanotube nanoreactors.*® In our case, the samples
were heated with a large amount of extremely porous carbon
present under nitrogen. Furthermore, impurities such as
carbon can occupy crystal interstices of magnetite to promote
FeO formation above 156 °C, preventing any formed FeO from
redissolving into the solid solution of magnetite.>* This would

© 2025 The Author(s). Published by the Royal Society of Chemistry
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occur on the surface of the magnetite NPs, where the reaction
rate for the reduction of Fe;O, to FeO has been found to be
controlled by the phase boundary,* but no such species were
detected by XRD or Raman analysis. However, deficient Fe; ,O
can also form in spinel-like “Koch-Cohen” clusters mixed with
Fe;0,,°*" meaning that it may also be extremely difficult to
detect such a phase. Further investigation is needed to better
understand this, but it seems possible that under reducing
conditions in the presence of carbon, some decomposition of
magnetite to FeO or other species could have occurred, result-
ing in a reduced measurable magnetisation. It should also be
noted that C4_N, and FC4_N, also had two of the lowest zeta
potential values (—10.2 and —6.6 mV, respectively), perhaps

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

indicating that these secondary iron oxide phases also incurred
a degree of instability in their aqueous suspensions.

Based on these data, it can be concluded that the post-
infiltration treatment is more effective when performed in air
than in N,.

C4_air and FC4_air were chosen for surface area measure-
ments as they were the best performing ones in terms of
magnetic properties (see Fig. 6); it should also to be highlighted
that the SSA should not significantly differ considering different
nanoparticles, as it is mostly determined by the microstructure
and morphology of the carbonised cork. The BET SSA of FC_4
made with the fine cork powder (36.12 m”> g~ ') was approxi-
mately 10 times greater than that of C_4 made with the large
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cork powder (3.18 m* g~ ). This is not surprising, as FC_4 is
synthesised from much smaller cork particles than C_4, the
range of dimensions of C (200-400 pm) being 10 times greater
than those of FC (20-40 pm). The t-plot data indicate that for
FC_4, the surface accounted for 21.68 m® g~ ' and microporosity
(<2 nm diameter) for 14.43 m> g~ . It was not possible to extract
reliable ¢-plot data for the much lower SSA C_4. This lower SSA
of C_4 may also help explain why FC_4 shows consistently
higher magnetisation than C_4 (except under N,, where
decomposition into FeO is a more important factor), as FC_4
has a greater SSA for more MNPs to adhere to. The N,
adsorption/desorption isotherms of C_4 and FC_4 are shown in
Fig. 6(a) and (b). Both have a type V isotherm, where the
adsorbent-adsorbate interaction is weak, but this type is often
obtained with porous adsorbents. Lateral interactions between
adsorbed molecules are strong in comparison to interactions
between the adsorbent surface and adsorbate, and BET analysis
is inherently less reliable for this type. There is no inflection
point, indicating that this is probably all monolayer coverage,
with capillary condensation then occurring in mesopores to
form the hysteresis loop. FC_4 has a hysteresis that seems to be
between types H3 and H4; H3 is caused by assemblage of plate-
like particles forming slit-like pores, while H4 is caused by
narrow slit-like pores or particles with internal voids of irregular
shape and broad size distribution. C_4 shows more like type H3
hysteresis, but both clearly have very similar morphology and
surface chemistry, resulting in similar interactions with N,
despite the great difference in SSAs.

The BJH method was used to analyse the distribution of
pores below 100 A radius, where microporosity = <20 A diam-
eter (<10 A radius), mesoporosity = 20-500 A diameter (10-250 A
radius), and macroporosity = >500 A diameter (>250 A radius).
It is immediately apparent that the pore size distributions for
FC_4 and C_4 below a 100 A radius are very similar, which is not
surprising, as they are essentially the same material, with
similar mesoporosity, but with a significant difference in
particle size and, hence, SSA. Both showed a steadily increasing
cumulative pore area (Fig. 6(c) and (d)) and pore volume
(Fig. 6(e) and (f)) as the average pore radius decreased from 85 to
20 A (= pore diameters from 170 to 40 A). As would be expected,
the pore area was dominated by the contribution of smaller
pores (peaking at around 25 A radius = 50 A diameter, in the
mesopore range); however, even though there were fewer large
pores, they contributed more to the total pore volume, with
a peak contribution at around 75 A radius (=150 A diameter)
and remaining significant down to around 40 A for both FC_4
and C_4. These relate to the small sub-100 nm pores that are
present in the walls of the cork cells,* and that become even
smaller through contraction as the cork wood is carbonised.
Therefore, it can clearly be seen that although they differ greatly
in SSAs, the pore structures of FC and C are almost identical,
with the main contribution to this small-scale porosity (as
opposed to the large hexagonal cells) being from pores in the
mesopore range.

Comparing these magnetic data with the literature for other
carbon-MNP composites, it can be seen that higher magnet-
isation values were obtained when graphene oxide was used for
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carbon-based materials; Fachina,* for instance, reported mag-
netisation values slightly higher than the highest one observed
in this work (12 vs. 9 emu g~ '), while Kohzadi* reported even
higher values. It should be remembered, however, that gra-
phene oxide synthesis is less environmentally friendly, with
a higher impact on the environment and, hence, is not ideal for
materials aimed at environmental remediation.

When activated carbon or graphitic carbon from natural
sources was used, on the other hand, smaller magnetisation
values were registered. Ruey-Shin et al,*® for instance,
measured a magnetisation of about 6 emu g~ * for a composite
based on activated carbon. Vynaygam et al.** employed carbon
derived from rubber fig tree leaves, and their composite showed
magnetisation values lower than 1 emu g~ .

The higher values obtained in this study confirm the
potential of carbon derived from cork to be decorated with
MNPs to become effective functional materials. One of the
reasons for these encouraging results may be the very high
porosity of cork, which leads to porous graphitic carbon that
can be effectively modified with MNPs.

3.3 Infiltration with different amounts of Fe;0,

Additional experiments were performed using pyrolysed cork
fine powders (FC). More specifically, MNP4 was employed for
infiltration with different concentrations, ie. different C: Fe
ratios; this was done to see whether the quantity of MNPs in
solution had an effect on the amount infiltrated into the
composite, and on the resulting magnetic properties. As stated
in the experimental section, three concentrations were used,
namely C: Fe ratios of 138, 69 and 40, corresponding to samples
FC4_a, FC4_b and FC4_c, respectively (see Table 3). Fig. 7 shows
the magnetisation curves for the three different samples.

It can be seen that, as expected, there is an increase in the
measured magnetisation for greater Fe concentrations in the
suspensions employed for the infiltrations; the increase,
however, is not linear. The magnetisation, in fact, goes from
about 4 to over 5 emu g~ ' when doubling the initial MNP4

Magnetisation (emu/g)

FC4 ¢

-0.5 0.0 0.5
Applied magnetic field (T)

1.0

Fig. 7 Magnetisation of composites prepared using different MNP4
concentrations; more specifically, C : Fe ratios of (a) 138, (b) 69, and (c) 40.
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concentration in the infiltration suspension; a much greater
increase, however, is observed with a higher MNP content,
reaching a value of almost 9 emu g~ (note: this last sample
FC_c was prepared under the same conditions as FC4_air,
shown above). These data confirm that the magnetic properties
of the composites can be tailored by changing the infiltration
conditions.

3.4 Stability of the composites

The composites were tested in a liquid environment, to see
whether the MNPs were anchored to the graphitic carbon and
were not dissolved. Two solvents were considered, H,O and
chloroform (see Table 4); they were chosen considering the
possible applications of the materials for wastewater treatment.
In fact, the removal of pollutants from aqueous environments
requires stability in water; chloroform, on the other hand, can
be considered a model molecule for oil-water separation
[Turco, 2024].”

Fig. 8 shows the results for samples prepared with all three
different MNPs; the value of the magnetisation was normalised
to that of the untreated sample for each MNP to make the
comparison easier. Samples infiltrated with MNPs of 6 and
9 nm show a similar behaviour; in fact, in both cases there is
a significant decrease in the magnetisation after the chloroform
treatment — about three times lower for FC2 and half of the
original value for FC3. A much smaller decrease was measured
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when these samples were treated in water; in this case, the
magnetisation was between 75 and 80% of the value for the
untreated corresponding composites (Fig. 8(a) and (b), respec-
tively). This shows their relative stability in an aqueous envi-
ronment, and Fig. 4(f) demonstrates that they can be removed
magnetically from a suspension. For the sample FC_4, on the
other hand, a different behaviour was observed; both FC4_W
and FC4_Cl, in fact, show a small decrease in the magnetisation
with increasing applied magnetic field above ~0.25 T (Fig. 8(c)).
Such a decrease normally indicates the presence of a diamag-
netic phase in the material.*»** As this behaviour was not
observed prior to the solvent treatment, it is reasonable to think
that some changes took place during such treatment.

Despite the fact that superparamagnetic iron oxide NPs at or
below the single domain size should have measurable mag-
netisation close to the maximum, this is often seen not to be the
case for NPs of 15 nm or less. This has been attributed to various
causes such as surface demagnetisation effects becoming more
important on such small particles and the formation of
diamagnetic o-Fe,O; on the surface,* variations in crystallinity
and surface roughness*® and surface spin disorder.*”** Indeed,
a study by Nedelkoski et al,*® which included MNPs made by
the same methods as those used here to make MNP4,* indi-
cated another possible cause for such effects. They showed that
strong antiferromagnetic super-exchange interactions across
antiphase domain boundaries can significantly decrease the
magnetisation due to the formation of multiple magnetic

Normalised magnetisation

-0.5 0.0 0.5 1.0
Applied magnetic field (T)

-1.0

o N
[$)] o

Normalised magnetisation
o
o
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Fig. 8 Stability of the composites prepared using pyrolysed fine cork powder and (a) MNP2, (b) MNP3, and (c) MNP4, (d) MNP4 after diamagnetic
component subtraction. The curves indicated with AP, W and Cl correspond to the material as prepared, and left in water and in chloroform,

respectively, for 24 hours.
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domains near the surface, even in NPs below 15 nm, creating
a surface anisotropy, which would reduce overall magnetisation
as a field is applied. If this is the case, an interaction of the MNP
surface with the solvent (water or chloroform) appears to have
encouraged the growth of surface antiphase domain
boundaries.

A combination of these effects could explain the anomalous
magnetic behaviour after treatment in solution. To perform
a proper comparison with the FC4_AP sample, the diamagnetic
component of the signal was subtracted, following the standard
literature protocol;**** the corrected curves are reported in
Fig. 8(d). It can be seen that the change in the magnetisation
after the solvent treatment is almost negligible (within the
experimental error) with both water and chloroform. It also
needs to be pointed out that, while this anomalous reduction in
magnetisation is of academic interest, it has no significant
effect on the proposed application for these materials. It will not
affect their adsorption capabilities for pollutants, and the
magnetisation is still more than sufficient for magnetic sepa-
ration and removal of the powders, as shown in Fig. 4(f).

Overall, these data indicate that the stability of the
composites improves with an increase in the dimensions of the
MNPs and such improvement is particularly significant in
chloroform; this latter feature makes the use of the larger MNPs
more suitable for oil-water separation applications.

4. Conclusions

The preparation of magnetic graphite composites from pyro-
lysed sustainable cork waste powder was successfully achieved.
This is the first time that magnetic carbon-MNP composites
have been made from pyrolysed/carbonised cork, resulting in
a carbon material that retained the porous microstructure of the
original cork, ideal for the absorption of pollutants or separa-
tion of oils and water, while also being magnetically separable
afterwards. Two sizes of waste cork powder were studied, and
the fine cork powder (20-40 um) allowed for a better impreg-
nation of the NPs into the pyrolysed cork, giving a superior level
of magnetisation in the composite, than coarse cork powder
(200-400 um). It was also shown that heating in air was better
than nitrogen post-infiltration, with the nitrogen atmosphere
possibly reducing magnetite to form partial FeO with a concur-
rent reduction in magnetic capabilities. Indeed, the cork-
derived graphite powder was modified with MNPs with
different chemical compositions and dimensions (from 6 to 15
nm); moreover, different MNP concentrations in the composites
led to different magnetisation values, up to 9 emu g~ for 15 nm
Fe;O0, NPs that accounted for only around 12 wt% of the
composite. Stability studies showed that composites prepared
with the largest 15 nm MNPs were also the most stable in both
aqueous and organic solvents, making them suitable for
applications in environmental remediation. Based on this, as
future work, these composites will be tested for the removal of
pollutants in simulated wastewater and oil-water separation
processes. Although the scale-up of the process is beyond the
scope of this preliminary work, it should be highlighted that the
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method involves simple steps that should be replicable on
a larger scale.
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