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Ferromagnetic iron oxide—cellulose
nanocomposites prepared by ultrasonicationt
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This paper highlights the efficiency of ultrasonication, as a clean and energy-saving method for the prepa-
ration of cellulose—iron oxide ferromagnetic composites in two steps. Hydroxyl-functionalized maghe-
mite—goethite nanoparticles (MG) having a saturation magnetization of 56.9 emu g™ at room tempera-
ture were first synthesized by a one-pot procedure involving ultrasonication of an aqueous alkaline Fe?*
salt solution. Organic—inorganic nanocomposites were obtained by a second ultrasonication step of an
aqueous suspension of micronized cellulose and MG nanoparticles. The cumulative effect of ultra-
sonication and MG nano-projectiles was found to strongly decrease the degree of crystallinity of cell-
ulose. The microstructural characterisation of the resulting composite evidenced its size polydispersity,
with small nanoparticles uniformly attached on the surface of cellulose microfibrils. Vibrating sample
magnetic measurement indicated a hysteresis curve specific to ferromagnetic materials and the appear-
ance of a superparamagnetic phenomenon at low temperature (a blocking temperature of 62 K).
Cellulose/iron oxide clusters with an average size around 7 nm and characterized by high decomposition
temperatures (around 645 °C) were proven to be responsible for the observed superparamagnetic
phenomenon. The superiority of the ultrasonication process versus a procedure involving simple
mechanical stirring, in terms of composite yield, dispersion uniformity of MG nanoparticles and magnetic

rsc.li/polymers properties is discussed.

Introduction

Magnetic cellulose-based nanomaterials have been suggested
recently to be of interest as transparent films for magneto-
optical applications," for recyclable catalysts,>® as antibacterial
or contrasting materials for magnetic resonance imaging,’
magnetic aerogels,® magnetically retrievable oil adsorbents® ™"
or cellulose composite films."* Cellulose in combination with
magnetic particles was also proposed as a material for mag-
netic paper'® and other magnetically responsive cellulose com-
posite materials."*"® Typically, cellulose-based magnetic
materials are prepared by incorporating iron oxides into the
cellulose matrix."® The inorganic domains can be either pre-
synthesized and mixed with the cellulose matrix"'” or syn-
thesized in situ.”"*

Besides the above mentioned applications, another area of
major interest is concerned with superparamagnetic materials.
The phenomenon of superparamagnetism (SP) describes a state
of single domain sized grains, when the thermal energy is high
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enough to overcome the barriers to a magnetization reversal.
These barriers arise from magneto-crystalline, magneto-elastic
or shape anisotropy, all proportional to the grain volume. When
the energy barriers are large with respect to the thermal energy,
the magnetization process is stopped and the probability of
spontaneous reversal strongly decreases, becoming negligible. If
the barriers are low, the thermal excitation can result in the
reversal of the magnetization over very short time scales, and a
superparamagnetic state is attained. At a given temperature, the
volume of a particle that passes from the unblocked state to a
blocked one is known as the blocking volume. For a given par-
ticle volume, the grain can be blocked by cooling the material
below the blocking temperature (the temperature when the
reversal magnetization starts)."®'® This type of magnetism that
occurs in small ferromagnetic or ferrimagnetic particles implies
sizes of a few to a couple of tenth nanometers, depending on
the material.>***' These nanoparticles are single-domain par-
ticles. The total magnetic moment of the nanoparticle can be
seen as a single giant magnetic moment, composed of all the
individual magnetic moments of the atoms forming the nano-
particle.”> However, the size is not the only parameter able to
provide the state of superparamagnetism. The surface effects
and the crystallinity also affect the magnetic properties, includ-
ing the SP phenomena.>*>°

This journal is © The Royal Society of Chemistry 2018
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Ultrasonication assisted processes are more and more
studied as unconventional and clean methods in chemical syn-
thesis®” and materials preparation/processing.>® Ultrasound
treatments of solutions or suspensions involve multiple effects
such as acoustic cavitation (bubbles formation, followed by
their growth and implosion generating microcavities), very
high local temperatures and pressures, micro-jet and shock-
wave phenomena.?® Such extreme conditions can accelerate
some chemical reactions and have been exploited to prepare
amorphous metals, alloys, and oxides, and also to induce new
physical properties. Thus, Fang et al. managed to synthesize
ferroelectric and ferromagnetic BiFeO; by intense ultra-
sonication (ultrasound frequency: 40 kHz) of a bismuth nitrate
and iron nitrate mixture.*® Liu et al. produced ultrathin CoPt;
nanowires with ferromagnetic properties at room temperature
by dealloying CogoPt; nanowires of a larger diameter through
ultrasonication.®" Furthermore, high frequency ultrasonication
was proved to directly influence the magnetic properties of the
treated materials. Thus, the coercive field increases with
increasing ultrasound intensity. Also, the saturation magneti-
zation of the magnetic particles synthesized by using ultra-
sound is higher compared to the values obtained for other syn-
thesis methods.*> These effects of ultrasonication can be
explained by an increased internal tension due to strong inter-
actions on the surface (surface effects) and by the reduced size
of the crystallites.*

We recently reported the one-pot synthesis of maghemite—
goethite nanocomposites possessing high magnetic properties
induced by maghemite and hydroxyl groups specific to
goethite."'* These functional groups are of interest in the
preparation of polysaccharide-based composites, since they are
able to interact with similar groups of the polymer matrix.*®
Thus, hydrophobized viscose-maghemite/goethite composites
were prepared and their performances as magnetically recover-
ing oil sorbents were demonstrated."® Ultrasonication was also
used as an efficient method to prepare ferroelectric viscose-
barium titanate composites for electromagnetic shielding.'"*°

The purpose of this investigation is to provide a clean ultra-
sonication method for the preparation of micronized cellulose/
maghemite-goethite magnetic composite materials and to
investigate the ferromagnetic properties of the resulting
materials as a function of their microstructure induced by the
preparation conditions. The novelty of this approach resides in
the absence of an energy consuming thermal treatment.
Moreover, ultrasonication alone converts the pristine hydroxyl-
functionalized ferromagnetic ~maghemite-goethite nano-
particles into very small cellulose-iron oxide clusters that show
superparamagnetic behaviour. For comparison purpose, a
similar composite was prepared by conventional mechanical
mixing of the components. The structures and the properties
of the composites were compared by means of Fourier
Transform infrared spectroscopy (FTIR), scanning (SEM) and
transmission electron microscopy (TEM), X-ray diffraction
(XRD), small angle X-ray scattering (SAXS), thermogravimetric
analysis (TGA) and vibrating sample magnetometer measure-
ments (VSM).

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Experimental

Materials

Micronized cellulose powder (C) (20 pm, 98% purity) (Aldrich),
iron sulfate heptahydrate (FeSO,-7H,0) (99% purity), sodium
hydroxyde (NaOH) (99% purity) and Milli-Q ultrapure distilled
water (Merck) were of analytical grade and used without
further purification.

Preparation of maghemite-goethite nanoparticles (MG)

MG nanoparticles were obtained through a one-pot procedure
as previously described.** 1/2 w/w FeSO, and 1/4 w/w NaOH
aqueous solutions were mixed (1/1 w/w) over 60 minutes in an
ultrasonic bath, at an ultrasonic frequency of 20 kHz. The
resulting suspension was then centrifuged, washed with Milli-Q
water, centrifuged again and dried in a Trade Raypa vacuum
oven for 24 h at 40 °C to obtain a dark brown powder sample.

Preparation of ferromagnetic composites (C-MG)

An aqueous suspension of 4 g micronized cellulose (C) and 1 g
maghemite-goethite powders in 50 mL Milli-Q water was
mixed by mechanical stirring (50 rotation per min) at 80 °C,
for 15 min to give the C-MGst sample. A similar suspension of
powder mixture was sonicated for 15 min at 20 kHz ultrasound
frequency, when 26.1 kJ of energy was dissipated into the
mixture and the temperature reached 80 °C, to provide the
C-MGultr sample. After filtration, the samples were dried in a
Trade Raypa vacuum oven overnight at 50 °C. The C-MGst
sample resulted in 87% yield as a powder of uneven colour
(white with black islands inserts), while the C-MGultr compo-
site sample was obtained as a brown powder of uniform colour
in 98% yield.

Equipment

The ultrasonication experiments were performed in an ultra-
sonic bath of a Sonics Vibracell ultrasound generator (750 W
nominal electric power, 20 kHz ultrasound frequency, provided
with a display giving the energy delivered to the end of the
probe and sensor for temperature) at an ultrasonic frequency
of 20 kHz and an amplitude of 50% from the maximum inten-
sity. The structures of the precursors and composites were
investigated by FTIR spectroscopy on potassium bromide
pellets by using a Bruker Vertex 70 spectrometer and by X-ray
diffraction (XRD) on a Bruker Advance D8 X-ray diffractometer
(4: 1.5405 A - the wavelength of Cu-Ka radiation, 20 ranging
from 3 to 70°). The surface morphologies were visualized by
scanning electron microscopy (SEM) on an ESEM Quanta 200
electronic deflection microscope. Transmission electron
microscopy (TEM) analysis was carried out with a Hitachi
High-Tech HT7700 instrument, operated in high resolution
mode at 100 kV accelerating voltage. Samples were prepared by
drop casting from the diluted dispersions of nanoparticles in
ethanol, on 300 mesh holey carbon coated copper grids (Ted
Pella) and vacuum dried. Small-angle X-ray scattering experi-
ments (SAXS) were performed on a Bruker NanostarU system
equipped with a Vantec 2000 detector (diameter of 200 mm)
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and an X-ray IpS microsource. The wavelength of the incident
X-ray beam was A = 1.54 A (Cu-Ka). The scattered intensity I(q)
was plotted versus the momentum transfer vector g = 4z sin 6/1,
where 1 is the wavelength of the X-ray beam and 6 is half of the
scattering angle. The sample-to-detector distance was 107 cm
allowing measurements with g values from 0.008 A™" to
0.2 A™'. The angular scale was calibrated by the scattering
peaks of silver behenate standard. The samples under study,
in the powder form, were measured under vacuum at 25 °C for
20 000 seconds. The background was subtracted from the orig-
inal intensity profiles. The data analysis was done by using the
SAXS-NT Bruker integrated software and ATSAS 2.5.1.%”
Magnetic measurements were performed on a Quantum
Design-PPMSQD-9 vibrating sample magnetometer for the
applied magnetic field in the range of —20-20 kOe. The mag-
netization dependence on temperature was followed by using
standard zero field cooling (ZFC) and field cooling (FC) pro-
cedures between 10 and 300 K for the applied magnetic field
of 200 Oe. The thermal degradation was followed on a thermo
balance model STA 449F1 Jupiter (Netzsch, Germany) cali-
brated with metal standards (Hg, In, Sn, Bi, Zn, Al) from
38.5 °C to 600 °C. Samples of mass ranging from 7 to 10 mg
were heated from 25 to 680 °C with a heating rate of 10 °C
min~'. High purity He (99.999%) was used as carrier gas at a
flow rate of 50 mL min~", except for sample MG, when the
heating rate was 15 °C min~" and the carrier gas was nitrogen.
The protective purging of the thermo balance with the inert
gas was performed at a flow rate of 20 mL min~". The samples
were heated in an open Al,O; crucible, and alumina was used
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as the reference material. Data collection was carried out with
Proteus® software.

Results and discussion

Cellulose-iron oxide composites (C-MG) were obtained by a
two-step procedure as depicted in Fig. 1a. Maghemite
(y-Fe,O3)-goethite (a-FeOOH) nanoparticles (MG) were pre-
synthesized by ultrasonication of an alkaline solution of iron
sulfate, according to a procedure previously described.'™*
According to the literature, the preparation of maghemite
(y-Fe,O3) nanoparticles is carried out by different
procedures,*®*** each of them involving a thermal treatment
step at temperatures higher than 300 °C. On the contrary, the
less thermally stable goethite (a-FeOOH) can be obtained only
at lower temperatures (20-70 °C).**** To the best of our knowl-
edge, we are the first to obtain MG nanoparticles through a
one-pot synthesis procedure by ultrasonication. The process
does not involve any supplementary thermal treatment, thus
being more energy-efficient than other processes.
Cellulose-iron oxide composites were obtained in a second
step, either by mechanical stirring (C-MGst) or by ultra-
sonication (C-MGultr). For this purpose, mixtures of MG nano-
particles of a particular shape (acicular goethite particles of
more than 200 nm length and diameters lower than 10 nm
surrounded by almost spherical agglomerations of maghemite
nanopatrticles of diameters lower than 50 nm - Fig. 1d')'"**
and micronized cellulose (C) used.
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Fig. 1 Overview of the preparation of cellulose—-maghemite/goethite composites: (a) schematic representation of the preparation methods and of
the microstructures of C-MG composites obtained by stirring and ultrasonication; the effect of the combined action of ultrasonication and nano-
particles on the crystalline structure of cellulose is highlighted: SEM images of (b) pristine cellulose, (c) C-MGst (d), MG and (e) C-MGultr; TEM

images of (d) MG and (e') C-MGultr.
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Ultrasonication was found to be a better homogenization
process as proved by the optical microscopy images (insets in
Fig. 1a). Thus, the distribution of MG nanoparticles is uneven
in the C-MGst sample, where they can be seen as black spots.
On the contrary, the C-MGultr sample shows a uniform brown
colour. In addition, ultrasonication leads to a higher yield of
the C-MGultr composite (98%). The lower yield obtained for
the C-MGst sample (87%) is a result of the loss by filtration of
a part of MG nanoparticles that were not adhering to cellulose,
as will be further demonstrated by FTIR, XRD and TGA
analyses.

Structural characterization

FTIR analysis. The structures of the precursors (C, MG) and
composites (C-MGst, C-MGultr) were first assessed by infrared
spectroscopy. Fig. 2 compares the normalized spectra obtained
in transmittance mode. As one can see from Fig. 2, the charac-
teristic bands of cellulose (667, 615, 559 cm™ ', COH: out-of-
plane bending; 897 cm™', COC stretching at f-(1—4)-glycoside
linkages; 1032, 1059 cm™', CO at C6 and CC stretching; 1113,
1165 cm™ ", COC stretching at B glycoside linkages; 1236 cm ™,
COH in plane bending at C6; 1319 cm™", CH, rocking vibration
at C6; 1373 cm™", CH in plane bending; 1431 cm™', HCH in
plane bending vibration, CH, scissoring motion, CH, sym-
metric bending at C6; 1647 cm™, OH bending of absorbed
water; 2899 em™', CH  symmetrical stretching;
3400-3368 c¢cm™', OH intra H-bond and inter-O(3)H-O(5)
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Fig. 2 FTIR spectra of the initial components and composites.
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bond)'"*>° are present practically unmodified in the spec-
trum of the C-MGst composite, while the spectrum of the
C-MGultr composite shows noticeable changes in OH absorp-
tion bands (reduced intensity of the 3400-3300 cm ™" band and
an intense new band located at 1634 cm™'; moreover, for both
bands the absorption maxima moved closer to those character-
istics of the MG precursor). The OH bands at 885, 795 and
399 em™" for the MG precursor assigned to goethite®! dis-
appeared in the spectra of both C-MG composites, while the
band at 3152 em™" (attributed to bulk hydroxyl stretching in
goethite structures®’) shifted to 3119 cm™" in the spectrum of
C-MGultr, denoting the involvement of MG hydroxyl groups
either in hydrogen bonding with those of cellulose or in poss-
ibly newly formed condensed Fe-O-C groups. The Fe-O
stretching band of maghemite located at 579 em™" in the spec-
trum of MG'"* is superposed on cellulose absorptions in the
400-700 cm ™" region. However, as one can see in this spectral
region of C-MGst and C-MGultr samples, the modification of
the intensity and the location of the bands of the first one are
less visible compared to pure C, indicating that a smaller
amount of MG nanoparticles adhered to cellulose when the
component mixture was homogenized by stirring. The result is
in agreement with the lower composite yield obtained for the
stirring preparation process than the one obtained by using
ultrasonication.

Some of the characteristic spectral bands are quite sensitive
to the crystalline structure in cellulose materials.”®*° Thus, the
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bands located at 1431 and 1373 cm™" and the one at 837 cm ™"
correspond to crystalline and amorphous domains, respect-
ively. I 431/Igo; and I z73/lhe00 ratios (I is the intensity of the
absorbance peak ~ 1 — intensity of the transmittance peak)
were used to calculate the empirical crystalline index or lateral
order index (LOI) and the total crystalline index (TCI), respect-
ively. TCI is proportional to the crystallinity degree of cellulose
and LOI is correlated with the overall degree of order in the
cellulose. The ratio of two other infrared bands, I330s/I1330, 1S
known as the hydrogen bond intensity (HBI) closely related to
the crystal system and to the degree of intermolecular regu-
larity, considering the chain mobility and bond distance, as
well as the amount of bound water. The calculated values of
LOI, TCI and HBI for cellulose and its composites are given in
Table 1.

The mixing of cellulose with MG nanoparticles by stirring
does not change dramatically the crystalline structure of cell-
ulose, as one may see by comparing the LOI, TCI and HBI
values of C and C-MGst samples. On the contrary, ultra-
sonication decreases all these values, less for cellulose ultra-
sonicated alone (Cultr sample) and more for the C-MGultr
sample. Ultrasonic waves are expected to produce a very strong
mechanical stress into the treated cellulose containing
samples.”® The obtained FTIR data prove that the more rigid
crystalline domains are the most affected, while maghemite/
goethite nanoparticles increase the amplitude of this phenom-
enon by playing the role of nano-projectiles thrown by sonic
waves into cellulose fibers. As a consequence, the fragmenta-
tion of cellulose fibers into smaller entities occurs, as can also
be seen in the SEM image of the C-MGultr sample (Fig. 1e
compared to Fig. 1b). The effect of MG nanoparticles under
ultrasonication on the cellulose microstructure could be
depicted as in Fig. 1a.

XRD analysis. X-ray powder diffraction (XRD) analysis was
used to accomplish a deeper structural characterization of the
studied precursors and composites. The X-ray diffraction pat-
terns are depicted in Fig. 3. All peaks present in the pattern of
the MG sample are attributed to maghemite (y-Fe,O3; card
number 39-1346, JCPDS-ICDD, 1997) and to goethite
(a-FeOOH; card number 03-0251, JCPDS-ICDD, 1997).
According to a previous literature report,’® the pattern
recorded for the C sample is typical of the cellulose structure.
For comparison purposes, the XRD pattern of the cellulose

Table 1 Crystallinity indices (Cl, LOI, TCI) and HBI for pristine cellulose
(C), ultrasonicated cellulose (Cultr) and the composites (C-MGst,
C-MGultr)

Crystallinity indices C Cultr® C-MGst C-MGultr
Lor“ 1.91 1.71 1.94 1.77
TCI* 1.24 1.01 1.16 0.49
HBI¢ 2.34 1.98 2.73 0.78
cr’ (%) 42.57 42.46 42.97 9.68

“Calculated from the FTIR spectra. ”Calculated from the XRD pat-
terns. “ Sample of cellulose ultrasonicated for 15 min (IR spectrum not
shown).
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Fig. 3 Normalized XRD patterns of pristine cellulose (C), ultrasonicated
cellulose (Cultr), maghemite—goethite (MG), and their composites
obtained by stirring (C-MGst) and ultrasonication (C-MGultr).

ultrasonicated for 15 min was also recorded. The pattern of
the Cultr material is very similar to that of the pristine cell-
ulose, indicating a low influence of ultrasonication on the
polysaccharide structure. As concerns the composite’s X-ray
patterns, it is obvious that the contributions of both MG and C
profiles are noticed. Nevertheless, as expected from the FTIR
analysis, their shapes are strongly dependent on the synthesis
procedure. The pattern recorded for the C-MGst sample is
approximately the sum of precursors’ diffractograms. However,
some of the diffraction peaks specific to MG nanoparticles are
less visible in the composite pattern, probably due to their low
content. It seems that the stirring process does not affect the
crystalline structure of cellulose, even in the presence of an in-
organic precursor, since the peaks attributed to the organic
material are similar to those observed for the pristine com-
pound. By contrast, the preparation procedure involving ultra-
sonication dramatically changed the crystallinity of the
employed polysaccharide, since the peak appearing at 22.470°,
attributed to the (002) diffraction plane of the cellulose is
much smaller compared to the maghemite peaks and the
profile observed for the pristine cellulose. This behaviour is
mainly due to the presence of inorganic materials in the
system. Moreover, the specific pattern of goethite is less visible
in the diffractogram of the C-MGultr sample.

The values of the crystallinity indices for cellulose (Table 1)
were calculated by using the deconvolution method (see
Fig. S1 in the ESI}), with the following equation:"

CI (%) = 100 x S./St, (1)

where S. represents the area of the crystalline domain and S;
represents the area of the total domain. Note that the S; values

This journal is © The Royal Society of Chemistry 2018
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for the composite samples were adjusted by extracting the con-
tribution of maghemite and goethite peaks.

As one can see in Table 1, similar crystallinity indices were
obtained for cellulose, ultrasonicated cellulose and C-MGst
sample, and much lower values for the composite sample
obtained by ultrasonication, confirming the FTIR data.

Morphology/dimensional characterization

The supramolecular structures of the obtained composites
were identified by SEM, TEM and SAXS, compared to those of
the pure components. The SEM images of the components
and composites are shown in Fig. 1 (larger images are shown
in Fig. S2, ESIT). The SEM micrograph of the pristine cellulose
sample (Fig. 1b) clearly shows well-separated fibrils of about
30-40 pm length and diameters of around 15 pm. As pre-
viously reported, the TEM image of the MG inorganic precur-
sor showed agglomerations of goethite nanorods surrounded
by almost spherical maghemite nanoparticles (Fig. 1d’).*"**
The mixing of the components by mechanical stirring gives
rise to an uneven distribution of MG between C microfibers
(Fig. 1c), while the ultrasonicated sample shows a more
uniform distribution of the magnetic nanoparticles and the
fragmentation of the cellulose microfibers (Fig. 1e). Optical
microscopy images are inserted in Fig. 1a.

The C-MGultr sample was also analyzed by TEM. The low
magnification images show that the sample contains large
aggregates of more than 200 nm size (see Fig. S3 in the ESIt).
At higher magnification (Fig. 1e’), the inner structure of these
aggregates is resolved, and the component nanoparticles are
visible. It is thus possible to notice that the characteristic
shape of MG nanoparticles (Fig. 1d’) is no more evidenced and
ultrasonication produced almost spherical nanoparticles of a
polydisperse size within the 5-30 nm range. These ones are
embedded within an organic matrix that contributes to their
close packing. No free particles are present outside the
polymer matrix indicating the strong connection between the
organic and inorganic components.

TEM results were confirmed by SAXS analysis. Fig. 4 shows
the dependence of the scattering intensity on the momentum
transfer vector (g), obtained by azimuthal integration of the
collected 2D patterns to a 1D plot.

100000
10000

1000

I(q), a.u.

0.01 ' ' 01
q, 1/A

Fig. 4 Logarithmic plot of the scattering intensity (/) vs. scattering
vector (q) for the C-MGultr sample.
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The SAXS scattering curve shows a profile with some
specific features. First, there is a low g region, where the
scattering intensity obeys a linear monotone decreasing
function over several orders of g values. Such an aspect of
the curve is characteristic of complex systems with a high
degree of disorder. In this case, the results of the scattering
measurements should be analyzed by taking into account the
fractal geometry concepts. Thus, the intensity of SAXS analysis
of fractal objects can be described by the equation:**

I(q) =Toq". (2)

The value of the power-law exponent (a) represents the
slope of the linear part of the scattering logarithmic plot,
while I, is the scattering intensity at g = 0. Using these values,
the volume (D,) and surface (D;) fractal dimensions were calcu-
lated. The fractal dimensions are useful to establish if the scat-
tering object is a volume or surface fractal. The slope calcu-
lated according to the linear part of the scattering curve of
|a| = 3.5 corresponds to a surface fractal having Dg = 2.5. In
other terms, the system contains aggregates with dimensions
larger than 100 nm, outside the SAXS range and a medium
roughness of the surface.

The second important feature observed in the scattering
curve profile is a large shoulder at g = 0.087 A™". According to
the Bragg law, d = 2a/q, the size of the corresponding objects
was estimated to be d = 72 A. On the other hand, the aspect of
the peak suggests a large polydispersity of the scatterers.
Therefore, the SAXS analysis reveals that the sample contains
nanoparticles having the average size around 7 nm, aggregated
in large structures having an irregular shape and a mild rough-
ness, thus confirming the TEM observations.

Thermal properties

The thermal degradation (TG) of the precursors and magnetic
composites was followed under an inert gas atmosphere in the
25-680 °C temperature range. TG and DTA curves are shown in
Fig. 5.
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Fig.5 TG (up) and DTA curves (down) of maghemite—goethite (MG),
cellulose (C) and of their composites obtained by stirring (C-MGst) and
ultrasonication (C-MGultr).
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For MG particles, due to the very small values of the mass
loss, the highlight of the sample decomposition was possible
only at higher heating rates (15 °C min™") and by using nitro-
gen as the carrier gas. Four steps of weight loss were found
under these conditions, 0.94, 0.83, 0.75 and 1.20%, respect-
ively between 20-165, 165-300, 300-410 and 410-680 °C, while
the DTA curve was still not a reliable one. The first decompo-
sition phenomenon can be attributed to the loss of adsorbed
water and water linked by hydrogen bonding. According to Liu
et al.>® and Chen,> pure goethite loses the chemically linked
hydroxyl groups at temperatures of 200-300 °C and the
remnant and partly non stoichiometric OH units at higher
temperatures, up to 1000 °C, while pure maghemite shows
only a thermal transition to hematite at temperatures of
550-580 °C, depending on particle dimensions. One can thus
attribute the second and the third decomposition phenomena
of the MG sample to the goethite component dehydroxylation
and the transition to hematite, the fourth decomposition step
being ascribed to the loss of residual and nonstoichiometric
hydroxyl groups in goethite. Since for pure goethite the theore-
tical mass loss is 10.1% and the mass loss of the MG sample
between 165 and 680 °C is 2.78%, a content of 27.5% goethite
could be estimated for the MG inorganic particles.

The thermal decomposition for C and C-MGst samples
occurs mainly in one degradation step, which runs through
endothermic processes with Tpeq at 341.9 °C and 366.8 °C,
respectively. The higher Tjcar value for the composite sample
can be attributed to the protection of cellulose microfibrils by
the more stable inorganic particles on the surface. A high
weight loss of 95.6% for C and 90.0% for C-MGst samples was
obtained. The C-MGultr sample showed a different thermal
stability behavior. Apart from the first decomposition process
of a lower weight loss (72.8%) and located at lower Tpeax =
349.7 °C compared to the C-MGst sample, a second degra-
dation occurs at Tpeak = 645.4 °C with a mass loss of 5.0%. The
second mass loss can be due to the degradation of cellulose-
iron oxide clusters that could appear by chemical bonding
between the OH groups of cellulose and those of the MG
surface during ultrasonic treatment, as a result of the high
energy developed. These structures show higher thermal stabi-
lity compared to pure cellulose and were also observed in the
TEM images of the C-MGultr sample.

The content of the MG ferromagnetic precursor in compo-
sites was calculated by considering the residues (ash) at 680 °C
for pure cellulose and for C-MG composites (relation (3)).

View Article Online
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MG [%] = Residue for composite — Residue for cellulose (3)

Thus, 5.6 and 17.8 wt% MG contents in C-MGst and
C-MGultr composites were calculated from the thermo-
gravimetric analysis data. The result confirms the IR data on
the higher content for the C-MGultr sample compared to that
of C-MGst. Moreover, the MG content of C-MGultr is closer to
the value of the initial mixture (20%), proving that sonication
represents a more efficient homogenization process of the
precursors.

Magnetic properties

The magnetic properties of the maghemite-goethite (MG) and
composites (C-MGst, C-MGultr) were monitored by obtaining
the hysteresis loops (magnetization curves) and the thermo-
magnetic curves (magnetization dependence on temperature)
in the 10-300 K temperature range. The MG sample shows a
hysteresis loop specific for ferromagnetic materials (Fig. 4S in
the ESIt). The saturation values of the magnetic moment are
59.6 emu g~' at 300 K (27 °C) and 75.5 emu g ' at 10 K
(=263 °C).""** The found saturation magnetization values for
the composites obtained by stirring and ultrasonication at the
same temperatures are lower, respectively, higher than the
values calculated based on the maghemite-goethite content in
the initial mixture (20 wt%) or as resulted from TGA analysis
(Table 2).

As one may see from Table 2, for the C-MGst sample, the
experimental M; values are closer to those calculated by con-
sidering the content of inorganic particles as obtained from
TG analysis (5.6%). The result confirms the lower efficiency of
the simple stirring procedure that does not promote tight
adhering of inorganic MG nanoparticles to cellulose micro-
particles (see also the comments on FTIR and TG analysis). On
the contrary, the C-MGultr sample shows higher experimental
M values than the calculated ones. A possible explanation is
given by the occurrence of surface phenomena between cell-
ulose and inorganic particles leading to an increased coordi-
nation of the iron atoms lying at the surface of the ferro-
magnetic particles and also to a high degree of interparticle
interactions, which can lead to increased magnetic pro-
perties."® The emergence of the new hydroxyl groups involved
in the coordination with Fe atoms observed in the FTIR spec-
trum of C-MGultr (Fig. 2, the band at 3119 cm™") and the pres-
ence of cellulose-inorganic particle clusters that showed a

Table 2 Calculated and experimental values of saturation magnetization for C-MGst and C-MGultr

M; (emu g™")
Sample (MG content Temperature Calculated based on the MG content in the Calculated based on the MG content
from TGA) (°C) initial mixture (20 wt%) resulted from TGA Experimental
C-MGst (5.6%) 27 11.92 3.34 4.8
—-263 15.10 4.23 6.2
C-MGultr (17.8%) 27 11.92 10.51 20
—263 15.10 13.44 26
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thermal decomposition temperature as high as 645 °C (Fig. 5)
confirm this supposition.

The ZFC-FC curves representing the magnetic moment
dependence on temperature in the presence and absence of an
external magnetic field, respectively, are shown in Fig. 6. For
the maghemite-goethite and C-MGst composite, ZFC and FC
curves evidence characteristic features of ferromagnetic
materials: a growth of the magnetic moment with temperature
in the absence of an external magnetic field (ZFC curves) and a
much lower variation in the presence of an external magnetic
field (FC curves). Surprisingly, for the C-Multr composite, the
ZFC and FC measurements also show characteristic superpara-
magnetic features with a blocking temperature (7},) of 62 K
(=211 °C), similar to other reported values. Thus, Cai et al
found a T}, of —163 °C for magnetite nanoparticles obtained in
several liquid polyols;>> Rumpf et al. obtained values between
—218 and —113 °C for a magnetite-porous silicon composite>®
and Correa et al. obtained a Ty, of —73 °C for magnetite in cell-
ulose beads.”” In the FC curve of C-MGultr, the magnetic
moment increases with decreasing temperatures. As the
C-MGultr particles are cooled to low temperatures in the pres-
ence of a magnetic field, the magnetization direction of each
particle is frozen in the field direction so that the magnetic
moment is increasing. As the coercivity value of the sample is
different from zero (Fig. 4S in the ESI}), the results support
the idea of a polydisperse sample, where the very small cell-
ulose-iron oxide cluster shows superparamagnetic properties,
while the entire composite structure shows ferromagnetic
properties.

Conclusions

Ferromagnetic composites were obtained by two different
mixing procedures of the suspensions of micronized cellulose
and goethite-maghemite nanoparticles, i.e. mechanical stir-
ring and ultrasonication. The last mentioned method was
proved to yield composites with a higher content of magnetic
inorganic particles, more uniformly distributed in the cell-
ulose matrix of a decreased crystallinity induced by the cumu-
lative action of ultrasound and MG nano-projectiles. VSM
studies revealed the ferromagnetic character, with saturation

This journal is © The Royal Society of Chemistry 2018

magnetization values at room temperature of 4.8 and 20 emu
¢~!, for the samples obtained by stirring and ultrasonication,
respectively. The superparamagnetic phenomenon observed in
the ZFC-FC curves of C-MGultr is explained by the size polydis-
persity of the sample evidenced by TEM and SAXS analyses.
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