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ABSTRACT

Due to unique nanoscale properties, as superparamagnetism, iron oxide

nanoparticles (IONPs) hybridized with cellulosic matrixes are an attractive

material for environmental purposes. Previous studies obtained IONPs–cellu-

lose clusters by the coprecipitation route. Nevertheless, the forces which bind

IONPs and cellulosic matrixes and allow the nanocluster formation have not

been well described. This study investigated the nanoclustering formation of

superparamagnetic (SPM) IONPs and cellulosic materials. IONPs nanoclusters

and hybrids were coprecipitated with microcrystalline cellulose (MC) in mass

proportions of 1:0.5, 1:2, and 1:8. Lignocellulosic residues (LR) were also used as

an organic matrix in mass proportions of 1:2. Dynamic light scattering analyses

revealed that the obtained IONPs-organic clusters present sizes between

1.46 ± 0.49 and 6.84 ± 3.15 lm. The MC and LR organic matrix size were

decisive for the hybrids’ final cluster size. Scanning electron microscopy images

of the materials show an irregular morphology due to particle aggregation,

while hybrids showed fibril character and the presence of crystal IONPs

deposition at their surfaces. Micro-Raman spectra showed assignments of

hematite (a-Fe2O3), goethite (a-FeOOH), magnetite (Fe3O4), and wustite (FeO),

as a result of the coprecipitation process. Magnetization assays showed that the

obtained clustered hybrids present SPM behavior at room temperature, despite

to the cellulosic backbone presence and size. X-ray photoelectron spectroscopy

brings light over the nanoclusters surface binding energies, evidencing the

hydrogen bonding of the IONPs over the hydroxyl groups of MC and LR,

clarifying the nanoclustering formation among heterogeneous IONPs and cel-

lulosic matrixes.
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GRAPHICAL ABSTRACT

Introduction

Iron oxide nanoparticles (IONPs) present unique

properties such superparamagnetic (SPM) behavior

at room temperature, zero coercive field, chemical

stability, low toxicity, and formation of magnetic

monodomains, due to its nanometric scale. These

properties are attractive due to their biological and

environmental potential applications [1–4]. In the

environmental field, especially in wastewater treat-

ment, their physical–chemical properties are useful in

the direct and indirect removal of toxic pollutants,

due to their high surface area and aspect ratio [4–6].

Superparamagnetic (SPM) iron oxides, such as mag-

netite, may be obtained through coprecipitation, a

widely applied method due its simplicity, low cost,

and efficiency [4, 6, 7]. Magnetite preparation process

follows the stoichiometry indicated in Eq. 1 [8].

Excess of hydroxyl groups (1:2:8 stoichiometry) is

commonly used during hydrothermal synthesis by

coprecipitation, aiming to avoid competition for other

iron oxide phases. Consequently, nanosized iron

oxides shall cluster after their formation, since the

nanocrystals assembled into submicron dimensions

[8] tending to form dipolar interactions [9], leading to

active area loss and, in some cases, nanoparticles fast

precipitation [5].

FeCl2 � 4H2O þ 2FeCl3 � 6H2O þ 8NaOH
! Fe3O4 þ 8NaCl þ 14H2O ð1Þ

On the other hand, this method also allows the

hybridization of the inorganic IOs with organic

material. Hybridization renders better biocompati-

bility, biodegradability as well as structured aggre-

gation of the end material [10–12]. In this scenario, a

clustering structure-controlled formation is advanta-

geous in order to increase the hybrids surface area

[5], while numerous smaller-sized nanocrystals
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bound together (nanoclusters) in the organic back-

bone structure (micro scale), keeping its saturation

magnetization and, therefore, its superparamagnetic

features [2, 4–6]. This nanoclustering assembling of

IONPs can produce secondary structures, which

possess a higher saturation magnetization value,

while retaining the original superparamagnetic

behavior of their primary nanoparticle constituents,

even if its overall cluster size exceeds the SPM critical

size at room temperature [3, 8].

Micro and nanostructures of cellulose were already

applied as IONPs base structures. During the copre-

cipitation of IONPs with cellulose, the newly formed

particles deposit on the surface of the cellulosic

matrix, which will precipitate as hybrids [10–14]. The

abundant presence of hydroxyl groups on the surface

of the cellulosic matrix, in association with an acidic

medium formed by iron salts ions, suggests that

hydrogen bonds are formed between both phases

during the coprecipitation process. Previous charac-

terization [5, 6, 10–12] was made in IONPs/cellulosic

hybrids. However, those works focused mainly on

the presence of both organic and inorganic phases on

the produced end materials, paying minor attention

to mechanism which binds the inorganic and the

organic phases.

This study aims to investigate superparamagnetic

IONPs and cellulose nanoparticles obtention by

coprecipitation, seeking to elucidate the nanoclus-

tering binding process during these materials’

hybridization. Assays of dynamic light scattering

(DLS), scanning electron microscopy (SEM), Fourier-

transformed infrared spectroscopy (FTIR), micro-Ra-

man spectroscopy, X-ray photoelectron spectroscopy

(XPS), and magnetization were carried out.

Materials

Ferrous chloride (FeCl2�4H2O) 99% purity (J.T. Baker.

U.S.), ferric chloride (FeCl3�6H2O) 98% purity (Dinâ-

mica, Brazil), sodium hydroxide (NaOH) 98% purity

(Synth, Brazil), microcrystalline cellulose 99% (Synth,

Brazil) were used as received. Eucalyptus rafter was

acquired from a hardware shop, being milled in a

knife mill (Tecnal Te-625) and followed by mechani-

cal classification (200 mesh) to be used as lignocel-

lulosic residues. Distilled water was used for solution

preparation.

Methods

The coprecipitation of IONPs was based on a previ-

ous work [6, 15]. Briefly, 4.0 g of FeCl2�4H2O and

8.0 g of FeCl3�6H2O were dissolved in 150 ml of dis-

tilled water, under magnetic stirring and heated at

60 �C, in an open reflux flask. During the dissolution

process, N2 gas was purged in the solution. Then, a

NaOH solution (3 M) was added dropwise until the

medium reached pH 12.0. The complete coprecipita-

tion process was carried out in 35 min. The precipi-

tate was then magnetically separated and washed

with distilled water until neutral pH. The obtained

IONPs were dried at 60 �C for 72 h. For the hybrid’s

preparation, the coprecipitation was repeated, but

with the addition of 6 g (1:0.5), 24 g (1:2), and 96 g

(1:8) of microcrystalline cellulose (MC) and 24 g (1:2)

of lignocellulosic residue, during the dissolution step.

Scheme 1 represents the obtention process.

The size of the IONPs, MC, LR, and hybrids was

measured by the dynamic light scattering (DLS)

technique using a Zetasizer nano–zs (Malvern Pana-

lytical, US) with a stable 90� scattering angle and a

HeNe polarized laser (22 mW) with a wavelength of

633 nm. Samples were diluted to a concentration of

0.01 wt%. Samples morphologies were evaluated

using scanning electron microscopy (SEM), model

JSM 6010LA, 5 * 20 kV (JEOL, Tokyo, Japan). Sam-

ples were previously coated with a gold layer, using

the sputtering technique (Sputtering Leica ACE200,

Wetzlar, Germany). Fourier-transform infrared spec-

troscopy (FTIR) spectra were recorded using a Fron-

tier 94.942 (PerkinElmer, USA) operating in

attenuated total reflectance (ATR) and with a spectral

range of 500 to 4000 cm-1, 64 scans, and a spectral

resolution of 4 cm-1. FTIR Graphs were baseline

corrected (25 points) using OriginPro 2018 software.

Raman measurements were performed using a con-

focal micro-Raman spectrometer (T64000, Horiba)

with an excitation wavelength of 532 nm and 100X air

microscope objective (N.A. 0.60, LUCPlanFLN,

Olympus), and it graphs were not baseline corrected.

The spectrometer was equipped with a diffraction

grating of 1800 gr/mm, which provides a spectral

resolution of 0.4 cm-1. The integration time was set

to 2400 s per spectrum, and laser power at the sample

was kept about 300 lW. Magnetic measurements

were performed using an MPMS from Quantum

Design SQUID VSM magnetometer evaluating the

hysteresis loops of the IONPs and hybrids. The
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applied field was systematically varied from - 10.0

to 10.0 kOe. The magnetic susceptibility data were

obtained from field-cooling/zero-field cooling (FC/

ZFC) curves by heating the sample from 5 to 300 K

with an applied field of 500 Oe. First, the sample was

cooled down to 5 K without any applied field to

obtain ZFC measurements; then, the data were

obtained after cooling down from 300 to 5 K with an

applied field of 500 Oe. The X-ray photoelectron

spectroscopy (XPS) analysis was conducted on a

ThermoFisher Scientific, model K-alpha ? , equipped

with a monochromatic A1 Ka radiation at 1486.6 eV.

The analysis was performed at room temperature

and operated at 10 or 20 eV for high-resolution scans.

Data were treated with CASAXPS software.

Results and discussion

Dynamic light scattering (DLS) was used for the

determination of the size of the microcrystalline cel-

lulose (MC), lignocellulosic residues (LR), iron oxide

nanoparticles (IONPs), and its hybrids clusters in

suspension, and the obtained mean with standard

deviation are presented in Fig. 1.

The DLS measures the translational diffusion

coefficient of particles in water, which undergo

Brownian motion, enabling the determination of

particles’ average size in suspension [13]. Figure 1

presents the mean values obtained in the DLS mea-

sures of the samples. Produced IONPs clusters pre-

sent a mean value of 1.57 lm, being the lower and the

maximum size 0.93 and 2.68 lm, respectively, the

smaller particles obtained. The best hybrid produced

was the IONP ? LR 1:2, which remained in sizes

between 1.15 and 2.02 lm. In comparison, a copre-

cipitation method applied to synthesize nanomag-

netite coated with citric acid produced agglomerated

nanoparticles (NPs) with average sizes of 5.13, 5.03,

0.025, and 0.022 lm. The authors attributed this effect

to the reaction temperature, which was 65 �C [15].

Thus, the size obtained agree with literature reports,

and if needed, a homogeneous precipitator could be

Scheme 1 Simple IONPs and

hybrids obtention.

Figure 1 Size distribution of MC. LR, IONPs, and their hybrids.
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used (e.g., urea) to reduce particles’ aggregation

[2, 15]. Evaluating the MC and LR is possible to

observe that they presented larger sizes and wide size

distribution. To MC, the sizes varied from 5.86 to

13.64 lm, in agreement with the literature [16]

Regarding the LR, DLS analysis showed a particle

size between 3.58 and 5.07 lm, also coherent with the

observed by the literature [18]. As the IONPs content

grows in the produced MC hybrids, the clusters were

smaller and presented a narrow distribution. This

effect can be attributed to the iron salts amount

during the coprecipitation step of the hybrid pro-

duction. As the iron salts proportion to cellulose

matrix is higher, it induces homogeneous precipita-

tion due to the higher deposition area covered. This

reduces the effects of the fiber agglomeration, also

reducing the whole size of the clusters. Concomi-

tantly, the LR hybrid also presents a smaller cluster

size and distribution than the LR matrix. However,

the IONPs ? LR 1:2 cluster was smaller than

IONPs ? MC 1:2, which have the same organic and

inorganic mass proportion. This indicates that the

organic matrix size also interferes with the final

cluster size of the hybrids.

To complement the DLS, the morphological anal-

ysis was conducted by scanning electron microscopy

(SEM), and Fig. 2 presents images taken from the

IONPs, MC, LR, and hybrids. Regarding the IONPs,

Fig. 2a shows an irregular morphology due to parti-

cle aggregation, which was expected, and the sizes

presented similar values to those found by DLS. For

the MC and LR, Fig. 2b and 2-c, it is observed that

both samples presented a fibril-shaped structure, and

the MC presented a more ordered and compact

structure, possibly due to the absence of lignin and

hemicellulose, both present for the LR matrix. For the

hybrids, IONP ? MC 1:0.5 (Fig. 2d), 1:2 (Fig. 2e), 1:8

(Fig. 2f), and IONP ? LR 1:2 (Fig. 2g) show the

matrix fibril character and the presence of crystal

deposition at their surface, as highlighted with red

circles, which indicates IONPs deposition.

In addition to the SEM images, spot and line

energy-dispersive X-ray spectroscopy (EDX) analyses

were performed and are presented in Table S1

(Supplementary Material), confirming IONPs pres-

ence at the fiber surface.

The obtained Fourier-transform infrared spec-

troscopy (FT-IR) spectra of the IONPs, MC, LR, and

its hybrids are presented in Fig. 3. The full spectra

obtained from the 500 to 4000 cm-1 range of the

samples are presented in Fig. 3a, where some main

peaks were highlighted as vibrational modes of each

material used to produce the hybrids. Starting with

LR samples, which are made of untreated fibers, is

observed a band at 1730 cm-1 associated with car-

bonyl groups (C=O) that are present in the acetyl

ester and carbonyl aldehyde groups of hemicellulose

and lignin, whereas the band at 1238 cm-1 refers to –

COO vibration mode of acetyl groups in hemicellu-

lose [17–19]. These bands were absent in MC, because

this is chemically treated to remove lignin and

hemicellulose, and consequently, it is a purified

material. On the other hand, the band observed at

1030 cm-1 corresponds to the stretching vibration of

the C–O–C antisymmetric (in-phase) pyranose ring,

while the peak at 894 cm-1 refers to C–H deforma-

tion, typically observed for cellulose structure

[17, 18]. Other bands also identified include a

broadband at 3400 * 2900 cm-1 correlated with

stretching of -OH groups of lignin, cellulose, and

hemicellulose [2, 5, 17, 18].Figure 2 SEM images MC and LR structures, as well IONPs and

hybrids clusters.
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Regarding the IONPs, the band at 541 cm-1 cor-

responds to a nonspecific stretching vibration of the

Fe–O bound [1]. The IONPs also presented a large

band at 3400 cm-1, suggesting that the oxide material

has water content entrapped in the clusters during

the coprecipitation process.

Evaluating the hybrids spectra is possible to

observe a similar pattern to those presented by the

raw materials. Nevertheless, some distinguish

Figure 3 a FT-IR spectra of IONPs, MC, LR, and the hybrids,

b Zoom of the FT-IR spectra from 600 to 740 cm-1 range, c Zoom

of the FT-IR spectra from 1530 to 1700 cm-1 range,

d Deconvolution of the sample’s spectra at1593 cm-1,

e Deconvolution of the sample’s spectra at 1645 cm-1.

J Mater Sci (2022) 57:324–335 329



modifications can be noted as a result of the pro-

portional IONPs deposition. To better understand

and evaluation of the hybridization process, the

spectra region of 740 to 600 cm-1 was treated and

presented in Fig. 3b. A gradual increase in peak

665 cm-1 was observed, from MC and LR spectra to

each hybrid, related to IONP content. Kong and

Wilson (2017) found that functional groups of goe-

thite (a-FeOOH) nanoparticles and cellulose present a

657 cm-1 band related to Fe–O stretching vibration of

goethite while cellulose presented bands for C–OH

out-of-plane bending at 662 cm-1 [20]. These findings

lead to an understanding that this behavior is due to

hydroxides presence in the hybrids. On the other

hand, it was observed a reduction at band 708 cm-1,

which is related to the out-of-plane bending mode of

C–O–C glycosidic bonds, C(2)–OH, and C(3)–OH

groups, and in-plane distortion of armchair rings

[21]. Additionally, the region from 1700 to 1520 cm-1

was deconvoluted and is presented in Fig. 3c to

Fig. 3e. It is observed from the deconvoluted graph

the presence of two main peaks, one at 1593 and the

other at 1640 cm-1. The peak at 1640 cm-1, presented

in Fig. 3d, is associated with the bending modes of

water molecule due to a strong interaction between

cellulose and water [16] as well as a bending of water

interacting with oxide compounds [21, 22]. It was

observed that this peak presented an intensity

increase for the hybrids when compared to MC, LR,

and the IONPs. Additionally, a shift of 5 cm-1 in the

deconvoluted peak (from 1640 to 1645 cm-1) was

observed, suggesting synergic water molecules

interaction in the hybrids. The peak at 1593 cm-1,

presented in Fig. 3e, is related to stretching vibrations

in aromatic structure C=C, characteristic of lignin

softwoods [18]. This peak is absent in MC spectra;

however, it presents an intensity increase propor-

tional to IONPs content in each hybrid. Chai and Isa

(2012), in their investigations of oleic acid effect on

carboxymethyl cellulose (CMC)-based biopolymer

electrolyte, identified that the peak

COO- (1597 cm-1) of CMC was less evident with the

addition of oleic acid due to a protonation caused by

the H? cations in the present samples, evidencing the

interactions between CMC and oleic acid [23]. These

findings corroborate with the previous vibrational

stretch modification promoted by the IONPS on the

cellulosic materials and are evidence that the

hybridization of both cellulosic matrixes was

successful.

Micro-Raman analysis was performed to provide

evidence of the structures of the raw materials used,

the obtained IONPs, and their presence in the

hybrids. Figure 4 presents the micro-Raman spectra

of MC, LR, IONPs, and their hybrids. Characteristic

peaks may be highlighted as assignments of each

studied material. Regarding the IONPs structures,

spectral regions of 4 iron oxides can be found, as

follow: 218 and 284 cm-1 bands, as most distin-

guished, are related to hematite (a-Fe2O3) phonon

modes on A1g(1) and Eg(2) ? Eg(3) vibrational

modes; 395 cm-1 band assigned to goethite (a-

FeOOH) vibrational mode [24, 25]; 170 and 550 cm-1

bands, both associated with T2g vibrational mode of

magnetite (Fe3O4) [24, 26, 27]; 585 cm-1 bands related

to wustite (FeO), due to an inelastic second harmonic

light scattering process [24].

The presence of different iron oxides (IOs) in the

same coprecipitate was reported by Salviano et al.

(2017), who find magnetite, maghemite, and goethite

assignments after two different synthesis conditions

for chemical precipitation of magnetite nanoparticles

[27]. The literature reports that coprecipitation is a

simple method to obtaining magnetic nanoparticles;

however, some process steps highly impact the final

composition of the produced IONPs. Factors such as

hydroxides bulk addition, heat/cooling time, energy

transfer by mechanical agitation can influence the

IONPs formation kinetics, causing the synthesis and

nucleation of more than just one or two different iron

oxides, which grows in multiple crystal phases

within the other IOs [27, 28]. Regarding MC spectra,

the bands at * 350, * 380, and * 460 cm-1 are

Figure 4 Micro-Raman spectra of microcrystalline cellulose

(MC), lignocellulosic residues (LR), iron oxide nanoparticles

(IONPs), and its hybrids.
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related to C–C-C, C–O–C, O-C–C, and O-C-O skeletal

bending modes assignments of cellulose structures,

along with the C–C-H, and C-O–H groups for the

pyranose ring units [17, 29, 30]. These peaks were

diminished for IONP ? MC 1:2 and 1:0.5 due to

maghemite, goethite, and hematite deposition.

Regarding LR and IONP ? LR 1:2 hybrid spectra,

there is a broadband at 250 * 350 cm-1, related to

hemicellulose and lignin in the fibers, and similar

peaks at * 380 and * 460 cm-1 associated with

cellulose structure. Argarwal et al., (2020) also indi-

cate that bands on * 490, 503, 522, and 531 cm-1 are

related to skeletal deformation of lignocellulosic

materials, especially in hardwoods (e.g., Eucalyptus)

[27]. The IONPS ? LR 1:2 hybrid presented an

overlapping in bands at 400 cm-1 and presented

peaks in 218 and 284 cm-1 bands due to goethite and

hematite deposition. However, there was a less pro-

nounced intensity decrease for 460 cm-1 band from

LR to IONP ? LR 1:2 sample, probably because the

hemicellulose and lignin, present in the fiber struc-

ture, hindered the chemical interaction of cellulose

hydroxyl groups with the IONPs. Table S2 (Supple-

mentary Material) presents a summary of the

assignments found in the samples.

To evaluate the magnetic response of as-synthe-

sized IONPs, hysteresis loops under different tem-

peratures are presented in Fig. 5. There is no

significant difference between the M versus T curves’

shape profile at 5 K and 300 K (Fig. 5a and Fig. 5b,

respectively).

The obtained data denote that all IONPs systems

exhibit fast saturation of magnetization (Ms), typical

for a superparamagnetic material. The Ms of the

IONPs-incorporated cellulose matrix ranges from 2 to

15, 8 emu g-1, for IONP ? MC 1:8 and 1:0,5,

respectively, with low remnant magnetization and

coercive field at room temperature. The weak hys-

teresis with a slightly coercive field and saturation

magnetization is characteristic of the contribution of

soft ferromagnetic material. However, the zero-field-

cooled/field-cooled (ZFC/FC) (Fig. 5c) measure-

ments revealed that the 5 over 300 K show a profile

characteristic for superparamagnetic behavior

[25, 31].

As is well established in the literature, nanosized

iron oxides (e.g.: magnetite and maghemite) become

superparamagnetic when it reaches a diameter

smaller than its critical size [25, 31–33]. This suggests

that the dominant superparamagnetic contribution

comes from the magnetite nanoparticulated, whereas

the discrete ferromagnetic signal comes from other

contributions of iron oxide or magnetite with

heterogeneous size distribution. Pure cellulosic

matrix exhibits negative magnetization as a function

of a magnetic field, agreeing with its diamagnetic

behavior contributing weakly to the overall magnetic

response. The different systems’ magnetic response

complexity can be explained by the ratio between the

amount of cellulosic matrix and magnetite in the

composition. Although the IONPs systems showed a

decreased Ms value than IONP, they could still be

magnetically separated instantly by an external

magnet.

X-ray photoelectron spectroscopy (XPS) analysis

allows evaluating the surface electronic state and the

atomic composition of the IONPs particles, MC, and

LR matrixes, and the hybrids clusters, which are

Figure 5 Magnetization curves of IONPs and their hybrids at temperatures a 5 k; b 300 k (room temperature); c Magnetization x

temperature curves of the samples.
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presented in Fig. 6. Figure 6a presents the full-scan-

ning XPS spectrum in the range from 0 to 1400 eV,

and it is observed that the hybrids presented a mixed

spectrum from the IONPs and LR or MC. The atomic

composition evaluation considered carbon, oxygen,

and iron species, and the relevant regions are also

presented in Fig. 6a. XPS spectrum also reveals the

presence of Na (1073.2 eV) and Cl (270.1 eV) at the

IONPs sample surface. Sodium chlorides occur as

neutralization residue in the produced materials,

which was not cared out with the post-precipitation

washes. MC and LR present cellulosic features since

XPS survey spectra showed the representative C 1 s

(288.1 and 229.4 eV) and O 1 s (534.6 and 537.1 eV)

photoemission peaks dominance, which are in

agreement with the literature [16, 33]. IONPs present

characteristic broad peaks at binding energies

(Fig. 6b) of 711.09 and 724.81 eV related to doublets

of Fe2p1/2 and Fe2p3/2 spectrum characteristics of

Fe2? and Fe3?, respectively [1, 12, 34].

Gaussian distributions were employed to highlight

the C1s bounds in MC, LR, IONPs, and hybrids

surface, presented from Fig. 6c to 6i. XPS spectrum of

C1s peaks at 286 * 287, 288 * 289 eV is due to the

oxygenated group attached to the carbon atom, such

as C–O and C=O groups, respectively, as well as the

peak at * 285 eV represents the C–C bonds [12, 13].

The presence of carbon in IONPs (Fig. 6c) results

from CO2 contamination from the atmosphere [35].

MC XPS spectra (Fig. 6d) showed mainly C–O, due to

the high amount of hydroxyl groups in the cellulose

molecules’ boundaries, as well as presented C=O

binding energies. In contrast, LR spectra (Fig. 6e)

presented almost only C=O linkages on their surface

due to lignin and hemicellulose presence. On the

other hand, hybrids XPS C1s spectra (Fig. 6f, g, h, and

i) presented binding energies of C–C, C–O, and C=O

bounds. The C–C binding energy presence only in

hybrids’ surface rather than in MC and LR surfaces

draws attention, drawing light on a correlation

Figure 6 XPS spectra of IONPs, MC, LR, and the hybrids, where a Survey spectra of the samples; b Fe2p spectra of IONPs and hybrids;

c to i Gaussian C1s spectra of the samples.
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between IONPs deposition and binding at cellulosic

matrixes.

Cellulose and cellulosic materials are known to

make hydrogen bonds due to hydroxyl groups’

presence on their boundaries. Thus, interactions of

the IONPs and cellulosic material may occur between

the oxygen atoms of the iron oxides and the polar -

OH groups of cellulose [36], which forms weak

hydrogen-bonds, due to the polarization of the p-

system, which acts as a proton acceptor [37]. XPS

analysis of the C–C binding energy in IONPs-cellu-

losic 1:0.5 and 1:2 hybrids (Fig. 6f, g and h) against

IONP ? MC 1:8 (Fig. 6i) is an indication that as much

the cellulosic structures are covered with IONPs,

lower was the signal strength of the C–O and C=O

binding. Therefore, the deposition of the iron oxide

nanoparticles in the cellulosic matrixes surface covers

the C-O and C=O bonds, leading to an increase in the

C–C bond signal. Additionally, IONP ? LR 1:2

(Fig. 6-h) presented a more preeminent C=O signal

than IONP ? MC 1:2 (Fig. 6g). This evidence cor-

roborates with the magnetization findings presented

above, since IONP ? LR 1:2 form fewer hydrogen

interactions than IONP ? MC 1:2, due a less avail-

able hydroxyl groups. Tables S3 and S4 (Supple-

mentary Material) provide a Pearson correlation

between the graph’s areas of the C–C binding ener-

gies, which also corroborates with the discussion

above. Scheme 2 summarizes the results presented in

this work, showing the difference between the

nanosized iron oxides clusters and the cellulosic

structures clusters. After their formation, IOs

nanocrystals tend to assemble into submicron

dimensions clusters [8] through dipolar–dipolar

interactions [9], while in the presence of cellulosic

matrix and acid medium, the newly formed iron

nanoparticles are attracted by the protonated polar

hydroxyl groups of the cellulose, forming hydrogen

bonds.

Thus, the coprecipitation process applied produced

heterogeneous iron oxide nanosized crystals, which

was hydrogen bonded to the cellulosic or lignocel-

lulosic organic backbone microstructures. As the

cellulosic clusters obtained kept superparamagnetic

properties despite the organic fraction of the hybrids,

the produced material keeps interesting features for a

whole different application.

Conclusion

This work provided evidence of linkage by hydrogen

bound between iron oxide nanoparticles and micro-

crystalline cellulose and lignocellulosic residues,

obtained through coprecipitation. Different charac-

terization techniques were applied to prove the size,

morphology, chemical structures, and bound of the

obtained nanoclusters. The IONPs deposition was

visible on SEM images, and magnetization shows

that all synthesized clusters presented superparam-

agnetic behavior at room temperature, which con-

firms the nanoscale of the IONPs hybrids, despite the

organic fraction. Also, FTIR, micro-Raman, and XPS

data indicated by many means that hydroxyl groups

of the cellulosic matrix form the hydrogen bonds

with the IONPs. Thus, a simple and easy-to-repro-

duce nanoclustering process was applied to obtain

heterogeneous SPM metal–organic hybrids, avoiding

the use of surfactants or surface modifying agents,

working both for pure cellulose and lignocellulosic

residues, expanding IONPs application using low-

cost process and materials.
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