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Abstract Superparamagnetic iron oxide (Fe3O4) nanoparticle (NP) coated cellulose nanocrystals
(CNCs) were synthesized and used to prepare emulsions with magnetically controlled stability.
Magnetite NPs were deposited onto the surface of wood pulp CNCs (WCNCs) and bacterial CNCs
(BCNCs) by a one-step coprecipitation method. The effect of the CNC to Fe3O4 mass ratio (1:1,
1:2, and 1:4) was varied to optimize the colloidal, magnetic and emulsifying properties of the
hybrid NPs. TEM images showed that the 1:4 ratios lead to greater coverage of Fe;O,4 than lower
Fe;04 loadings (1:1, and 1:2). The CNCs and Fe3;O4 appeared to interact via hydrogen bonding
between the hydroxyl groups on the surfaces of both particles. The hybrid NPs had high saturation
magnetizations of 56 emu/g for WCNC/Fe;04 (1:4) and 60 emu/g for BCNC/Fe304 (1:4). In
addition, they were efficient stabilizers for castor oil and water emulsions. The magnetite lowered
the colloidal stability of the CNCs while providing superparamagnetic properties which allowed
stabilization of Pickering emulsions and the subsequent depletion of the Pickering effect by an
external magnet. Water-in-oil emulsions, with oil contents of 70% and 90% V/V, were broken by
an external magnet, while the CNC/ Fe3O4 NPs were recovered and recycled. The 30% and 50%
V/V oil emulsions were oil-in-water and could not be broken by the magnet, probably due to
higher emulsion stability. The fabricated magnetic CNCs have potential use in magnetically driven

separations, drug delivery, and oil recovery.

Keywords Superparamagnetic cellulose nanocrystals, castor oil; Pickering

emulsion; magnetic separation, demulsification

Introduction

Cellulose nanocrystals (CNCs) are highly crystalline, non-toxic, low-cost, rigid, and green
nanomaterials (Roman 2015), which are appealing in a variety of applications like nanocomposites
and emulsions. CNCs are generally isolated from various cellulosic sources, including wood (Dong
et al. 2016), cotton (Salas et al. 2014) and bacteria (Kalashnikova et al. 2012), by a controlled acid-
hydrolysis process. The hydroxyl groups on the surface of CNCs are reactive, which helps
chemically modify their surface with organic or inorganic materials (Bendahou et al. 2015). These
hydroxyl groups take part of the modification of the CNC surfaces with metal nanoparticles such as
platinum (Benaissi et al. 2010), gold (Mahmoud et al. 2013), silver (Kumar et al. 2018) and iron
(Dhar et al. 2016) by acting both as nucleating sites and a reductant (Dhar et al. 2015). Recently,
studies regarding the deposition of magnetic particles on the CNC surfaces have received substantial
attention due to the potential applications in biocatalysis (Cao et al. 2014), magneto-responsive
materials (Nypeld et al. 2014b), low-energy separations (Saien et al. 2015), and emulsions (Wang
etal. 2013).

There are a few published papers that focused on the synthesis, characterization, and

applications of magnetic NP/CNC based composites. Mahmoud et al. (Mahmoud et al. 2013)
2
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synthesized CNC/Fe3;04/gold nanocomposite to immobilize papain. Later, Cao et al. (Cao et al.
2014) also synthesized superparamagnetic magnetite (Fe3O4) NPs in the presence of non-ionic CNCs
and cationic chitosan through the base-catalyzed coprecipitation of iron chlorides to immobilize
papain, catalyze the formation of tyrosine and recover the enzyme through a magnetic field. Using
cobalt-iron oxide NPs as a metal precursor, Nypeld et al. (Nypeld et al. 2014b) incorporated cobalt-
iron oxide particles on the surface of CNCs from the base-catalyzed coprecipitation of
Fe(I1)SO4-6H,0 and CoCl,, which were used to make self-standing magnetic NP films and polyvinyl
alcohol electrospun composites. Olsson et al. (Olsson et al. 2010) synthesized cobalt ferrite,
CoFe,04, NPs coated bacterial cellulose nanofibrils to prepare magnetic aerogels and nano papers,
which were added to magnetically aligned polylactic acid based nanocomposites. Similarly, Garcia
et al. (Sanchez-Garcia and Lagaron 2010) prepared cobalt ferrite nanotubes using bacterial cellulose
nanofibers, and Tian et al. (Tian et al. 2015) synthesized Cugs5CoosFe,O4 coated CNCs via the in-
situ hydrothermal reaction for potential biomedical applications

Magnetic cellulose-based materials were used in stabilizing Pickering emulsions (Nypeld
et al. 2014b; Low et al. 2017, 2019). Low et al. synthesized Fe;Os4-cellulose nanocrystals (MCNCs)
via ultrasound assisted co-precipitation method to stabilize palm olein-in-water Pickering emulsion
(Low et al. 2017). The stability of the emulsions was studied at different pHs. Later, Low et al.
reported using FesOs@cellulose nanocrystals-stabilized Pickering emulsions containing curcumin
to magnetically trigger drug release (Low et al. 2019). The hybrid NPs were used to study in-vitro
anti-colon cancer. Magnetic CNCs coated by CoFe,O4 were used in emulsions by Nypelo et al.
(Nypel6 et al. 2014a) to stabilize hexadecane and toluene emulsions in water and synthesize
polystyrene microbeads in situ. The microbeads were used to remove methylene blue from water
and were separated by the action of a magnet. Moreover, bare magnetite NPs were also reported to
be useful in stabilizing Pickering emulsions (Zhou et al. 2011). Kalashnikova et al. showed that
colloidally stable sulfated CNCs failed to stabilize emulsions in water, while CNCs with a low
surface charge were effective stabilizers (Kalashnikova et al. 2011, 2012). On the other hand, it was
also reported that flocculated sulfated CNCs can stabilize emulsions in ionic strengths higher than
0.6 M (Parajuli et al. 2019, 2020).

In this work, we show that magnetite coated CNCs can provide both, the emulsifying
properties from flocculated, anisotropic, and amphiphilic CNCs, as well as the superparamagnetic
properties from magnetite NPs. The hybrid NPs have a lower colloidal stability than unmodified
CNCs and can be used in stabilizing Pickering emulsions in the absence of salt, and then be separated
from the suspension by using an external magnet. Herein, in addition to studying the stabilization of
water/castor oil Pickering emulsions by superparamagnetic CNCs, we also study the effectiveness
of these NPs to demulsify Pickering emulsions on demand by the action of a permanent magnet.

We synthesized superparamagnetic CNCs by a one-step coprecipitation method using iron
salts and CNCs in the presence of NH4OH. Though hybrid CNC/Fe;O4 NPs have been previously
synthesized (Cao et al. 2014; Dhar et al. 2016), to the knowledge of the authors, this paper establishes
for the first time the use of these particles to stabilize and destabilize Pickering emulsions at will.
We derived CNCs from wood pulp (average length 120 + 70 nm) and bacterial CNCs from nata de
coco (average length 505 + 200 nm) that provided aspect ratios (length/height) of 19.7 + 15.0 and

3
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66.5 + 47, respectively. Bare magnetite NPs were incorporated into each type of CNC at different
CNC to magnetite ratios (1:1, 1:2 and 1:4). Their physical, chemical and magnetic properties were
characterized, as well as their efficacy in stabilizing and demulsifying water/castor oil emulsions.
The ability of a magnetic field to stabilize and destabilize Pickering emulsions depended on the
magnetite content and the oil to water volume ratio. This paper reports that adequate design of
CNC/Fe3Os NPs, and tuning of emulsion conditions, can enable the removal of the
superparamagnetic nanoparticles from a liquid/liquid interface via an external magnetic field, thus

depleting the Pickering effect and destabilizing emulsions.

Material and Methods

Materials

Southern bleached softwood kraft (SBSK) pulp was kindly provided by Weyerhacuser pulp mill
(Columbus, MS). Nata de coco, as a cellulosic source for bacterial CNCs fabrication, was purchased
from Walmart. Sulfuric acid (>96% purity), ammonium hydroxide (28.0 to 30.0 w/w %), Iron (II)
chloride tetrahydrate (>96% purity), iron (III) chloride hexahydrate (>97% purity), and amaranth
(>85% purity) were all purchased from Thermo Fisher Scientific (Waltham, MA) and were used as
received. Castor oil (>99.5% purity) was bought from Sigma Aldrich (St. Louis, MO) and was used

as received.

Isolation of wood-pulp CNCs and bacterial CNCs

Southern bleached softwood kraft (SBSK) pulp was used to isolate wood-pulp CNCs (WCNCs), and
nata de coco was used as a raw material for bacterial CNCs (BCNCs) isolation. Nata de coco was
pretreated to isolate and bleach bacterial cellulose following a procedure by Kalashnikova et al.
(Kalashnikova et al. 2012). At first, nata de coco cubes were blended in a Farberware blender
(Model: MJ-BL4501AW) at maximum speed. The blended slurry was then added to 0.5 M NaOH
in a beaker and stirred for 2 h at 70°C. The resulting dispersion was centrifuged and washed with
deionized (DI) water until pH 7. The obtained solid was bleached twice with an 8.5g/L NaClO,
solution in sodium acetate buffer (pH 4.5) at 70°C for 2 h. The bleached bacterial cellulose
suspension was then centrifuged multiple times until the pH remained stable and then freeze-dried.

Both, SBSK pulp and pretreated bacterial cellulose, were hydrolyzed with 64% sulfuric
acid, separately, at 45°C for 50 min to obtain WCNCs and BCNCs. The isolation process was done
as reported in multiple papers (Gray 2008; Urefia-Benavides et al. 2010, 2011). In short, the
hydrolysis reactions were quenched with cold DI water. The suspensions were allowed to

precipitate, and the supernatants were poured out. Then the excess acid from both CNC suspensions

4
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was removed by centrifugation and the particles washed using DI water. The centrifuged
suspensions were then dialyzed using a RC dialysis membrane (3.5 kDa MWCO) against DI water
for several days until constant pH to remove remaining excess acid. Both CNC suspensions were
then sonicated by an ultrasonic horn (QSonica; Q700) to redisperse CNCs and were then stored in a

refrigerator for later use.

Size Measurement of WCNCs and BCNCs

The morphology of the neat WCNCs and neat BCNCs was observed by a MultiMode 8 atomic force
microscope AFM from Bruker Nano, Inc. (Billerica, MA) in tapping mode with probes obtained
from Ted Pella, Inc. (Tap300-G silicon probe, <10 nm tip radius, 300 kHz resonance frequency, and
40 N/m spring constant). One drop of suspensions (0.0001%) was placed onto a freshly cleaved
mica surface obtained from Ted Pella Inc. (V1 AFM Mica Discs, 10 mm diameter) and dried in a
desiccator overnight. The dimensions of the nanoparticles were determined by AFM imaging using

the software Gwyddion (version 2.55) (Parajuli et al. 2019).

Sulfur Content Measurement of CNCs

The sulfur content (-SO3;H) in both CNC surfaces was measured by conductometric titration (Abitbol
et al. 2013) of their aqueous suspensions. A 0.05 wt% CNC aqueous suspension (120 ml) was
dispersed by probe sonication for 3 minutes (Amplitude: 30; 1 min on and 1 min off) in an ice bath.
Then the CNCs were titrated with a 1.25 mM NaOH solution. The pH and conductivity of the
suspension were monitored by a benchtop Orion Star A215 multiparameter meter (Thermo
Scientific, Waltham, MA). The sulfur content on the surface of CNCs was determined by using the
following equation (Dong et al. 1998; Abitbol et al. 2013):

%S — VNaOH*CNaOH*MW(S) X 100% (1)
Msyusp*Csusp

Synthesis of Magnetite coated Cellulose Nanocrystals (CNC/Fe30a4)

Magnetite NPs were coated onto CNCs by coprecipitation of iron chloride salts with a weak base
(NH4OH). Existing methods for the fabrication of Fe;Os were modified to prepare the hybrid
nanoparticles (Xue et al. 2014; Urefia-Benavides et al. 2016; Dhar et al. 2016). The reactions were
done with theoretical mass compositions of CNC/Fe;04 of 1:1, 1:2, and 1:4, to determine which
provides the best colloidal and magnetic properties, in addition to adequate emulsification capacity.

To prepare WCNC/Fe304at 1:4 ratio, 1.875 g WCNCs were dispersed into 400 ml DI water
of pH 10, followed by probe sonication for 5 minutes (Amplitude: 30; 1 min on and 1 min off). Then

5
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6.4 g iron (II) chloride tetrahydrate and 15.78 g iron (III) chloride hexahydrate were dissolved in
100 ml DI water. Both of the above solutions were degassed by sparging with N,. The iron chloride
salts solution was added dropwise to the WCNC suspension under a N, atmosphere, in an RB flask
at 90 °C, while stirring with an overhead stirrer (Fisherbrand, Fisher Scientific) at 1000 rpm and
maintained at that temperature for 2 h with continuous N, purging. After 2h, 75 ml NH4OH was
added dropwise to the mixture; the dispersion turned black immediately. The reaction was run for
another 2 h with the same operating conditions. Upon completion, the reaction mixture was allowed
to cool down, the NPs were separated by a 2”x2”x1” Neodymium permanent magnet (Applied
Magnets, Grade N52, 14800 Gauss) and washed three times with DI water to remove the impurities.
Similarly, for preparing WCNC/Fe;04 of 1:1 and 1:2, 7.5 g and 3.75 g WCNCs were used,
respectively, in the coprecipitation reaction. The rest of the procedures remained the same.

BCNC/Fes;04 of 1:1, 1:2, and 1:4 were synthesized using the same procedure.

Synthesis of Bare Magnetite Nanoparticles

Bare magnetite NPs were synthesized by coprecipitation of iron chloride salts with NH4+OH,
modifying the method described by Xue et al. (Xue et al. 2014). Citrate was not used to coat the
magnetite NPs to make a direct comparison of the properties with hybrid magnetic CNCs. A detailed

procedure of bare magnetite NPs preparation is provided in the supporting information.

Characterization of MagCNC NPs and bare magnetite NPs

Transmission Electron Microscopy (TEM) images were acquired using a Hitachi H-7600 TEM
operated at 100 kV. A diluted suspension of the respective MagCNCs was used to prepare the
samples. A microdroplet (~ 5 microliter) of the suspension was deposited onto a copper carbon mesh
grid (CF300-Cu grids, Electron Microscopy Science) and allowed to dry inside a ventilated hood
for at least 24 h prior image collection.

The thermal decomposition of the WCNCs, BCNCs, Fe3O4 NPs and CNC/Fe;04 was
determined by a thermogravimetric analyzer (Q500, TA Instruments, New Castle, DA). Freeze-dried
samples (5 to 10 mg) were heated on a TGA pan from room temperature up to 600°C under nitrogen
with a heating rate of 10°C/min (Kumar et al. 2018). These measurements were used to calculate
the amount of Fes;O,4 present in the modified CNCs from the difference in residual weight (RW) of
WCNCs, BCNCs, Fe;04 NPs, and the hybrid CNC/Fes;04 at 600°C by using equation 2.

RW —RW
Magnetite Content (%) = Rfj;c/F%o‘;W N %100 % )
Fe3z04~ CNC

Here the subscript represents the type of nanoparticle being considered. A detailed calculation is
provided in the supporting information document.
Magnetization data of WCNC/magnetite (1:4) and BCNC/magnetite (1:4) were acquired

using a vibrating sample magnetometer (VSM) at room temperature and applied magnetic field up
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to 3T (Quantum Design Versalab). For bare magnetite NPs, WCNC/magnetite (1:1), and
WCNC/magnetite (1:2) samples, a Lakeshore VSM with 2T max field was utilized. Weighted
amounts of each samples were used, and the normalized moment (emu/g) is reported for each sample
as a function of magnetic field.

Fourier Transform Infrared (FTIR) spectra of the freeze-dried WCNCs, BCNCs,
MagCNCs, and bare magnetite NPs were obtained with a spectrometer (Cary 630 FTIR
spectrometer, Agilent Technologies) using an attenuated total reflectance (ATR) sampling mode
with a single-bounce diamond crystal. The spectrum range was 4000- 600 cm™ with a resolution of
4 cml,

Raman spectra of the samples were acquired with a solid-state Horiba Labram HR
Evolution Raman (Horiba Instruments Inc, TX) using 532 nm laser excitation and 600 grooves/mm
grating.

The zeta potential and Z-average hydrodynamic diameter of the neat CNCs, bare magnetite
NPs, and MagCNCs were measured with a Malvern Zetasizer Nano ZS (Malvern Instruments, UK).
A low concentration (0.1 wt%) of each sample was prepared and the measurements were done at pH
7.

The colloidal stability of neat CNCs and MagCNCs in water was investigated using a UV-
Visible spectrophotometer (Genesys 150, Thermo Scientific). Aqueous suspensions (10 ml) of
CNCs and MagCNCs at various concentrations (0.001 wt% to 0.1 wt%) and pH 7 were prepared
from their mother suspensions and kept in vials. The photographs of the vials were taken at 0, 1, and
7 days and the stability of the dispersions was visually inspected. The stability of the dispersions
was also analyzed by the UV-Visible spectrophotometer within the wavelengths of 200 nm to 800

nm during the same timeframe monitoring the change in absorbance.

Preparation of castor-oil/ water Pickering emulsions

Pickering emulsion of castor oil and water, stabilized by the hybrid CNC/Fe;O4 NPs, were prepared
by mixing the castor oil with the aqueous suspension. At first, 100 ml 1 wt% aqueous suspension
was prepared. Then the required amounts of suspension and castor oil were added to vials so that
the total volume of each emulsion was 10 ml. The samples were mixed thoroughly with a high shear
mixer (IKA Ultra-Turrax T-25 Basic, Atkinson, NH) at 9000-10000 rpm for 2 minutes. Once
emulsions were prepared, pictures of the vials were taken at 0 h and 24 h with a digital camera to
monitor emulsion creaming. Microscopic pictures of the emulsions were also taken using an optical
microscope (AmScope S00MD), and droplet size distributions were determined by measuring at
least 100 droplets with Image J. Both WCNC/Fe;04 and BCNC/Fe;04 at a 1:4 ratio, were used
separately to prepare emulsions. Castor oil to water volume ratios (v/v) of 30/70, 50/50, 70/30 and

90/10 were investigated.



261

262
263
264
265
266
267
268
269
270
271

272

273

274
275

276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297

Demulsification of Castor-oil/ Water Pickering emulsions

Demulsification of the Pickering emulsions made with castor oil, water, and MagCNC NPs was
investigated under the presence of an external magnetic field. Briefly, the vials of the emulsions
were put on a neodymium N52 grade magnet (Applied Magnets, AOM05648221) that has a high
residual magnetic flux density (14800 gauss). The effect of the magnetic field on demulsifying the
emulsions was tested by taking photographs of the vials using a digital camera at 0 h and 24 h.
Microscopic images of the emulsion droplets were simultaneously taken using an optical microscope
(AmScope 500MD), and droplet size distributions were calculated by scaling at least 100 droplets

with Image] software.

Results and discussion

Morphological, thermal and chemical characterization of magnetite
coated CNCs (CNC/Fe304)

Magnetite NPs were incorporated onto the surface of WCNC aggregates with theoretical mass ratios
(WCNC/Fe304) of 1:1, 1:2, and 1:4 by a one-step coprecipitation reaction. The original individual
WCNCs had average lengths of 120 £ 70 nm, and heights (width) of 6.1 £ 3 nm, as indicated in
supporting information Figure S1, and a sulfur content of 0.41 + 0.05% (g-sulphur/100 g-cellulose)
as indicated in supporting information Figure S2. The bare magnetite NPs had average diameters of
19.81 = 3.4 nm (Fig. S3). Magnetite NPs are generally coated with organic materials to control their
growth and stability (Circu et al. 2016). In this work, the magnetite NPs were stabilized by CNCs,
although aggregation of magnetite was evident. Figure 1 shows the successful deposition of
magnetite NP clusters (dark spheres) onto the lighter, elongated, CNC aggregates. Free magnetite
NPs could not be found in the images; in all cases, the Fe;O4 NP clusters appeared to be connected
to CNCs. Although the 1:1 WCNC/Fe;04 NPs showed large proportions of uncovered CNC surface
(Fig. 1a). As the magnetite to cellulose ratio increases, the coverage appears to increase (Fig. 1b
and 1c), decreasing the amount of exposed CNC surface. BCNC aggregates were also coated with
Fe3;O4 NP clusters with a theoretical composition of 1:1, 1:2, and 1:4. In this case, the original
individual BCNCs were 505 £ 200 nm long by 7.6 = 4.5 nm wide and had sulfur contents of 0.24 +
0.04% in BCNCs (Fig. S1 and S2). TEM images of 1:1 BCNC/Fe;04 and 1:2 BCNC/Fe3;0;4 are
shown supporting information Figure S3, while Figure 1d shows the 1:4 BCNC/Fe;04 NPs. BCNC
coverage by Fe;O4 also increased as the theoretical ratio increased. TEM images of the hybrid NPs
appear to indicate BCNCs had better magnetite coverage, which may be a consequence of the lower
area to mass ratio compared to WCNCs. The aggregation of CNC:s is driven by the presence of iron

salts during the synthesis of Fe;O4 NPs, while magnetite aggregates given that the only stabilizing
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agent are the CNCs themselves. Even though aggregation of both nanomaterials is evident, this state
is particularly helpful in applications like emulsion stabilization and magnetically-induced

separations (Midmore 1998; AlYousef et al. 2018; Parajuli et al. 2019).

Fig. 1 Transmission electron micrograph of a WCNC/Fe;04 of 1:1; b WCNC/Fe3;04 of 1:2; ¢
WCNC/Fe;0;4 of 1:4, d BCNC/Fe3O4 of 1:4; Thick scale bars on a, b, ¢, and d represent 500 nm;

Insets a’, b’, ¢/, and d’ shows higher magnified images.

Magnetite content of all hybrid NPs was determined by TGA. Figure 2 shows TGA traces
of bare magnetite nanoparticles, bare CNCs, and the different magnetite coated CNCs. In samples
containing CNCs, the particles initially lost weight between 100°C and 200°C due to the removal of
moisture and sulfate groups present on the surface, the remaining degradation occurred between
200°C and 600°C, and is due to the decomposition of the cellulose chains. In the case of bare Fe;O4
NPs, a negligible amount of weight loss (~ 3 %) was observed within the temperature range studied.
Increasing the magnetite concentration in the modified WCNCs and modified BCNCs, increased
their thermal stability compared to the bare WCNCs and bare BCNCs, respectively. The actual
amount of CNCs and Fe;O4 present in the modified CNCs was calculated from the difference in
weight loss of bare WCNCs, bare BCNCs, and the modified CNCs at 680°C and is presented in
Table 1. A detail procedure of the magnetite content calculations from the TGA graph is given in
supporting information (page 6). It was found that WCNC/Fe;04 at 1:1, 1:2, and 1:4 ratios, and
BCNC/Fe304 at 1:4 had magnetite contents of 53.3 = 5.1%, 66.0 £ 6.9%, 73.0 £ 6.0% and 66.84 £

9
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5.1% respectively. These values were close to the theoretical contents of 50%, 66.7%, 80%, and
80%, based on the amounts added to the reaction mixture, indicating a minimal loss of CNCs during
the purification steps, as well as good attachment of magnetite NPs. Notably, the lowest
CNC:magnetite ratios (1:4) gave lower magnetite contents than expected. This result could be due
to smaller Fe;O4 NPs not attaching onto the CNCs. All reaction mixtures had the same magnetite
concentration, while the different ratios were obtained by lowering CNC content. The 1:4 reactions
had the lowest CNC amounts; it is possible those CNCs were saturated with magnetite preventing
additional adsorption. It is also possible that small NPs of less than 20 nm may show strong
Brownian motions that prevent their adsorption onto CNCs. It is expected that some of those Fe;04
NPs could remained in suspension and lost during purification due to being less strongly attracted

to the external magnet (Berg 2010).
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Fig. 2 Thermogravimetric Analysis (TGA) of representative traces of bare Fe;04, BCNC/Fe3;04
(1:4), WCNC/Fe304 (1:4), WCNC/Fe304 (1:2), WCNC/ Fe304(1:1), bare BCNCs, and bare WCNCs

Table 1 Experimental percentage of CNCs and Fe304 in the prepared magnetic CNCs
Experimental WCNC/Fe;04 WCNC/Fe;04 WCNC/Fes04 BCNC/Fe;04

(%) (1:1) (1:2) (1:4) (1:4)
% of CNC 46.7 = 10.2 34.0 £ 6.9 269+6.1 33.1+5.1
% of Fes04 533102 66.0 + 6.9 74.1+6.1 66.9+5.1

The chemical composition of modified CNCs was further studied by FTIR spectroscopy
and was compared with neat CNCs and Fe;O.4 (Fig. 3 and Fig. S3). Both neat WCNCs and neat
BCNCs showed characteristic typical cellulose absorption peaks at ~3333, 2896, 1654, 1428, 1315,
1163, 1050, 898 cm™! corresponding to -OH stretching bonds, symmetric C-H stretching vibration, -
OH bending, asymmetric angular deformation of C-H, -CH, wagging, asymmetrical C-O-C
glycoside bonds, and C-OH stretching in plane at C6, and the -C-O-C asymmetric bending,
consistent with existing literature (Dhar et al. 2016; Wardhono et al. 2018). The peak at 3333 cm’!
is overlapped with a weak vibration at 3450 cm™!' corresponding to free -OH groups on the surface

of the CNCs. Magnetite coated CNCs also showed all characteristics peaks of CNCs, although with
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lower relative intensities, due to the lower concentration of CNCs in the hybrid NPs. In the modified
CNCs, the -OH stretching peak at 3333 c¢cm™! was found to be broader, and of lower intensity
compared to the original CNCs. These characteristics suggest increased hydrogen bonding of the
hydroxyl groups, which appears to drive the interaction between magnetite and CNCs.

The presence of magnetite on the CNC surface was further confirmed by Raman
spectroscopy (Fig. S5). Hybrid WCNC/Magnetite (1:4) NPs had the characteristics peak at 690 cm’
! which confirmed the presence of magnetite NPs in the hybrid NPs (Shebanova and Lazor 2003) .
The peaks at 585 cm™ and 381cm! indicate the formation of maghemite via oxidation of magnetite
by the laser during the Raman measurements (Shebanova and Lazor 2003). Raman spectroscopy of
magnetite is challenging and must be done at very low laser power to reduce oxidation to maghemite,
as a consequence, the vibration bands of CNCs are almost absent in the hybrid nanoparticles.

It is uncertain if the growth of the Fe;O4 NPs occurs directly from the surface of the CNCs,
or if they are first formed in the liquid phase and then adsorb onto the cellulosic hydroxyl groups.
Before the coprecipitation reaction, negatively charged sulfate groups of CNCs are expected to
interact electrostatically with the positively charged iron salts (Fe*" and Fe*"). However, iron salts
also have a high binding constant with hydroxyl groups (Dhar et al. 2015). So, the addition of
ammonium hydroxide to the reaction mixture may lead to growth of Fe;O4 NPs directly from the
hydroxyl and possibly the sulfate groups on the CNC surface. However, the shift in the -OH peak
position is more prominent for the 1:4 sample in Figure 3 compared to 1:1 CNC/Fe;04. It is thus
possible that a second mechanism occurs where free iron salts in solution react to form magnetite.
These are known to partially hydrate to yield -OH groups on the NP surface. Those hydroxyl group
would also have tendency to hydrogen bond with the CNC surface. Additional experimentation

would be needed to study the different potential pathways for the coating of CNCs with Fe;O4 NPs.

Transmittance (%)

L
1050
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 Fourier transform infrared (FTIR) spectra of (a) WCNCs; (b) BCNCs; (¢) WCNC/Magnetite
(1:1); (d) WCNC/Magnetite (1:4); (e) BCNC/Magnetite (1:4); and (f) Bare Magnetite NPs.

Colloidal stability of superparamagnetic CNC nanoparticles
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The colloidal stability of the CNC/Fe3O4 hybrids was investigated in DI water at pH 7 by visual
inspection and UV-vis spectroscopy (Fig. 4). Zeta potential and Z-average hydrodynamic diameters
of the NPs were also measured to assess colloidal stability (Table 2). UV-vis was used as an
indication of the amount of CNCs dispersed in water before precipitation, which indirectly correlates
to a lack of colloidal stability. Generally, WCNCs were very stable in water due to the negatively
charged sulfate groups on their surface, that provided a highly negative zeta potential ( -52.1£14.2
mV). There was no precipitation of WCNCs after 1 week, indicating a very stable aqueous
suspension of WCNCs. This was evident by visual inspection and by the absence of significant
changes in the absorbance of the WCNCs from 200 to 800 nm within the timeframe studied (Fig.
4a). Bacterial CNCs had a less negative average zeta potential (-42.4 mV+ 6.6) than WCNCs (Table
2), but the difference was within the experimental error and both were found to long term colloidal
stability. On the contrary, the bare Fe;O4nanoparticles precipitated after 24 h, leading to a substantial
drop in absorbance to near zero for the entire wavelength range studied (Fig. 4b). The zeta potential
of the bare Fe;04 NPs was measured to be -21.3+3.7 mV which is not negative enough to maintain
long term colloidal stability. The data was consistent to the published paper by Soares et al. (Soares
etal. 2019).

The hybrid CNC/Fe;O4 NPs had more negative zeta potential than bare magnetite NPs and showed
better dispersibility. At 0.005 wt%, WCNC/Fe;04(1:2, and 1:4 ratios) and BCNC/Fe304 (1:4 ratio)
remained stable for 24 hours but precipitated over a week (Figs. 4d, e, f). In all those cases, the
absorbance decreased significantly, but it was more significant for BCNC/Fe304 (1:4), dropping to
zero. It was found that WCNC/Fe;O4 with a 1:1 ratio was stable for an entire week at a concentration
of 0.005 wt% (Fig. 4c). BCNC/Fe;040f of 1:1, and 1:2 also found to be colloidally stable for over
a week (Fig. S6). Increasing the magnetite content of the hybrid NPs resulted in the zeta potential
becoming less negative, for WCNC/Fe3;04 (1:4), and BCNC/Fe304 (1:4) they were found to be -32.6
+ 4.8, and -31.6 £ 3.7 mV, respectively (Table 2). Since the CNC/Fe3;04 NPs prepared with a 1:4
ratio show good stability for 24 hours and flocculated, these can be useful to prepare Pickering
emulsions, where only short term colloidal stability is desired (Midmore 1998; AlYousef et al. 2018;
Parajuli et al. 2019).

Colloidal stability of the nanoparticles was also studied by analyzing the hydrodynamic
diameter of the NPs in aqueous suspensions at pH 7 by dynamic light scattering (DLS) (Table 2).
Though DLS measurements are most useful in analyzing spherical nanoparticles and not very
accurate for rod-like particles, it provides a good qualitative assessment of the particles size changes
over time. Bare magnetite NPs were found to be aggregated so quickly and the size increased from
324+ 6.5nmto 1736 = 199 nm in 2 h. Both WCNCs and BCNCs, on the other hand, were stable
for 2 h showing negligible changes in particle size. Hybrid CNCs of 1:1, 1:2, and 1:4 ratios, had an
intermediate increase in particle size after 2h, as indicated in Table 2, which demonstrated better
colloidal stability than bare magnetite, but lower than WCNCs and BCNCs. Moreover, it was
observed the hydrodynamic diameters, immediately after dispersion, clearly increase as the Fe3O4
content was raised indicating that higher loads of magnetite lead to more aggregated samples

immediately after preparation. In addition, the size distributions of the hybrid CNC/Fe;O4 NPs
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showed only one population which indicated there was no, or an undetectable, amount of free

magnetite in the dispersions (Fig. S7).
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Fig. 4 Colloidal stability of the nanoparticles in DI water at pH 7. a neat WCNCs; b bare magnetite
nanoparticles; ¢ neat BCNCs; d WCNC/Magnetite (1:2); e WCNC/Magnetite (1:4); f BCNC/ Fe;04
(1:4). Colloidal stability of the particles was inspected by the visual inspection of the vials and by
the UV-vis spectroscopy at 0 h, 24 h, and 1 week.

Table 2 Zeta potential and Z-average hydrodynamic diameter of bare CNCs and magnetic CNCs

Zeta Potential Z-average hydrodynamic diameter (nm)
Sample names

(mV) Attime O h After 2 h
Bare WCNC -52.1+£14.2 97.4+0.6 99.7+0.9
Bare BCNC -42.4+ 6.6 111.3£1.0 112.7+1.2
Bare Fe304 -21.3+3.7 324+6.5 1736 =199
WCNC/ Fes04 (1:1) -39.4+£3.5 150.2+ 1.8 243.1+£3.2
WCNC/ Fes04 (1:2) -37.0£3.9 158.5+0.5 165.7+1.7
WCNC/ Fe304 (1:4) -32.6£4.8 227.7+53 307.6 £6.8
BCNC/ Fe304 (1:1) -33.0+6.2 139.3+£0.5 1458 £2.1
BCNC/ Fe304 (1:2) -324+4.6 158.5+£0.6 173.8£3.8
BCNC/ Fe304 (1:4) -31.6+3.7 367 +24 406 £ 13

Castor oil/Water Pickering emulsion

Castor oil contains triglyceride of various fatty acids which consist of approximately 80-90%
ricinoleic acid (Keera et al. 2018). However, free fatty acids (FA), monoglycerides (MG) and
diglycerides (DG) in castor oil are surfactants and can stabilize emulsions as indicated in Figure 5a.
It was found that high shear mixing of castor oil and water formed water in oil (w/0) type emulsion
(Fig. 5b and Fig. S8) at various oil to water volume ratios. The emulsion types were determined by

using the dye amaranth (Fig. S9). The MG and DG have long hydrophobic tails and small
13
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hydrophilic headgroups, which is likely the reason why the emulsions without NPs are all W/O.
These emulsions had significant creaming over 24 h, especially with low oil contents of 30% and
50%. In the presence of neat WCNCs the stability of the water-in-castor oil emulsions was even
lower than without nanoparticles. Only at 70% and 90% oil, could an emulsion be formed in the
presence of neat WCNC:s; these were found to be W/O and remained stable for 24 hours (Fig. 5¢
and Fig. S10). At 30% and 50% oil, a small, emulsified interface formed which mostly separated
within 24 h. However, the oil-rich phase at the top contains some water droplets after 24 hours (Fig.
S10). CNCs, generally, adsorb onto the oil water interface to stabilize O/W emulsion as shown in
Figure 5a (Parajuli et al. 2019). However, in this case, since castor oil has free fatty acids, and the
aqueous phase is salt free, it became harder to emulsify the two phases by the CNCs, especially at
lower oil contents. At high oil content, it was easier to emulsify only W/O because there were more
fatty acids available as surfactants and also because there was less water to disperse. However, the
hybrid CNC/Fe;0s, that have been synthesized in this work, do stabilize O/W emulsion. It is
believed the magnetite helps adsorb the hybrid NPs onto the oil/water interface. A detail study of
the castor oil and water Pickering emulsions stabilization and demulsification are given in the

following sections.

(a)

» Water
" Hydrophobic tail : 1+ WCNCs
~Hydrophilic head
" Water » Castor oil
* Castor oil
W/0 emulsion stabilized by fatty acids of castor oil O/W type emulsion stabilized by CNCs

(b)

After 24 hours

50701 | Yo# ol
No NP Neo NP

N

-y

Fig. 5 a Schematic representation of W/O (left) and O/W (right) emulsions stabilized by
monoglycerides and diglycerides (W/O), or WCNCs (O/W); b picture of the emulsions when
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“NO” nanoparticles were used at various oil concentration at time 0 h (left) and after 24 h (right); ¢

WCNC stabilized castor oil water Pickering emulsions

Magnetic properties of the CNC/Fe304 NPs and Pickering emulsion
stability

The magnetic properties of the synthesized magnetite coated CNCs were determined using a
vibrating sample magnetometer (VSM) and compared with bare Fe;Os nanoparticles. The
magnetization curves (Fig. 6a) showed that the saturation magnetization (M) of the hybrid MagCNC
NPs was lower than the bare Fe;Os nanoparticles (77 emu/g). Among the modified CNCs,
BCNC/Fe;04 of 1:4 had the highest M; (60 emu/g) followed by the WCNC/ Fe;O4 with ratios of 1:4
(56 emu/g), 1:2 (43 emu/g), and WCNC/Fe;O4 1:1 (31 emu/g). Increasing the magnetite
concentration increased the saturation magnetization (Fig. 6b) of the wood pulp based CNCs,
indicating successful immobilization of Fe;O4 nanoparticles on the surface of CNCs. The linear
relationship between M and magnetite content indicates the properties of the FesO4 NPs were not
negatively affected by the deposition onto the CNCs. The hybrid MagCNC NPs showed
superparamagnetic behavior similar to bare magnetite, analogous to similar particles reported in
literature (Lopez et al. 2010; Chen et al. 2014). The magnetization curves had near-zero remanence
and coercivity, thus avoiding any hysteresis loop. The longer BCNC/Fe304 1:4 appeared to have a
higher M compared to the wood-based CNCs at a similar same magnetite load, which suggests the
elongated shape have a tendency to increase the magnetization. However further experimentation
would be needed to study the effect of aspect ratio in depth.

(a) (b)

80

——Bare Magnetite NPs 60
=== BCNC/Magnetite (1:4)
------- WCNC/Magnetite (1:4)
— WCNC/Magnetite (1:2)

— - — WCNC/Magnetite (1:1) i

80 Bare Magnetite NPs —— m
70 } BCNC/Magnetite (1:4)
N

6o | »:
@

50 | &

a

-18000 -12000 -6000 6000 12000 18000
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40 F '\
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g 30 } "
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Fig. 6 a VSM magnetization curves of bare magnetite NPs and magnetic CNCs; b graph of

saturation magnetization (from VSM) vs. magnetite content of modified CNCs (from TGA).

The Fe304-coated CNCs were used to stabilize castor oil and water Pickering emulsions.
Since the modified CNCs of 1:4 had the highest magnetic susceptibility along with moderate
15
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colloidal stability, only WCNC/Fe3O4 (1:4) and BCNC/Fe3O4 (1:4) were used. Figures 7a and 7b
show the pictures of castor oil and water emulsions immediately after preparation (time 0 h) and
after 24 h, while the corresponding microscopy images are presented in Figures 7c¢ and 7d. In both
cases, all the emulsions remained stable for 24 h, and droplet sizes were almost unchanged (Fig.
S11), with the exception of the 50/50 volume ratio where droplet coalescence was detected. It was
observed that for castor-oil and water volume ratios of 30/70 and 50/50, the emulsions were oil-in-
water (o/w), while for volume ratios of 70/30 and 90/10, the emulsions were water-in-oil (w/0). The

emulsion types were determined by dissolving the water-soluble dye amaranth in the aqueous

component (Fig. S12).

(a) (b)
30/70 | 50/50 § 70/30 )| 90/10 N 30/70° | 50/50 | 70/30 B 90/10 |

T e e S | rugceiitey &y i = O
D | YMegeric Ca-1 ] ¢ 3 N (MegeniC. Co-1y W <ty

200 pm
=k

Fig. 7 Pickering emulsions of castor oil and water using WCNC/Fe304 of 1:4 (1 wt% of aq. phase)
and castor oil and water volume ratio (v/v) of 30/70, 50/50, 70/30 and 90/10 (left to right). a Picture
taken at time 0 h; b picture taken after 24 h; ¢ corresponding microscopic pictures of the emulsions

at time 0 h; d microscopic pictures taken after 24 h; Scale bars represent 200 um.

Similar results were seen with castor oil and water Pickering emulsions stabilized with
BCNC/Fe;04 of 1:4 (Fig. 8). The emulsion conditions were maintained the same; it was observed
that these emulsions were stable for over 24 hours. BCNC/Fe3;0; stabilized emulsions experienced
less creaming after 24 h (Fig. 8b) than WCNC/Fe;0;4 stabilized emulsions (Fig. 7b), suggesting the
formation of more stable emulsions with BCNC/Fe3;04 NPs. The corresponding microscopic pictures
of these emulsions are shown in Figure 8c-d. It should be noted that the aqueous phase that settles
at the bottom of the WCNC/Fe;0; stabilized emulsions (Fig. 7b) is transparent, indicating that most

of the NPs remained at the interphase in the emulsion phase. In Pickering emulsions, the particles
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form a rigid structure around the droplets preventing droplet coalescence and stabilizing the

emulsions for extended periods time (Eskandar et al. 2007; Barnes and Gentle 2011).

(a)

30/70 | 50/50 | 70/30 J§ 90/10 | | m m
el A iy | v I B/ gy

i

Fig. 8 Pickering emulsions of castor oil and water using BCNC/Fe304 (1 wt% of aq. phase) and
castor oil to water volume ratios of 30/70, 50/50, 70/30 and 90/10 (left to right). a Picture taken at
time 0 h; b picture taken after 24 h; ¢ corresponding microscopic pictures of the emulsions at time

0 h; d microscopic pictures taken after 24 h; Scale bars represent 500 pm

Demulsification of the emulsions by an external magnet and recovery

of the magnetic CNCs

It was demonstrated in this study that Pickering emulsions stabilized by the CNC/Fe;04 NPs have
controlled stability and are breakable by an external magnetic field on demand (Lin et al. 2016),
although the conditions have to be carefully adjusted to ensure adequate control. Figure 9 depicts
the effect of an external magnetic field on emulsions prepared with WCNC/Fes;Os of 1:4 (1 wt% of
aqg. phase) with castor oil to water volume ratios of 30/70, 50/50, 70/30, and 90/10. For O/W
emulsions containing castor oil percentages of 30% and 50% (Fig. 9a), the oil droplets were pulled
by the magnet, but redispersed when the magnet was removed (Fig. 9b), indicating the emulsions
were very stable. The micrographs were taken after removing the magnet, and confirmed oil droplets
remained dispersed in water. Although at the 50/50 ratio, the oil droplets appeared larger than before
being exposed to the magnet. Generally, particles make Pickering emulsions more stable to

coalescence compared to surfactant stabilized systems, because the energy required for desorption
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of the particles from the interface is very high (102-10* kgT). The stability of the emulsions depends
on the wettability of the particles that can irreversibly adsorb onto the interface (Akartuna et al.
2008; Ye et al. 2018), but also on the oil to water ratio (Parajuli et al. 2019). Further investigations

are required to destabilize O/W emulsions with 50% or less completely oil content, including the

wettability of the NPs, calculation of desorption energy, and intensity of the magnetic field.

(b)

Fig. 9 Effect of an external magnetic field on castor oil and water Pickering emulsions prepared with
castor oil to water volume ratios of 30/70, 50/50, 70/30, and 90/10 and stabilized by WCNC/Fe3;04
of 1:4 NPs (1 wt% of aqueous phase). a Picture of all the emulsions sitting on a magnet; b pictures
of the vials after removing the magnet; ¢ corresponding microscopy images of the emulsions after
removing the magnet (samples were taken from the emulsion, or if no emulsion is present, the oil-

rich phase)

The W/O emulsions with castor oil percentages of 70% and 90% (Fig. 9a), were readily broken
by the magnet, and the NPs recovered. Although some droplets were still observed in the top oil
phase (Fig. 9c), the results indicate successful destabilization of the emulsions by an external
magnetic field. It is herein proposed that the force of the applied magnetic field, in addition to the
effect of gravity, helps demulsify the O/W emulsions by bringing the droplets closer to each other,
leading to coalescence. Emulsions prepared with BCNC/Fe;O4 NPs showed similar results during
magnetic separation. The O/W emulsions did not break in the presence of a magnetic field, whereas

W/O emulsions easily broke and the NPs were separated with the magnet (Fig. S13).

Recyclability of the magnetic cellulose nanocrystals

Recyclability of the recovered superparamagnetic NPs in castor oil/water emulsions was
performed by periodic emulsification and demulsification. Figure 10 shows three cycles of
emulsification and demulsification of the dispersions at 70% v/v castor oil, where the emulsion was
stabilized by WCNC/Magnetite of 1:4 NPs and destabilized by magnet. The broken emulsions were
re-stabilized by redispersing the NPs in the same oil water mixture by using a high shear mixture.

At each cycle, the emulsion type was observed to be water in oil (w/0) and the time required for the
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complete demulsification of each cycle was 4 hours. These recycled NPs can be useful to improve
the economics and sustainability of processes or products involving Pickering emulsions. Some
applications, where only temporary stability of the emulsions is required, may include low-energy
separations, enhanced oil recovery, and drug delivery. The synthesized magnetite coated cellulose
nanocrystals (CNC/Fe304) can be used to stabilize emulsions for a controlled period of time,

demulsify on demand, and be recovered from the system with a magnetic field to be reused.

Fig. 10 Three cycles of emulsification and demulsification of castor oil/water emulsions at 70/30 oil
to water ratio and stabilized by WCNC/Magnetite of 1:4 (1 wt% of aq. phase); a first cycle; b second
cycle; and c third cycle; the microscopic pictures at the left were taken after stabilizing the emulsion

and the pictures at the right were taken after magnetic separation.

The composite CNC/Fe;O4 NPs add the ability to stabilize both W/O and O/W emulsions; which
are more resistant to creaming than emulsions without NPs and with CNCs only. The composite
CNC/Fe304 NPs appear to have a higher affinity towards the interface compared to CNCs only. The
CNC/Fe304 NPs are also responsive to an external magnetic field and thus can be broken at will

with a magnet, which is not possible with the other emulsions.

Conclusion

Magnetite (Fe3;04) nanoparticle (NP) coated cellulose nanocrystals (CNC/Fesz0,4) were successfully
synthesized by a coprecipitation method with shorter wood pulp CNCs (WCNCs) and longer
bacterial CNCs (BCNCs). The properties of the superparamagnetic CNC/Fe;O4 NPs were carefully
optimized by changing the CNC to magnetite mass ratio (1:1, 1:2 and 1:4) during synthesis and used
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to stabilize Pickering emulsions that can be broken at will upon application of an external magnetic
field. It was found from TEM images and TGA that WCNC/Fe304 (1:4) and BCNC/Fe304 (1:4) had
the highest Fe;O4 contents, 74.1 + 6.1%, and 66.9 = 5.1%, respectively. FT-IR and Raman
spectroscopy suggested the interaction between Fe;O4 NPs and CNCs may be driven by hydrogen
bonding interactions between the hydroxyl groups on the surfaces of both NPs. VSM studies
depicted that the modified CNCs were superparamagnetic, showing no hysteresis, and having high
saturation magnetizations of 60 emu/g for BCNC/Fe3;04 (1:4) and 56 emu/g for WCNC/Fe3;04 (1:4).
Results suggest a larger saturation magnetization for the higher aspect ratio nanoparticles, although
additional experimentation is still required on this regard. The colloidal stability in water at pH 7,
of the hybrid NPs, decreased as the magnetite load was increased. Visual inspection and UV-vis
spectroscopy at pH 7 indicated that bare Fe;O, precipitated within one day of preparation, while the
1:2 and 1:4 NPs took approximately a week to precipitate at 0.005 wt%. The 1:1 hybrid NPs were
stable for 1 week at the same concentration.

Properties of both NPs were successfully combined in the hybrid material, where the Fe3O4
lowered the colloidal stability of the CNCs and provided superparamagnetic properties. In the
meantime, the flocculated CNCs provided an efficient means for emulsification of the oil/water
mixtures. At a mass ratio of 1:4 the CNC/Fe;04 NPs had limited colloidal stability and large
saturation magnetization, allowing first the stabilization of Pickering emulsions and then the
disruption of the Pickering effect by an external magnetic field. Aqueous dispersions containing 1
wt% of either WCNC/Fe304 (1:4) or BCNC/Fe304 (1:4) were readily emulsified with castor oil and
remained stable for over 24 h. For both types of hybrid NPs, at oil concentrations of 30% and 50%,
the emulsions were oil-in-water (O/W) and were too stable to be broken by an external magnet. On
the contrary, at oil concentrations of 70% and 90%, the emulsions were identified as water-in-oil
(W/O) and were readily broken by an external magnet. In these cases, the CNC/Fe3;04 NPs were also
recovered and recycled. The synthesized hybrid NPs can potentially be used in applications
including low-energy separations, drug delivery, and enhanced oil recovery to stabilize emulsions

for controlled amounts of time and destabilize them at will.
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