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1. Introduction1)

Pickering emulsion, which was stabilized by solid particles, have at-
tracted increasing attention as alternatives to conventional surfac-
tant-stabilized emulsions[1-3]. In contrast to conventional surfactants, 
particle surfactants with balanced interfacial wettability are irreversibly 
adsorbed onto oil/water interfaces, producing extremely stable emul-
sions[4-6]. Because Pickering emulsions could be especially useful in 
producing functional templates with unconventional nanostructures 
such as permeable hollow capsules[7-9], colloidosomes[10,11], and 
particle-armed polymer latex[12], a variety of colloidal particles includ-
ing Au[13], SiO2[14,15], TiO2[7], iron oxide[16,17], and carbon mate-
rials[18] have been investigated to stabilize Pickering emulsions. 
However, because the demand for environmentally-friendly materials is 
increasing, particles derived from renewable resources are the most 
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promising candidates for particle-stabilized emulsions.
Cellulose particles derived from natural cellulose sources have been 

considered for emulsion stabilization due to their renewable and green 
characteristics and functional oxygen-containing groups on their surface 
which can be readily modified[19-35]. Among the various types of cel-
lulose and their derivatives, cellulose nanofibrils (CNFs), long and 
flexible cellulose nano-materials, have received tremendous attention 
because of their eco-friendly nature, high aspect ratio, mechanical 
properties, and biodegradability[36-39]. Compared to other cellulose 
derivatives, the high aspect ratio and flexibility of CNFs allow them 
to bend at the oil/water interface, increasing their emulsifying ability 
and long-term stability at low concentrations[24,34,40]. Furthermore, 
CNF can form web-like network structures at oil/water interfaces, 
which may protect emulsion droplets from coalescence by acting as a 
strong steric barrier[21,25]. These distinctive properties extend the 
range of applications for CNF-stabilized emulsions to polymer par-
ticles, gels, and membranes[41]. However, the efficiency of CNFs as 
surfactants is often limited by the large number of hydrophilic groups, 
which could impede the modulation of their surface properties in a re-
producible and systematic manner. Because particle wettability is gen-
erally a critical factor that determines the efficiency of emulsion stabi-
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Abstract
In this work, the surface of hydrophilic cellulose nanofibrils (CNFs) was modified precisely by varying amounts of cetyl-
trimethylammonium bromide (CTAB) to produce CNF-based particle surfactants. We found that a critical CTAB density was 
required to generate amphiphilic CTAB-grafted CNF (CNF-CTAB). Compared to pristine CNF, CNF-CTAB was highly effi-
cient at stabilizing oil-in-water Pickering emulsions. To evaluate their effectiveness as particle surfactants, the surface coverage 
of oil-in-water emulsion droplets was determined by changing the CNF-CTAB concentration in the aqueous phase. Furthermore, 
styrene-in-water stabilized by CNF-CTAB surfactants was thermally polymerized to produce CNF-stabilized polystyrene (PS) 
particles, offering a great potential for various applications including pharmaceuticals, cosmetics, and petrochemicals.
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lization, an appropriate method for precisely modulating the surface 
properties of the CNFs must be developed. Several groups have dem-
onstrated that the surface of CNFs can be modified by chemical graft-
ing approaches including silylation and esterification, and CNFs with 
improved hydrophobicity have been successfully used as efficient sur-
factants for water-in-oil emulsions[26] and oil-in-water-in-oil double 
emulsions[28]. However, such approaches typically require multistep 
reactions and they often suffer from degradation of the unique mechan-
ical properties of CNFs due to the damage to the surfaces of CNF dur-
ing the chemical grafting process.

In this work, we prepared surface-modified CNF surfactants to stabi-
lize oil-in-water emulsions. The surface of CNFs was modified using 
cetyltrimethylammonium bromide (CTAB), which has a quaternary am-
monium head and long alkyl chains, to produce CTAB-modified CNF 
(CNF-CTAB) surfactants. With a hydrophilic CNF surface and hydro-
phobic alkyl chains from the CTAB molecules, the amphiphilic charac-
ter of the surface-modified CNF will improve the wetting character-
istics and alter the position of the CNF to the oil/water interface, there-
by enhancing the emulsion stability. We prepared a series of 
CNF-CTAB formulations with various CTAB densities by controlling 
the feed ratios of CTAB to the CNF during the surface modification 
step to investigate the effects of CTAB density on the surface proper-
ties and surfactant efficiency of CNF. Compared to the case where 
strongly hydrophilic CNF-CTAB was used as the surfactant, only am-
phiphilic CNF-CTAB functioned successfully as a surfactant and stabi-
lized emulsions for up to several months. Furthermore, to demonstrate 
the potential of amphiphilic CNF-CTAB for producing emulsion-based 
polymeric materials, we used them in a mini-emulsion polymerization 
of styrene, and micron-sized, spherical, PS colloidal particles covered 
with CNF were produced.

2. Experimental Section

2.1. Materials
2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO)-oxidized CNF with 

average diameter of 13 nm, and lengths of over several micrometers 
was kindly supplied by Moorim P&P. CTAB, styrene, and ethanol was 
purchased from Aldrich. Azobisisobutyronitrile (AIBN) was purchased 
from Junsei and recrystallized from ethanol for purification. Deionized 
(DI) water was used in all experiments.

2.2. Surface modification of CNF
Before surface modification process, CNF (1 g) were dispersed in 

ethanol (30 mL), and the mixture was stirred for 24 h vigorously to 
avoid the presence of aggregated CNF. To prepare surface-modified 
CNF, CTAB (0.06 g) was added to the mixture. After stirring for 24 
h, mixture was centrifuged, and the precipitated product was washed 
with ethanol and DI water at least 3 times to remove unreacted CTAB 
completely. For convenience, the product was denoted as CNF-CTAB1. 
Similar procedures were used to prepare CNF-CTAB0, CNF-CTAB2, 
CNF-CTAB3, and CNF-CTAB4 with different amount of CTAB, i.e., 
(0, 0.10, 0.13, 0.15 g), respectively.

2.3. Preparation of Pickering emulsions
All emulsions were prepared using pristine CNF or CNF-CTAB with 

various CTAB density, where DI water (1 mL) and toluene (1 mL) were 
used as the aqueous and oil phase, respectively. For all tested emul-
sions, aqueous phases consisted of CNF-CTAB particles dispersed in 
water with various concentrations. Oil phase was added afterward. The 
emulsions were prepared using a homogenizer for 2 min at 20,000 rpm.

2.4. Synthesis of PS particles using mini-emulsion polymerization
By using CNF-CTAB as surfactants, PS particles were prepared by 

mini-emulsion polymerization following previous reports[18]. Briefly, 
CNF-CTAB (1 mg), styrene monomer (100 mg), and AIBN (4 mg) 
were dispersed in DI water (1 mL) and stirred for 20 min. After ultra-
sonication for 10 min, mixtures were allowed to be polymerized at 70 
℃ for 24 h. Finally, PS particles were purified by repeated cen-
trifugation with ethanol, and finally obtained after drying at room 
temperature.

2.5. Characterization
FE-SEM (Hitachi S-4800), TEM (ARM-200F, JEOL) were per-

formed to investigate the morphology of pristine CNF, CNF-CTAB, 
and CNF-stabilized PS particles. Samples of TEM were prepared by 
dropping suspensions of pristine CNF and CNF-CTAB onto Cu grids 
coated with carbon film followed by solvent evaporation. Optical mi-
croscopy (objective lenses: Mitutoyo M Plan Apo Series, CCD camera: 
EyeCam) were performed to investigate the morphology of CNF-stabi-
lized emulsions. The image of emulsion droplets was recorded, and the 
size of droplets was measured using Image J software. Optical photo-
graphs of emulsions were taken 24 h after emulsification process to al-
low the system to be stabilized, and recorded with a digital camera. 
Grafting of CTAB on the surface of CNF was monitored through four-
ier-transform infrared spectroscopy (FT-IR) (Nicolet 6700, Thermo) and 
ζ-potential analyzer (ELSZ-2000, Otsuka Electronics). Thermogravi- 
metry (TGA) (STA-409, Netzsch) was performed to quantify the amount 
of grafted CTAB on the CNF-CTAB. To observe the change in surface 
properties of CNF-CTAB, contact angle was measured at least five 
times using contact angle meter (Phx-300, SEO) with glycerol and 
diiodomethane as solvents. Samples of contact angle measurements were 
prepared by drying CNF-CTAB by freeze dryer for 24 h, and dried 
CNF-CTAB were compressed at 10 MPa to produce CNF-CTAB pellet 
of 12 mm in diameter and 2 mm in height.

3. Results and Discussion

3.1. Preparation of CNF-CTAB
To tailor the surface properties of hydrophilic CNFs and demonstrate 

the importance of precisely tuning the surface properties of the CNFs, 
surface modification of CNFs was conducted. Because CNFs have a 
negative charge, cationic surfactants such as CTAB strongly interact 
with their surfaces through electrostatic interactions[42]. A series of 
CNF-CTAB formulations with different CTAB densities was prepared, 
which was achieved by simply controlling the feed ratios of CTAB to 
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Figure 1. TEM image of (a) pristine CNF and (b) CNF-CTAB3.

Figure 2. FT-IR spectra of (a) CNF, (b) CTAB, and (c) CNF-CTAB3.

CNF during the surface modification step. After surface modification, 
the CNF-CTAB formulations were well-dispersed in aqueous solvents 
without aggregation (Figure 1). FT-IR measurements were performed 
to monitor the grafting of CTAB onto the CNFs (Figure 2). A few im-
portant vibration peaks from hydroxyl groups and alkyl chains were 
monitored and compared. For pristine CNF, a strong peak at 3300 cm-1 
was observed due to the abundant hydroxyl groups. However, after 
CTAB modification, CNF-CTAB3 showed new peaks at 2900~2850 
cm-1 due to the C–H stretching of CTAB molecules. Thus, the CNFs 
were successfully modified with CTAB molecules. TGA was per-
formed to estimate the amount of CTAB grafted onto the CNF surface 
through electrostatic interactions (Figure 3, Table 1). Because CTAB 
was thermally degraded after 200 ℃, the amount of grafted CTAB was 
assumed based on the weight loss between 200 and 650 ℃. As shown 
in Table 1, the amount of grafted CTAB in CNF-CTAB1, CNF-CTAB2, 
CNF-CTAB3, and CNF-CTAB4 was estimated to be 2.0, 2.3, 2.4, and 
2.6%. ζ-potential measurements provided additional evidence confirm-
ing the grafting of CTAB onto the CNF surface through electrostatic 
interactions (Figure 4). Whereas CNF-CTAB0 has a negative charge of 

Figure 3. TGA spectra of various CNF-CTAB used in this study.

Figure 4. ζ-potential of CNF-CTAB.

approximately -40 mV, which is comparable to previous reports[43], 
the ζ-potential increased as the amount of grafted CTAB molecules 
increased. These results reveal that electrostatic attraction between the 
charged sites on CNF and the charged headgroups of CTAB molecules 
occurs, compensating for the negative CNF charges. Particularly, for 
the reason ofζ-potential of CNF-CTAB4 was not significantly in-
creased compared to that of CNF-CTAB3, we speculate that CTAB 
molecules were not sufficiently grafted onto some aggregated-CNF.

We performed contact angle measurements on CNF-CTAB to meas-
ure changes in surface energy after CTAB modification. Table 2 sum-
marizes the measured glycerol and diiodomethane contact angles on 
each CNF-CTAB. Each CNF-CTAB exhibits a different glycerol and 
diiodomethane contact angle [CNF-CTAB0 (44.8°, 23.9°), CNF-CTAB1 
(52.0°, 28.1°), CNF-CTAB2 (63.7°, 31.6°), CNF-CTAB3 (68.1°, 31.3°), 
and CNF-CTAB4 (60.4°, 26.2°)]. Based on these results, the surface 
energies of different CNF-CTAB derivatives were determined using the 

CNF-CTAB0 CNF-CTAB1 CNF-CTAB2 CNF-CTAB3 CNF-CTAB4

Weight loss difference between 
200 ℃ and 650 ℃ (%) 94.6 96.6 96.9 97.0 97.2

Grafted CTAB Fractiona) (%) - 2.0 2.3 2.4 2.6
a) Calculated from the difference in the weights loss fractions of CNF-CTAB 1,2,3,4 and Pristine CNF (i.e. CNF-CTAB0) between 200 ℃ and 650 ℃.

Table 1. Characteristics of Various CNF-CTAB used in This Study



113표면 개질된 나노피브릴화 셀룰로오스를 이용한 에멀젼 안정화 및 고분자 입자 제조

Appl. Chem. Eng., Vol. 32, No. 1, 2021

θglycerol (°) θdiiodomethane (°) Surface energy 
(mN/m)

CNF-CTAB0 44.8 23.9 51.1

CNF-CTAB1 52.0 28.1 47.7

CNF-CTAB2 63.7 31.6 43.9

CNF-CTAB3 68.1 31.3 43.6

CNF-CTAB4 60.4 26.2 46.2

Table 2. Contact Angle and Calculated Surface Energy of Various 
CNF-CTAB

Figure 5. Photographic images of Pickering emulsions stabilized by 
(a) CNF-CTAB0, (b) CNF-CTAB1, and (c) CNF-CTAB3 at constant 
concentration of 1.0 mg/mL.

Owens-Wendt method[44]. The surface energy had a decreased as a 
function of grafted CTAB density, i.e., 51.1 (CNF-CTAB0), 47.7 
(CNF-CTAB1), 43.9 (CNF-CTAB2), and 43.6 mN/m (CNF-CTAB3), 
indicating that the density of hydrophobic alkyl chains gradually 
increased. However, the surface energy of CNF-CTAB4, which has 
more grafted-CTAB molecules than CNF-CTAB3, increased to 46.2 
mN/m. It is noteworthy that CTAB itself can form bilayers as a result 
of hydrophobic interactions between their hydrocarbon tails. As the 
number of CTAB molecules participating the surface modification 
process increases, we speculate that some CTAB molecules may form 
bilayer structures on the CNF surface through hydrophobic interactions 
between CTAB molecules[28,45]. Furthermore, the ionic headgroups of 
CTAB molecules are exposed to the outside, thus leading to a slight 
increase in the hyrdophilicity and surface energy of the CNF-CTAB4.

3.2. Pickering emulsion stabilized by CNF-CTAB
In order to investigate the ability of the surface-modified CNF-CTAB 

formulations to stabilize oil/water emulsions, a series of toluene/water 
mixtures (1/1 mL) was prepared. The various CNF-CTAB formulations 
were added to the mixtures and the mixtures were emulsified. As 
shown in Figure 5, when CNF-CTAB0 or CNF-CTAB1 was added, 
their strong hydrophilic character hindered their partitioning to the 
oil/water interface, emulsions were unstable, and phase separation oc-
curred in a few minutes [Figure 5 (a), (b)]. In contrast, the addition of 
CNF-CTAB3 created dense, white emulsions consisting of micron-sized 
emulsion droplets that were extremely stable up to several months 
[Figure 5 (c)]. This clearly indicated that CTAB modification imparts 
amphiphilicity, promoting the adsorption of CNF onto the toluene/water 

Figure 6. Optical microscopic images of toluene-in-water Pickering 
emulsions stabilized by CNF-CTAB3 with various concentration: (a) 
0.2 mg/mL, (b) 0.5 mg/mL, (c) 1.0 mg/mL, (d) 3.0 mg/mL. The inset 
is a histogram of the size distribution of the emulsion droplets.

interface and thus stabilizing the interface.
To investigate the efficiency of the CNF-CTAB3 surfactant, the 

number-average size of emulsion droplets and their size distribution 
were obtained by analyzing optical microscopic images (Figure 6). The 
size of toluene droplets varied based on the concentration of CNF- 
CTAB3. The droplet size decreased from 125 to 43 µm as the concen-
tration increased from 0.2 to 1.0 mg/mL. This particle concentration 
dependence is a common feature of Pickering emulsions stabilized by 
particles. The decrease in the average droplet size was associated with 
CNF-CTAB3 adsorption at the toluene/water interface. However, once 
the concentration of CNF-CTAB3 approached 1.0 mg/mL, a further in-
crease in the amount of CNF-CTAB3 did not induce a significant re-
duction in the droplet size. To evaluate the influence of the concen-
tration of CNF-CTAB3 on the emulsion stability, the surface coverage 
(C) (i.e., the ratio between the maximum surface area of CNF particles 
to the total surface area of oil droplets), was estimated according to 
previous literature[21,46]:

C (%) = mpD / 6wρVoil × 100% (1)

where mp is the amount of CNF particles dispersed in the aqueous 
phase, D is the surface-mean diameter of the emulsion droplets, w is 
the width of the CNF-CTAB3 measured by TEM (13 nm), ρ is the 
density of CNF-CTAB3 assuming that this density is similar to that of 
pristine CNF (1.4 g/cm3)[47], and Voil is the volume of the emulsified 
oil phase (1 mL). As shown in Table 3, toluene-in-water emulsion 
droplets were relatively stable to coalescence when only about 22.9% 
of their surface was covered with CNF-CTAB3. We speculate that this 
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Figure 7. SEM images of (a) polymerized styrene-in-water emulsions 
stabilized by CNF-CTAB3 and (b) CNF at the surface of PS particles.

occurs because the high aspect ratio of CNF-CTAB3 allows for flexi-
bility when aligned along the droplet interface, forming an entangled 
network that acts as a strong steric barrier[27,48]. This results in the 
stabilization of emulsion droplets with a lower surface coverage. When 
the concentration of CNF-CTAB3 increased to 3.0 mg/mL, the calcu-
lated surface coverage values for the oil droplets were greater than 
100%. This may have occurred because multilayers were formed at the 
droplet surfaces due to their ability to bend and overlap at the oil/water 
interface or because some excess CNF-CTAB3 was in the aqueous 
phase. At an increased CNF-CTAB3 concentration, a higher interfacial 
coverage around the oil droplets occurred, reducing the droplet size 
and leading to more uniform and stable oil droplets.

The practical application of oil-in-water emulsions is the develop-
ment of particle-stabilized polymer particles used in coatings, cosmetics, 
and pharmaceuticals. In order to evaluate the use of CNF-CTAB3 for 
the preparation of polymer particles, styrene-in-water emulsions stabi-
lized by CNF-CTAB3 were thermally polymerized using AIBN as 
initiator. This Pickering emulsion polymerization of styrene produced 
spherical, micrometer-sized PS particles [Figure 7(a)]. It should be not-
ed that non-covered, nanometer-sized PS particles were artifactual out-
growths formed during styrene polymerization, which has been pre-
viously reported for cellulose-based Pickering emulsions[27,40]. In the 
case of micrometer-sized PS particles, CNFs are clearly distributed at 
the surface of PS particles and bent along their curvature, confirming 
that they are strongly absorbed at the interface [Figure 7(b)].

4. Conclusions

In this work, we prepared CTAB-modified CNFs with tailored sur-
face properties and demonstrated their applicability as efficient surfac-
tants for stabilizing oil-in-water emulsions. By controlling the grafted 
ratio of CTAB surfactants, the surface properties of CNF-CTAB was 
precisely tuned as characterized by contact angle measurements and a 
ζ-potential analyzer. Compared to CNF-CTAB0, which is strongly 
hydrophilic and leads to excess CNF-CTAB0 in the aqueous phase, 
amphiphilic CNF-CTAB3 was positioned at the interface between the 

oil and aqueous phases. CNF-CTAB3 efficiently stabilized toluene-in- 
water emulsions against coalescence for more than several months. To 
investigate the surface organization and surface coverage of emulsion 
droplets stabilized by CNF-CTAB3, emulsions with varying concen-
trations of CNF-CTAB3 surfactants were characterized using optical 
microscopy. Furthermore, to demonstrate the potential of CNF-CTAB3 
for the preparation of emulsion-based polymer particles, styrene-in-wa- 
ter emulsions were successfully polymerized to form CNF-CTAB3-st- 
abilized PS particles. Our strategy for the modification of CNF by 
CTAB molecules provides a facile method to produce amphiphilic 
CNF surfactants for stabilizing Pickering emulsions and fabricating 
CNF-based polymer particles.
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Liimatainen, Emulsion stabilization with functionalized cellulose 
nanoparticles fabricated using deep eutectic solvents, Molecules, 
23, 2765-2782 (2018).

26. M. Andresen and P. Stenius, Water-in-oil emulsions stabilized by 
hydrophobized microfbrillated cellulose, J. Dispers. Sci. Technol., 
28, 837-844 (2007). 

27. I. Kalashnikova, H. Bizot, B. Cathala, and I. Capron, New Pickering 

emulsions stabilized by bacterial cellulose nanocrystals, Langmuir, 
27, 7471-7479 (2011). 

28. A. G. Cunha, J. B. Mougel, B. Cathala, L. A. Berglund, and I. 
Capron, Preparation of double Pickering emulsions stabilized by 
chemically tailored nanocelluloses, Langmuir, 30, 9327-9335 (2014).

29. I. Kalashnikova, H. Bizot, P. Bertoncini, B. Cathala, and I. Capron, 
Cellulosic nanorods of various aspect ratios for oil in water Picke- 
ring emulsions, Soft Matter, 9, 952-959 (2013). 

30. C. Wen, Q. Yuan, H. Liang, and F. Vriesekoop, Preparation and 
stabilization of d-limonene Pickering emulsions by cellulose nano-
crystals, Carbohydr. Polym., 112, 695-700 (2014). 

31. T. Winuprasith and M. Suphantharika, Microfibrillated cellulose 
from mangosteen (Garcinia mangostana L.) rind: Preparation, 
characterization, and evaluation as an emulsion stabilizer, Food 
Hydrocoll., 32, 383-394 (2013).

32. M. Visanko, H. Liimatainen, J.A. Sirviö, J. P. Heiskanen, J. 
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