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A B S T R A C T   

The growing interest in Pickering emulsions in functional food systems resulted in the need to find suitable 
stabilizers for them. The work considers the use of bacterial cellulose for this purpose, and its aim was to compare 
the properties of disintegrated bacterial cellulose, before and after freeze-drying, and its nanocrystals obtained 
using H2SO4 under variable of time and concentration conditions. The structure of nanocrystals obtained with 
30% acid was found to be still similar to that of parent cellulose, while the structure of nanocrystals obtained 
with 65% acid showed allomorphic transformation and the cellulose sulfates formation, regardless of the acid 
treatment time. Unlike nanocrystals obtained with 65% acid, those obtained with 30% acid as well as native 
bacterial cellulose ensured the high stability of O/W emulsion containing up to 20% olive oil. Effective stabi-
lization of emulsions with the addition of nanocrystals obtained with the use of 30% acid was ensured by their 
strong surface charge density due to the presence of negatively charged sulfate groups.   

1. Introduction 

An emulsion is a mixture of two immiscible liquid phases, typically 
oil and water, one of which is dispersed uniformly in the other in the 
form of fine droplets. Due to various physicochemical processes, 
including coalescence, flocculation, Ostwald ripening, gravitational and 
phase separation, emulsions are thermodynamically unstable and tend 
to breakdown over time (Mason, Wilking, Meleson, Chang, & Graves, 
2006; Ozturk & McClements, 2016). Hence, the addition of stabilizers to 
the emulsion is necessary. Emulsifiers (surfactants), by concentrating at 
the liquid-liquid phases interface, either reduce interfacial tension and 
lower the energy needed to form emulsions (Binks, 2007) or form a 
steric barrier that prevents droplet coalescence (Low, Siva, Ho, Chan, & 
Tey, 2020; Pang, Liu, & Zhang, 2021). In the latter case, Pickering 
emulsions are formed, usually stabilized with solid particles, i.e., clay, 
hydroxyapatite, and some organic particles (Agarwal, Phuoc, Soong, 
Martello, & Gupta, 2013; Capron & Cathala, 2013; Grechishcheva, 
Perminova, Kholodov, & Meshcheryakov, 2017). To be used as stabi-
lizers in Pickering emulsions, the solids must be partially wettable by 
both the dispersed and the continuous phase of the emulsion, but not 
dissolved therein. Also, the surface charge of solid particles used cannot 
be too high and their size should be much lower than that of the 

emulsion droplets (Björkegren, Nordstierna, Törncrona, & Palmqvist, 
2017). The commercial use of Pickering emulsions in the food industry is 
gaining interest due to environmental, health, and cost issues posed by 
surfactants used in traditional emulsions (Jia, Zheng, Xu, & Zhong, 
2019). The use of non-toxic, food-grade particulates, such as poly-
saccharides, including cellulose, as an emulsion stabilizer, ensures not 
only food safety (Yan et al., 2017) but it also gives an opportunity to 
strategically modify the stabilizer to control its behavior in the emul-
sion, thus creating on-demand emulsions with specific properties (Cal-
abrese, Courtenay, Edler, & Scott, 2018). Pickering emulsions stabilized 
with cellulose, which is a good source of dietary fiber, may be potential 
as a functional food source (Cheon, Haji, Baek, Wang, & Tam, 2023). 

Cellulose is a polysaccharide derived from plants and bacteria. The 
molecular structure of bacterial cellulose (BC) is the same as plant cel-
lulose, but the former is not associated with hemicellulose and lignin as 
is the case with the latter. This makes BC a pure form of cellulose. The 
polysaccharide is composed of D-glucose units linked by β-(1 → 4)- 
glycosidic bonds into linear chains, between of which the extensive 
network of intra- and inter-chains hydrogen bonds is formed. Depending 
on the pattern of H-bonds, four polymorphic crystalline structures are 
distinguished: cellulose I, II, III, and IV (Peter, 2021). Cellulose I is the 
crystalline cellulose with a parallel arrangement of chains in the unit 
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cell. The triclinic Iα and monoclinic Iβ polymorphs, with one and two 
chains in a unit cell structure, respectively, differ in the distribution and 
number of inter-chains H-bonds. Cellulose II of a monoclinic structure 
with two anti-parallel chains in the unit cell can be prepared in the 
process of regeneration (solubilization and then recrystallization) and 
mercerization (alkali treatment) of native cellulose (Xing, Gu, Zhang, 
Tu, & Hu, 2018). Cellulose III including cellulose IIII and IIIII can be 
formed from cellulose I and II, respectively, by liquid ammonia treat-
ment (Hayashi, Sufoka, Ohkita, & Watanabe, 1975). These can then be 
thermally treated to form cellulose IVI and IVII, respectively (Gardiner & 
Sarko, 1985). In regions where these H-bonds are broken, the highly 
ordered arrangement (crystalline structure) is lost to the disordered one 
(amorphous structure). 

Cellulose subjected to acid (with H2SO4) or enzymatic (with cellu-
lase) hydrolysis yields nanocrystals (Beltramino, Roncero, Vidal, Torres, 
& Valls, 2015, 2016; Gong, Li, Xu, Xiang, & Mo, 2017; Pereira & Ara-
ntes, 2020; Tang, Yang, Zhang, & Zhang, 2014; Tong, Shen, Chen, Jia, & 
Roux, 2020; Vasconcelos et al., 2017). During acid hydrolysis, the 
amorphous regions of the cellulose are attacked and hydrolyzed first, 
while the crystalline regions show higher resistance to this reaction. As a 
result, the amorphous regions of the cellulose are removed and the intact 
crystalline domains remain. Depending on the hydrolysis reaction con-
ditions, i.e., the acid type and concentration, reaction time and tem-
perature, nanostructures with different physical and mechanical 
properties are obtained (Vasconcelos et al., 2017). Cellulose nano-
crystals have attracted a lot of interest as promising stabilizers for 
Pickering emulsion (Cherhal, Cousin, & Capron, 2016). Although those 
derived from plant cellulose have the same properties as those derived 
from BC, bacterial cellulose is a better source of nanocrystals than plant 
counterpart due to the contamination of the latter (Wang, Tavakoli, & 
Tang, 2019). Moreover, the high crystallinity of BC compared to plant 
cellulose mean that not only the nanocrystals but also native BC can be 
used as a Pickering emulsion stabilizer. According to Zhai, Lin, Liu, and 
Yang (2018), the BC used in Pickering emulsion type oil in water (O/W) 
has the unique ability to prevent droplet aggregation over a wide range 
of temperature. 

The aim of the study was to compare the properties of disintegrated 
native BC, before and after its freeze-drying, with the properties of BC 
nanocrystals obtained by acid hydrolysis of the polysaccharide under 
variable conditions of time and concentration, used as a stabilizer of O/ 
W Pickering emulsions. To our best knowledge, native and dried BC 
have not yet been compared with its nanocrystals for emulsion 

stabilization. 

2. Experimental section 

2.1. Materials 

Gluconacetobacter xylinus LOCK 89 was purchased from Pure Culture 
Collection of the Institute of Fermentation Technology and Microbiology 
(Lodz University of Technology, Poland). Food grade rafined olive oil 
was supplied by Olio Luglio, Medsol srl (Molfett, BA, Italy) and food 
grade xanthan gum (XG) by Adox Group (Antoninów, Poland). All other 
chemicals were analytical grade, and the microbial medium ingredients 
– microbiology grade. 

2.2. Bacterial cellulose preparation 

BC membranes were synthesized by G. xylinus as described previ-
ously (Sommer, Staroszczyk, Sinkiewicz, & Bruździak, 2021). Briefly, 
bacteria were cultured for 7 days at 28 ◦C in a Hestrin-Schramm medium 
composed of 2% (w/v) glucose, 0.27% (w/v) Na2HPO4, 0.115% (w/v) 
citric acid, 0.5% (w/v) yeast extract, 0.5% (w/v) peptone K, and 1% 
(v/v) ethanol (Hestrin & Schramm, 1954). The obtained BC membranes 
were rinsed in tap water, purified in boiling 4% NaOH for 1 h, rinsed 
again until neutral pH was achieved, immersed in distilled water, and 
then sterilized at 121 ◦C in an autoclave (VX-75, Systec GmbH, Ger-
many). The purified BC membranes with 99.1 ± 0.1% water content 
were homogenized (homogenizer MixSy, Zepter, Switzerland) until a 
uniform paste of wet BC (wBC) was obtained, and finally freeze-dried 
(freeze dryer Christ Alpha 2–4 LSC, Martin Christ Gefrier-
trocknungsanlagen GmbH, Germany), and ground again with a ho-
mogenizer until freeze-dried BC flakes (fdBC) were obtained. 

2.3. Bacterial cellulose nanocrystals preparation 

Flakes of fdBC were mixed in the ratio of 1:30 (w/v) with either 30 or 
65% H2SO4 to give nanocrystals NBC130 or NBC165 and NBC330 or 
NBC365, after 1- and 3-h hydrolysis at 50 ◦C, respectively. After stopping 
the reaction with 10− 4 M NaOH, BC nanocrystals obtained were sepa-
rated from the suspension by centrifugation (9000 rpm, 25 ◦C, 10 min), 
dialyzed for 72 h, and finally freeze-dried. 

Table 1 
Experimental plan.  

Sample no. Levels of the variability for the input variables Levels of the factor values Composition of the emulsion 

x1 x2 x3 Stabilizer type Stabilizer concentration (%, w/v) Oil concentration (%, v/v) 

1 1 0 − 1 wBC 0.3 10 10% O/W0.3%wBC 
2 1 1 − 1 wBC 0.9 10 10% O/W0.9%wBC 
3 1 0 0 wBC 0.3 20 20% O/W0.3%wBC 
4 1 1 0 wBC 0.9 20 20% O/W0.9%wBC 
5 1 0 1 wBC 0.3 30 30% O/W0.3%wBC 
6 1 1 1 wBC 0.9 30 30% O/W0.9%wBC 
7 0 0 − 1 fdBC 0.3 10 10% O/W0.3%fdBC 
8 0 1 − 1 fdBC 0.9 10 10% O/W0.9%fdBC 
9 0 0 0 fdBC 0.3 20 20% O/W0.3%fdBC 
10 0 1 0 fdBC 0.9 20 20% O/W0.9%fdBC 
11 0 0 1 fdBC 0.3 30 30% O/W0.3%fdBC 
12 0 1 1 fdBC 0.9 30 30% O/W0.9%fdBC 
13 − 1 0 − 1 XG 0.3 10 10% O/W0.3%fdBC 
14 − 1 1 − 1 XG 0.9 10 10% O/W0.9%fdBC 
15 − 1 0 0 XG 0.3 20 20% O/W0.3%fdBC 
16 − 1 1 0 XG 0.9 20 20% O/W0.9%fdBC 
17 − 1 0 1 XG 0.3 30 30% O/W0.3%fdBC 
18 − 1 1 1 XG 0.9 30 30% O/W0.9%fdBC 
19 – − 1 − 1 – 0 10 10% O/W 
20 – − 1 0 – 0 20 20% O/W 
21 – − 1 1 – 0 30 30% O/W  
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2.4. BC nanocrystal characteristics 

2.4.1. Attenuated total reflectance fourier transform infrared spectroscopy 
(ATR FT-IR) 

The ATR FT-IR spectra of NBC130, NBC330 and NBC165, NBC365 as 
well as fdBC were recorded on a Nicolet 8700 spectrophotometer 
(Thermo Electron Scientific Inc., Waltham, MA, USA), using a Golden 
Gate ATR accessory (Specac, Orpington, UK) equipped with a single- 
reflection diamond crystal. Each spectrum, recorded within 5000–500 
cm− 1 wavenumber range, was obtained by measuring and averaging 

128 independent scans with 4 cm− 1 resolution. All samples were pre-
viously homogenized in a ball mill and conditioned for 7 days in a 
desiccator over P2O5 to remove residual moisture. 

Total crystallinity index (TCI) (Nelson & O’Connor, 1964a), lateral 
order index (LOI) (Hurtubise & Krassig, 1960), and hydrogen bond in-
tensity index (HBI) (Kljun et al., 2011; Nada, Kamel, & El-Sakhawy, 
2000) calculated from the absorbance ratios: A1372/A2897, A1430/A893, 
and A3336/A1336, respectively, were used to study the crystallinity 
changes caused by the hydrolysis reaction. 

Fig. 1. ATR-FTIR spectra of BC nanocrystals: NBC130 , NBC330 , NBC165 , NBC365 , and difference spectra of the BC nanocrystal from which the 
spectrum of fdBC was subtracted . The spectrum of fdBC was added for comparison. 
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2.4.2. X-ray diffractometry (XRD) 
XRD diffractograms of NBC130, NBC330 and NBC165, NBC365 as 

well as fdBC were recorded in a Philips type X’Pert Pro diffractometer 
(Eindhoven, The Netherlands) by using Cu Kα radiation at 30 mA and 40 
kV. The spectra over the range of 0–45.0◦ 2θ were recorded at scan rate 
of 0.02◦ 2θ/s. The crystallinity index (CrI) of samples was calculated 
based on the equation proposed by Segal, Creely, Martin, and Conrad 
(1959): 

CrI =
I200 − Iam

I200
× 100  

where I200 and Iam are the maximum intensities of diffraction at 2θ =
22,7 and 18◦, respectively. 

2.4.3. Thermogravimetric analysis 
The effect of acid hydrolysis of fdBC on its thermal properties was 

studied by thermogravimetric analysis using TA Instrument SDT Q600 
(New Castle, DE). Samples of 10–20 mg were heated in open aluminum 
pans under a nitrogen atmosphere within a temperature range of 
40–700 ◦C, at a heating rate of 10 ◦C/min. Before analysis all samples 
were conditioned for 7 days in a desiccator over P2O5 to remove residual 
moisture. 

2.4.4. Scanning electron microscopy (SEM) 
The surface morphology of the fdBC as well as NBC130, NBC330 and 

NBC165, NBC365 was observed by SEM (FEI Quanta FEG 250, Thermo 
Fisher Scientific, Waltham, MA, USA) equipped with a secondary elec-
tron detector, operating in high vacuum mode at an accelerating voltage 
of 10–20 kV. 

2.4.5. Conductometric titration 
The conductometric titration was carried out to determine the sur-

face charge density (Kalashnikova, Bizot, Cathala, & Capron, 2012; Li 
et al., 2018). 20 mL 0.1% w/v of degassed suspension of fdBC, NBC130, 
NBC330, NBC165, and NBC365 was titrated with 1.0 mM NaOH at a feed 
rate of 0.1 mL/min. The changes in conductivity were recorded using a 
conductivity meter (Tetra Con® 325, WTW, Germany). 

2.4.6. Contact angle measurement 
To determine the contact angle (θ) of fdBC and all BC nanocrystals 

obtained, their suspensions (approximately 0.5% w/v) were layered 
onto glass slides and dried at 37 ◦C to ensure flat and smooth films. The 
contact angles were measured using the falling drop technique with an 
Attension Theta Lite goniometer (Nanoscience Instruments, Phoenix, 
AZ, USA). A 2 μL drop volume of the ultrapure water was deposited on 
the film surfaces from a micro-syringe (Hamilton-Bonaduz) and left in 
contact for 10 s at 25 ± 1 ◦C while being recorded by the equipment’s 
video camera. The presented results represent the average of 5 inde-
pendent repetitions. 

2.5. Emulsion preparation 

Aqueous 0.3 and 0.9% suspensions of wBC, fdBC, and XG chosen as a 
reference stabilizer were prepared and allowed to swell for 24 h. Then, 
suspensions were mixed with refined olive oil (O) in proportions to yield 
O/W emulsions having 10, 20, or 30% (v/v) olive oil (Table 1) and 

Table 2 
Band assignment in the FT-IR spectra of fdBC and nanocrystals formed after its 
hydrolyzis.  

Band assignmenta Position (cm− 1) 

fdBC NBC130 NBC330 NBC165 NBC365 

νOH intramolecular H- 
bonds for 3O⋯H–O5 
and 2O⋯ H–O6 

3383 3383 3383 3388 3392 

νOH intramolecular H- 
bonds for 3O⋯H–O5 

3340 3342 3340 3346 3332 

νOH intermolecular H- 
bonds (corresponding 
to the contribution 
from cellulose Iβ) 

3317 3317 3317 3302 3315 

νOH intermolecular H- 
bonds for 6O⋯H–O3’ 
(corresponding to the 
contribution from 
cellulose Iα) 

3242 3242 3242 3248 3248 

νCH 2895 2897 2895 2954, 
2920, 
2850 

2954, 
2920, 
2850 

δOH polymer bound 
water 

1641 1631 1631 1649 1649 

δOH, δCH 1427 1427 1427 1458 1458 
δOH, δCH 1361 1358 1358 1361 1361 
δOH 1336 1334 1334 1342 1323 
δCH 1282 1282 1282 1282 1282 
νS––O of O–SO3

– – –  – 1236 1236 
δCH 1162 1161 1163 1163 1163 
δC–OH of C2–OH 1109 1109 1109 1109 1109 
δC–OH of C3–OH 1057 1057 1057 1055 1047 
νC–O of C6–OH 1032 1032 1034   
νC–O 1005 1003 1005 1005 1005 
νC–O 985 985 985 985 985 
β-glycosidic linkage 897 – – – – 
νC-O-S of C–O–SO3

– – –  – 800 800 
Iα, δOH out-of-plane 744 742 744 758 758 
Iβ, δOH out-of-plane 696 696 696 700 702  

a According to Cheng, Liu, Feng, Xie, & Zhan, 2017; de Moraes Crizel, Haas 
Costa, de Oliveira Rios, & Hickmann Flôres, 2016; Goh et al., 2012; Kruer-Zer-
husen et al., 2018; Liang et al., 2018; Oh, Yoo, Shin, Kim, et al., 2005; Oh, Yoo, 
Shin, & Seo, 2005; Shah, Ul-Islam, Khattak, & Park, 2013; Shahabi-Ghaha-
farrokhi, Khodaiyan, Mousavi, & Yousefi, 2015; Sommer, Dederko-Kantowicz 
et al., 2021; Sommer, Staroszczyk, et al., 2021; Surma-Ślusarska, Presler, & 
Danielewicz, 2008; Ul-Islam, Khan, & Park, 2012; Vasconcelos et al., 2017; 
Yang, Du, Wen, Li, & Hu, 2003. 

Table 3 
The crystallinity changes caused by the hydrolysis of fdBC after 1 and 3 h with 
30% (NBC130 and NBC330) and 65% (NBC165 and NBC365) H2SO4.  

Index fdBC NBC130 NBC330 NBC165 NBC365 

TCI 1.69 ±
0.01 

1.25 ±
0.04 

1.23 ±
0.03 

0.93 ±
0.00 

1.14 ±
0.00 

LOI 1.11 ±
0.03 

0.83 ±
0.02 

0.81 ±
0.02 

0.66 ±
0.01 

0.52 ±
0.01 

HBI 
CrI 
[%] 

1.43 ±
0.01 
87.8 

1.69 ±
0.01 
87.7 

1.55 ±
0.01 
80.6 

0.72 ±
0.00 
65.9 

0.56 ±
0.01 
56.3  

Fig. 2. XRD patterns of fdBC and BC nanocrystals.  

A. Sommer and H. Staroszczyk                                                                                                                                                                                                              

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Food Hydrocolloids 145 (2023) 109080

5

sonicated for 1 min at 500 W power and 80% amplitude (VCX 130, Vibra 
Cell, USA). In a similar way, emulsions stabilized with nanocrystals, i.e., 
NBC130, NBC330 and NBC165, NBC365, were prepared, using selected 
concentrations of stabilizers and olive oil: aqueous 0.3% suspensions of 
BC nanocrystals were mixed with O in proportions to yield O/W emul-
sions having 20% olive oil. 

The emulsifying properties of all emulsions with the stabilizer 
addition were compared with those determined for O/W emulsions 
without any stabilizer. 

2.6. Emulsion characteristics 

The emulsion stability index (ESI) was assessed according to BN- 

696060-03 (1969) using the following equation:  

ESI = He / Hc • 100%                                                                           

where He is the height of the emulsified layer and Hc is total sample 
height. 

The ESI of emulsions with the addition of wBC, fdBC, and XG was 
measured immediately. However, as the emulsions undergo unfavorable 
phenomena over storage time (e.g., coalescence, flocculation, Ostwald 
ripening), their ESI 24 h after sonication and after centrifugation 
(10,000 rpm, 5 min) performed in order not to further extend the storage 
time but to accelerate emulsion breakdown was also determined. 

The ESI of emulsions with the addition of BC nanocrystals, i.e., 
NBC130, NBC330 and NBC165, NBC365, was determined just after 

Fig. 3. Thermograms of fdBC and BC nanocrystals: TG curve , DTG curve.
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sonication and 72 h after sonication. Microscopic images of these 
emulsions were recorded with the optical microscope (DELTA Optical, 
DO Evolution 10, Poland). 

3. Results and discussion 

3.1. Characteristics of the BC nanocrystals obtained 

3.1.1. Chemical structure 
In the FT-IR spectrum of fdBC, all the bands characteristic of BC were 

observed. The FT-IR spectra of BC nanocrystals (NBC130, NBC330 and 
NBC165, NBC365) were different from the spectrum of fdBC as presented 
in Fig. 1 and listed in Table 2. 

Although spectra of NBC130 and NBC330 were similar to that of 
fdBC, subtle differences in the intensity and shape of the band at the 
3650-3000 cm− 1 region were observed. These differences suggest a 
change in the H-bonding pattern in NBC130 and NBC330 that occurred 
because of the fdBC hydrolysis. 

In the spectra of NBC165 and NBC365 more pronounced differences 
were observed. A significant decrease in the intensity of bands at the 
3650-3000 cm− 1 and 1100-1000 cm− 1 regions was evident. As the bands 
in these regions correspond to O–H stretching (νOH) and C–OH bending 
(δC–OH) vibrations, respectively (Table 2), Gromov et al. (2018), Liang, 
Chen, Wu, Liu, and Lei (2018) and Zhang, Geng, and Yu (2011) suggest 
that the decrease in their intensity can be indicative of cellulose dehy-
dration. Kuznetsov et al. (2015) and Wang, Li, Zheng, Normakhamatov, 
and Guo (2007) imply that the decrease in the intensity at the 
1100-1000 cm− 1 region shows the substitution of hydroxyl groups with 
sulfate groups. The formation of the latter was clearly pointed out by the 

new positive bands appearing in the differential spectra of NBC165 and 
NBC365 at the 1250-1150 cm− 1 and 850-750 cm− 1 regions (Fig. 1). The 
positive bands in this first region, although of lower intensity, were also 
observed in differential spectra of NBC130 and NBC330. The observed 
change was also a shift of the band located at 1427 cm− 1 in the fdBC, 
NBC130 and NBC330 spectra by about 30 cm− 1 towards higher wave 
numbers in the NBC165 and NBC365 spectra. According to Oh, Yoo, 
Shin, Kim, et al. (2005) and Colom, Carrillo, Nogués, and Garriga 
(2003), that absorbance band is very sensitive to the amount of the 
crystalline vs. amorphous structure of cellulose, and its shift towards 
higher wave numbers reflects a higher amount of disordered structure in 
cellulose. The authors concluded that this occurs when cellulose I is 
converted to cellulose II by mercerization (alkali treatment of cellulose). 

Based on the calculated HBI, LOI, and TCI indexes, qualitative 
changes in the cellulose crystallinity were estimated (Table 3). The HBI 
index in fdBC increased by the hydrolysis with 30% H2SO4 (NBC130 and 
NBC330) and decreased by the hydrolysis with 65% H2SO4 (NBC165 and 
NBC365), with the longer reaction time reducing these changes when the 
lower acid concentration was used and enhancing them when the higher 
acid concentration was used. As the HBI index is related to the crystal 
system and the degree of intermolecular regularity as well as the amount 
of bound water (Kljun et al., 2011), it can be assumed that the crystal-
linity of NBC130 and NBC330 was close to or slightly higher than that of 
fdBC, while the crystallinity of NBC165 and NBC365 was lower than 
fdBC. At the same time, the LOI and TCI indexes decreased, more pro-
nounced when a higher concentration of H2SO4 was used. Unlike the 
increased HBI index for BNC130 and BNC330, the reduced LOI and TCI 
indexes of all BC nanocrystals could suggest that they had a lower degree 
of crystallinity (Hurtubise & Krassig, 1960; Kljun et al., 2011; Kruer--
Zerhusen, Cantero-Tubilla, & Wilson, 2018; Nada et al., 2000). Such 
changes in the structure of cellulose were revealed when native cellulose 
fibers were treated with a strongly alkaline rather than an acidic solution 
which was associated with a change in the cellulose I to cellulose II ratio. 
However, according to Xing et al. (2018), at certain concentrations of 
inorganic acids, cellulose swells and its allomorphic transformation 
occurs, resembling the mercerization effect induced by strong alkalis. 
The authors believe that this effect depends on the reaction time of the 
acid hydrolysis and involves cellulose swelling due to the formation of 
cellulose sulfate and regeneration to a more thermodynamically stable 
crystalline form of cellulose II. The formation of cellulose sulfate was 
confirmed by the FT-IR results for NCB165 and NCB365. In turn, ac-
cording to Nelson and O’Connor (1964b), the spectrum of cellulose II 
resembles that of cellulose III, although the band at 1163 cm− 1 appears 
at the same location in the spectra of cellulose I and cellulose III but is 
shifted towards lower wave numbers in the spectrum of cellulose II. In 
the all spectra of Fig. 1 this band appears at the same location, at 1163 
cm− 1. Moreover, according to French and Santiago Cintrón (2013), 
when cellulose is treated with H2SO4, the higher cellulose depolymer-
ization, due to higher acid concentration used, decreases the TCI index 
of nanocrystals obtained due to the decrease in the crystal size. 

Thus, to get more information on the crystallinity change that occurs 
in the fdBC under H2SO4 used, fdBC and BC nanocrystals were subjected 
to XRD and thermal analysis. 

3.1.2. Crystal structure 
The analysis of diffraction pattern of the fdBC and BC nanocrystals 

confirmed changes in the cellulose structure caused by hydrolysis with 
H2SO4. 

In the diffraction pattern of the fdBC two sharp intense diffraction 
peaks at 2θ around 14.4 and 22.4◦ and one minor diffraction peak at 2θ 
around 16.5◦ (Fig. 2), corresponding to 110, 200, and 110 lattice planes, 
respectively, were assigned as the characteristic diffraction peaks of 
cellulose I (Sommer, Dederko-Kantowicz, Staroszczyk, Sommer, & 
Michalec, 2021; Xing et al., 2018). The diffraction patterns of NBC130 
and NBC330 resembled the fdBC pattern, but in addition to the clearly 

Table 4 
Thermal properties of fdBC and nanocrystals formed after its hydrolysis.  

Sample Temperature range 
(◦C) 

Weight loss 
(%) 

DTG peak temperature 
(◦C) 

fdBC 35–150 4.1  
150–510 76.7 370 
510–790 9.0  
Total 89.8  

NBC130 35–150 3.9  
150–510 80.7 267sh, 295 
510–790 6.2  
Total 90.8  

NBC330 35–150 3.6  
150–510 72.9 268sh, 294 
510–790 5.9  
Total 82.4  

NBC165 35–150 3.6  
150–510 78.5 253sh, 391 
510–790 4.3  
Total 86.4  

NBC365 35–150 3.6  
150–510 69.7 252sh, 393 
510–790 5.2  
Total 78.5   

Table 5 
Particles size of fdBC and nanocrystals formed after its hydrolysis with 30% 
H2SO4.  

Nanobiber 
dimensiona 

fdBC NBC130 NBC330 NBC165 NBC365 

L 977 ±
106 

1012 ±
116 

1125 ±
120 

–b –b 

D 43.3 ±
13.4 

51.4 ±
16.6 

67.0 ±
16.7 

– – 

L/D 22.6 19.7 16.8 – –  

a L – length (nm) and D – diameter of nanobibers 
b Data not avaiable 
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observed three peaks attributed to the crystalline structure of cellulose I, 
a new low-intensity peak at 2θ around 11.4◦ appeared in both patterns. 
In the NBC165 and NBC365 diffraction patterns this peak was also 
observed, especially in the latter, where it became more intense. Ac-
cording to Gong et al. (2017), this peak corresponds to lattice plane 010 
of cellulose III. Also, the peak at 2θ around 21◦ with the shoulder at 
21.2◦ that was observed in the NBC165 and NBC365 patterns, according 
to French (2014) corresponds to a composite of (100), (012), (110) 
planes of cellulose IIII. In contrast, residual peaks at 2θ around 14.4 16.0, 
and 22.4◦ clearly indicated the presence of cellulose I in these nano-
crystals. The observed changes allow to conclude that the hydrolysis of 
fdBC with H2SO4 leads to a change of the crystal form from cellulose I to 
cellulose IIII rather than cellulose II and this change is higher when 65% 
than 30% H2SO4 is used. 

The CrI of fdBC was high and amounted to 87.8% (Table 3). Thus, the 
fairly small change in the CrI for NBC130 and NCB330 can be attributed 
to the high crystallinity of the fdBC itself. On the other hand, the low CrI 

of NBC165 and NBC365 indicated that the polymorphic transformation 
of cellulose I to cellulose IIII could lead to a decrease in crystallinity. 
According to Vasconcelos et al. (2017), hard hydrolysis conditions (long 
reaction time, high reaction temperature, high acid concentration) lead 
to a decrease in the degree of crystallinity of BC nanocrystals in relation 
to BC due to the tendency to degrade also crystalline BC regions, 
possibly as a result of a change in the orientation of cellulose chains. 

3.1.3. Thermal properties 
A fast, one-step decomposition of the fdBC took place at 370 ◦C 

(Fig. 3) with a 77% weight loss within the temperature range of 
150–510 ◦C (Table 4). 

The thermal decomposition of BC nanocrystals was more complex. In 
general, they held less water than fdBC as indicated by the lower weight 
loss in the temperature range of 35–150 ◦C (Table 4), and showed an 
additional thermal effect as demonstrated by the shoulder on a low- 
temperature side of the DTG peak (Fig. 3). Analysis of the TG patterns 

Fig. 4. SEM images of fdBC and BC nanocrystals.  
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might suggest that this shoulder reflected the thermal degradation of 
cellulose sulfate regions with maximum of degradation at least 100 ◦C 
lower than that of fdBC. In turn, the main DTG peak was related to the 
more thermally stable fraction of BC nanocrystals, resulting from acid 
hydrolysis-resistant cellulose, with a degradation maximum at about 
75 ◦C lower or 22 ◦C higher when using 30 or 65% H2SO4, respectively. 
These results are in accord with former findings. Chemical structures 
with anhydroglucose sulfate groups on the BC nanocrystal surface are 
characterized by a higher surface area and lower activation energy of 
thermal degradation than the parent cellulose (George, Bawa, & Sid-
daramaiah, 2010, 2011; Roman & Winter 2004; Vasconcelos et al., 
2017). George, Ramana, Bawa, and Siddaramaiah (2011) also claim that 
H2SO4 facilitates the decomposition or depolymerization of BC by 
removing some of the hydroxyl groups either by direct catalysis or by an 
esterification mechanism. 

3.1.4. Surface morphology 
The fdBC nanofibers, with an average length (L) and width (D) of 977 

and 43 nm, respectively, and an aspect ratio (L/D) of 22.6 (Table 5), 
formed an ultrafine network (Fig. 4), like that observed in bacterial 
cellulose (Sommer, Dederko-Kantowicz, et al., 2021). According to 
Gama, Gatenholm, and Klemm (2017), cellulose nanofibers interact 
with each other thorough hydrogen bonding and van der Waals forces to 
form a porous three-dimensional structure that promotes a large surface 
area. 

The dimensions of the fdBC nanofibers under the influence of 30% 
H2SO4 changed slightly (Table 5), while the nanofibers in the NBC165 
and NBC365 were no longer observed (Fig. 4). The time of hydrolysis 
with 30% acid did not significantly affect changes in the aspect ratio (L/ 
D), which is one of the crucial parameters when cellulose crystals are 
employed as Pickering emulsifiers for stabilizing oil-water interfaces 
(Arserim-Uçar, Korel, Liu, & Yam, 2021). However, according to 

Arserim-Uçar et al. (2021), the stability of colloidal systems comprising 
BC nanocrystals depends not only on their size but also on surface 
properties. As the fdBC, NBC130 and NCB330 showed a similar surface 
morphology (Fig. 4), in the next step a surface charge density as a 
parameter governing the emulsifying properties was checked. 

3.1.5. Surface charge density 
The surface charge density of all samples tested ranged from 0.02 to 

0.6 mmol/g and depended on the conditions of the fdBC hydrolysis 
(Fig. 5). While fdBC exhibited the lowest surface charge density, the 
NBC130 and NCB330 showed the highest value, regardless of the reac-
tion time. The surface charge density of the NBC165 and NBC365 was 
higher than that of fdBC but lower than that of NBC130 and NBC330, and 
decreased with longer hydrolysis times. These observed changes confirm 
the previous findings (Kalashnikova et al., 2012), and were strongly 
correlated with those observed from FTIR spectra and TGA thermo-
grams. When concentrated H2SO4 reacts with cellulose hydroxyl groups, 
some negatively charged sulfate groups are introduced by esterification, 
resulting in sulfated nanocrystals. 

3.1.6. Hydrophobicity by contact angles measurement 
The contact angle of a water drop deposited on a surface depends on 

the material’s hydrophobicity. No contact angle was observed for fdBC, 
NBC130, and NBC330, most likely due to rapid water absorption and/or 
its spreading in the thin layer of their films. This indicates high hydro-
philicity of these samples. The NBC165 and NBC365 exhibited lower 
hydrophilicity, as it suggested by their FTIR spectra analysis, and the 
measured θ for their thin films depended on the time of fdBC hydrolysis 
and was 51◦ for NBC165 and 75◦ NBC365 (Fig. 6). So, although Chiao-
prakobkij, Suwanmajo, Sanchavanakit, and Phisalaphong (2020) state 
that the material is considered hydrophilic if the θ value is below 90◦

and hydrophobic if it exceeds 90◦, the increasing θ value of NBC165 and 
NBC365 with hydrolysis time indicated their hydrophobicity rather than 
hydrophilicity. A similar conclusion was drawn by Salajková, Berglund, 
and Zhou (2012) studying the hydrophobicity of cellulose nanocrystals 
modified with quaternary ammonium salts. 

3.2. Effect of wBC, fdBC and XG addition on the O/W emulsion stability 

The ESI of O/W emulsions without the addition of the stabilizer 
ranged from 50 to 80% (Fig. 7). Regardless of the olive oil content, the 
lowest ESI values showed emulsions subjected to centrifugation, while 
those 24 h after sonication had the highest ESI value. 

The addition of XG increased the ESI of emulsions, with those with 
0.3% XG having the ESI higher than those with 0.9% XG whether the 
emulsion contained 10, 20, or 30% olive oil. The addition of 0.3% of XG 
caused the emulsions having 10% olive oil to achieve complete emul-
sification, which was maintained both 24 h after sonication and after 
centrifugation (the ESI of these emulsions was 100%). For emulsions 
with the addition of wBC and fdBC, the opposite trend was observed: 
those with the addition of 0.9% had higher ESI values than those with 
0.3% regardless of the olive oil content. The addition of 0.9% fdBC to 

Fig. 5. Charge density of fdBC and BC nanocrystals.  

Fig. 6. Micrographs of a water drop on the top of a) NBC165 and b) NBC365 thin films.  
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emulsions having 10 and 20% olive oil resulted in complete emulsifi-
cation, which was maintained 24 h after sonication. Like the ESI of the 
emulsions without any additives, the ESI of emulsions with the wBC and 
fdBC was the lowest after centrifugation and the highest 24 h after 
sonication, regardless of the olive oil content. 

Paximada, Tsouko, Kopsahelis, Koutinas, and Mandala (2016) 
showed that O/W emulsions having 10% olive oil and 0.3% of BC 
addition have an ESI of 92%. The authors measured the ESI after 7 days 
of storing the emulsions at 4 ◦C. In contrast, according to Yan et al. 
(2017), O/W emulsions having 10% olive oil and 0.3 or 0.9% of BC 
addition have ESI value of 17 or 38%, respectively. In this case, the 
authors subjected the emulsions to centrifugation. Thus, the concen-
tration of the wBC or fdBC applied affected the emulsion stability and 
that trend followed the former findings; the higher concentration of the 
additive used, the higher stability of the resulting emulsion. 

Although the emulsions tested were better stabilized with the higher 
amount of wBC and fdBC (0.9%), the ESI of emulsions having 20% olive 
oil and containing only 0.3% of wBC or fdBC was higher than the ESI of 
such emulsion without any additive and with the addition of 0.9% of XG. 
Therefore, the ability of the BC nanocrystals to stabilize emulsions was 
tested by preparing emulsions having 20% olive oil and the addition of 
0.3% of NBC130, NBC330 and NBC165, NBC365, and comparing their 
ESI to the that of the emulsion with the addition of 0.3% fdBC. 

3.3. Effect of BC nanocrystals addition on the O/W emulsion stability 

Observations made on the prepared emulsions indicated that the 

emulsion without the stabilizer delaminated almost immediately, while 
those with the addition of fdBC, NBC130, NBC330 and NBC165, NBC365 
did not separate the oil layer even after 72 h of storage. However, the 
separation of the aqueous layer was evident. Emulsions with the addi-
tion of NBC165 and NBC365 showed this effect immediately after soni-
cation, and emulsions with the addition of fdBC, NBC130 and NBC330 
due to storage. 

Based on the ESI values it was found that emulsions prepared with 
the addition of NBC130 and NBC330 were the most stable. Their ESI was 
almost 10 times higher than that of the emulsion without any additive 
measured 72 h after sonication and 1.2 times higher than the stability of 
the emulsion with the addition of fdBC. In contrast, the emulsions with 
the addition of NBC165 and NBC365 were 1.3 times less stable than that 
with the addition of fdBC, but their stability compared to the emulsion 
without the stabilizer increased 3 times. As it was shown, the BC 
nanocrystals exhibited strong surface charge density due to sulfated 
ester moieties. The repulsion forces generated by this negatively charged 
moieties enabled the formation of stable suspensions (Kalashnikova 
et al., 2012). The higher surface charge density of particles (Fig. 5), the 
higher stability of the emulsion. 

The microscopic image of emulsions with the addition of fdBC ob-
tained immediately after sonication showed numerous small droplets 
and occasionally larger ones. No large droplets were observed after 24 h, 
while small-sized ones were faintly visible. Emulsions with the addition 
of NBC130 and NBC330, both those immediately after sonication and 
those 24 h afterward, contained droplets of different sizes, but mostly 
larger than the droplet size of the emulsions with the addition of fdBC. 

Fig. 7. ESI value of O/W emulsions stabilized with wBC, fdBC, XG, and BC nanocrystals.  
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Fig. 8. Optical microscope photos of emulsions having 20% olive oil and the addition of 0.3% fdBC or BC nanocrystal.  
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Over time, about 2 and 3 times increase in droplet size was observed, 
which could be due to the Ostwald disproportionation phenomenon 
(Fig. 8). When comparing the emulsion with the addition of fdBC and 
those with the addition of NBC165, NBC365, up to the 4 times increase in 
droplet dimensions could be observed. The emulsion with the addition 
of NBC365 contained fine droplets of low density with occasional larger 
droplets that doubled in size after 24 h (Fig. 8). 

The droplet size has a key effect on the emulsion rheology. Emulsions 
with smaller droplets have favorable storage moduli and significantly 
higher viscosities than emulsions with large droplets (Pal, 1996). 
Therefore, emulsions with the addition of NBC165 and NBC365, with 
relatively large droplets, are likely to have worse rheological properties 
than the emulsion with fdBC, while emulsions with the addition of 
NBC130 and NBC330 could potentially exhibit better properties during 
storage. 

4. Conclusions 

As the result of the reaction of fdBC with H2SO4, nanocrystals with 
the acid concentration-dependent structure are obtained. The higher 
concentration of the acid used; the lower crystallinity of the BC nano-
crystals obtained with the higher thermal stability at the same time, 
which is due to the change in the orientation of the cellulose chains. The 
change in the crystal form from cellulose I to cellulose IIII under the acid 
used, is higher when 65% than 30% H2SO4 is applied. The high crys-
tallinity of native BC ensures the high stability of emulsion with its 
addition, but lower than that with the addition of XG. Unlike the addi-
tion of BC nanocrystals obtained with 65% acid, the addition of those 
obtained with 30% acid provides the high stability of the O/W emulsion 
containing up to 20% olive oil. The high emulsion stability was ensured 
by the strong surface charge density of the nanocrystals obtained with 
30% acid resulting from the presence of negatively charged sulfate 
groups. O/W Pickering emulsion with the addition of BC, either native 
or in form of nanocrystals obtained with 30% H2SO4 can be consider as a 
novel functional food. 
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