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2.2.1 NCC Preparation 

 
Firstly, 4.5 g of microcrystalline cellulose was added to 

135 g of 65 wt% sulfuric acid solution. Hydrolysis of 
microcrystalline cellulose was conducted 40℃for 3 h. A 
dispersion of NCC was then obtained. Distilled water was 
added to NCC dispersion to stop the reaction. Acid was 
removed by successive centrifugation during 10 min at 
10000 g, and redispersion of solid materials in ultrapure 
water by ultrasound treatment for a few minutes. The 
resulting suspension was then dialyzed in Distilled water 
to remove any contaminants. 

 
2.2.2 Contact Angle Measurement 
 

A few drops (about 0.016 mL) of NCC dispersion were 
placed on a flat glass. The contact angle of NCC film was 
measured with a JY-82-C Video Contact Angle Meter. 

 
2.3 Preparation and Characterization of 

NCC-stabilized styrene emulsion 
 

2.3.1 Preparation of NCC-stabilized styrene emulsion  
 

The o/w emulsion was prepared using styrene and 
NCC aqueous suspension. The emulsion was prepared 
with oil to aqueous liquid ratio of 10/90. Practically, 1ml 
of styrene was added to 9 ml of aqueous suspension in a 
plastic vial, and the mixture was sonicated with an 
ultrasonic device. After that, the emulsion was subjected 
to micro-creaming for a few minutes. Finally, the 
resulting emulsion was sonicated again to obtain a 
Pickering emulsion. 

 
2.3.2 Stability Test 
 

The stability of the emulsion was tested by 
centrifugation for 5 min at 4000 g. The emulsion volume 
and drop size were measured, and results indicated that 
they were kept stable under various centrifugation times 
from 30s to 40 min. Photographs of the vials containing 
the emulsions were taken with a digital camera. 

 
2.4 Preparation of NCC-stabilized polystyrene 

emulsion 
 

2.4.1  Polymerization 
 

NCC-stabilized styrene emulsion was added to a 
four-necked flask placed in water bath, and then the 
temperature of the water bath began to increase. When 
the temperature was 60 ℃, the system was timed after 
ammonium persulfate was added to start the reaction, 
with continued heating to 75 ℃. Within 4 h, ammonium 

persulfate was added at a constant speed, and then the 
mixture was incubated for 1 h. During the heat 
preservation time, a given amount of initiator was added. 
At the end of the reaction, the emulsion was cooled to 
room temperature. 
2.4.2  Stability Test 

 
According to the requirements of stability 

determination, 40 ml of deionized water was added to 10 
ml of each sample. After the mixed solution was stirred, it 
was sealed and kept t for 2 d. Finally, the stability of the 
Pickering emulsion was evaluated.  

 
2.4.3  Determination of monomer conversion efficiency 

and solid content 
 

The solid content of Pickering emulsion was 
determined according to the following equation:  
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Where: X - solid content, %; M1 - sample weight after 
evaporation, g; M0 - sample weight before evaporation, g. 

The monomer conversion efficiency in the process of 
polymerization is the ratio of actual solid content versus 
theoretical solid content. This parameter was calculated 
according to the following equation: 

 
1

0

SC
S

=
                                          (2) 

 
Where: C- monomer conversion efficiency, %; S0 - 
theoretical solid content of the emulsion, %; S1- actual 
solids content of the emulsion, %. 
 
3. RESULTS AND DISCUSSION 
 
3.1 NCC preparation and contact angle 
 

In this work, NCCs were isolated by sulfuric acid 
hydrolysis to remove the amorphous part of the 
microcrystalline cellulose.  The yield of NCC, under 
specified reaction condition (40℃, 3 h), was 60%. The 
average size of NCC was determined to be around 152.9 
nm. Water contact behavior of NCC film is shown in Fig 
1. Contact angle measurements were conducted to 
evaluate the mechanism of stabilization of Pickering 
emulsion. The contact angle was about 59°. For particles 
with a water contact angle of less than 90°, the emulsion 
tends to be in o/w form by generating a densely 
close-packed film (monolayer or more than one layer) 
around the droplets due to particle interactions. 7-9 The 
impact of NCC on the surface tension is shown by the 
contact angle of a water drop on the NCC film (Fig. 2). 
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With the increase of NCC content, the contact angle 
decreased, and the surface tension was reduced, and the 
wettability was enhanced. Therefore, during the Pickering 
emulsion polymerization process, NCC formed a layer or 
layers of dense film on the surface of the droplets due to 
the small contact angle. NCC could suppress the 
coalescence of emulsion droplets and improve the 
stability of the emulsion. 
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Fig. 2. Effect of NCC content on the surface tension 
 

When the dosage of NCC was 5 g/L, the surface 
tension was 54.58 mN/m. When the content of NCC was 
above 6 g/L, surface tension did not change significantly.  

 

 
Fig.1. The contact angle of a water drop on the NCC film 

 
3.2. Formation of NCC-stabilized styrene emulsion 
 

For each sample of tested emulsions, the aqueous phase, 
consisted of NCC dispersed in water at the required 
concentration. And then styrene was slowly added 
afterwards.  The biphasic system was then sonicated, 
resulting in a stable oil/water emulsion. Pickering 
emulsions were formulated at a 10/90 ratio (o/w), with 
about 5g/L suspension of NCC in water phase. These 
conditions were used to test stability under various 
centrifugation conditions. Very high stability was 
observed. The ability of NCC to stabilize the droplets was 
assessed by varying the concentration of NCC in the 
aqueous suspension from 1 to 6 g/L. In Fig.3, before 

centrifugation (a), the emulsion of 1g/L suspension of 
NCC was stratified, while others were stable. After 
centrifugation at 4000 rpm, the emulsion of 1 g/L of NCC 
“broke up”; above 2g/L of NCC dense emulsions were 
obtained, which shows resistance to the stress induced by 
centrifugation. 1 

 

a.  

b.  
Fig.3. NCC-stabilized styrene emulsions: (a) before 

centrifugation and (b) after centrifugation. From left to 
right: PCC contents varied from 1 to 6 g/L. 

 
3.3 Impact of PCC dosage on particle size of styrene 
emulsion  
 

Droplet size variations were monitored by measuring 
the surface mean diameter and varying concentrations of 
NCC in the water phase for a fixed amount of oil. Results 
are given for a ratio of 10/90 (oil/water) (Fig. 4). 

Droplet size showed a clear tendency to coalescence at 
the lowest concentration of NCC. Then sizes decreased to 
a plateau value of about 4 um diameter for all emulsions 
containing more than 2g/L of NCC in the water phase. 
Below 2g/L, the increasing amount of NCC particles 
resulted in decreasing average droplet size which led to a 
larger interfacial area and thus to a higher emulsion 
volume. 1 
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Fig.4. Effect of NCC content on particle size of Pickering 

emulsion 
 
 

3.4 Formation of polystyrene emulsion stabilized by 
NCC 
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Fig.5. Effect of NCC content on the conversion efficiency of 

monomer 
 

Polystyrene emulsion was successfully synthesized 
through surfactant-free inverse Pickering emulsion 
polymerization in o/w system using NCC as the stabilizer. 
During the polymerization process, NCC stabilized the 
styrene Pickering emulsion by forming a densely 
close-packed film around the droplets thanks to the strong 
particle interaction of NCC. In this study, when the 
amount of NCC was 5g/L, the emulsion conversion 
efficiency reached 79%. The solids content of the 
Pickering emulsion increased with increasing NCC 
content, as shown in Fig.5. This is due to the fact that the 
solids content and the conversion of the emulsion can be 
governed by the wettability of NCC. The surface tension 
gradually decreased with increasing NCC content, 
thereby enhancing surface wettability, which in turn 

improved the adsorption of solid particles on the surface 
of the liquid droplets. On the other hand, NCC, as 
emulsion stabilizer, may play a role in emulsification, 
stabilization, and dispersion. When insufficient amount of 
NCC was present the surface wettability was low due to 
higher surface tension. Under these conditions, the ability 
of the solid particle was weak in emulsifying/stabilizing 
Pickering emulsions, which restrained the latex particle 
micelle formation in micelle formation. As a result, 
nuclear reaction was unable to continue growing, 
resulting in a lower conversion efficiency of the 
monomer. 

 
4. CONCLUSION 
 

In this study, a stable styrene Pickering emulsion was 
prepared for high efficient emulsion polymerization, 
using nanocrystalline cellulose (NCC) as the stabilizer. 
The NCC which was produced by sulfuric acid hydrolysis 
of microcrystalline cellulose had an average size of about 
150 nm. It was found that at a dosage of 5g/L NCC, the 
obtained Pickering emulsion exhibited high stability 
against creaming. It was also found that during the 
polymerization of the NCC-stabilized styrene Pickering 
emulsion, the conversion efficiency of styrene monomers 
improved markedly compared with the control.  

 
ACKNOWLEDGMENTS 

 
This work was supported by Shandong Provincial 

Natural Science Foundation of China (Grant No. 
ZR2017MC032), Open Fund of State Key Laboratory 
Base of Eco-Chemical Engineering(Grant No. KF1706) 
and Undergraduate Training Programs for Innovation and 
Entrepreneurship at Qingdao University of Science & 
Technology (201601010). 

 
REFERENCES 
 
1. Irina K., Herve B., Bernard C., Isabelle C. New Pickering 

Emulsion stabilized by Bacterial Cellulose Nanocrystals. 
Langmuir, 2011, 27(12), 7471-7479. 

2. Nasser N., Nader T. Q., Yulin D. Surfactant free Pickering 
emulsion polymerization of styrene in w/o/w system using 
cellulose nanofribrils. European Polymer Journal, 2015, 64, 
179-188. 

3. Pickering S. U. Emulsions. J. Am. Chem. Soc., 1907, 91, 
2001-2021.  

4. Tambe E. T., Sharma M. M. Factors Controlling the 
Stability of Colloid-Stabilized Emulsions: I. An 
Experimental Investigation. Journal of Colloid & Interface 
Science, 1993, 157(1), 244–253. 

5. Binks P., Lumsdon S. O. Pickering Emulsions Stabilized by 
Mono-disperse Latex Particles:  Effects of Particle Size. 
Langmuir, 2001, 17(15), 4540–4547. 

6. Colver P. J., Bon S. A. F. Cellular Polymer Monoliths 
Made via Pickering High Internal Phase Emulsions. 
Chemistry of Materials, 2007, 19(7), 1537-1539. 

7. Tambe D. E., Sharma M. M. Factors Controlling the 

http://www.bioresources-bioproducts.com/


Journal of Bioresources and Bioproducts 2018, 3(4) 134-138            Peer-Reviewed 

www.Bioresources-Bioproducts.com                                                                138 

Stability of Colloid-Stabilized Emulsions: II. A Model for 
the Rheological Properties of Colloid-Laden interfaces. 
Colloid Interface Science 1994, 162, 1. 

8. Tambe D. E., Sharma M. M. Factors Controlling the 
Stability of Colloid-Stabilized Emulsions: III. 
Measurement of the Rheological Properties of 
Colloid-Laden interfaces. Journal of Colloid & Interface 
Science, 1995, 171(2), 456-462. 

9. Abend S., Bonnke N., Gutschner U., Lagaly G. 
Stabilization of emulsions by heterocoagulation of clay 
minerals and layered double hydroxides. Colloid and 
Polymer Science 1998, 276(8), 730-737. 

10. Horoaov T. S., Binks B P. Particle-Stabilized Emulsions: A 
Bilayer or a Bridging Monolayer. Angewandte Chemie, 
2006, 118(5), 787-790. 

11. Avik K., Ruhul A K., Stephane S., Canh L T., et al. 
Mechanical and barrier properties of nanocrystalline 
cellulose reinforced chitosan based nanocomposite films. 
Carbohydrate Polymers, 2012, 90(4), 1601–1608. 

12. Yanjun T., Zhibin H., Joseph A M., Yonghao N. Production 
of highly electro-conductive cellulosic paper via surface 
coating of carbon nanotube/graphene oxide 
nanocomposites using nanocrystalline cellulose as a binder. 
Cellulose, 2014, 21(6), 4569– 4581. 

13. Xuezhu X., F. L., Jiang L., Zhu J. Y., Haagenson, D., & 
Wiesenborn, D. P. Cellulose Nanocrystals vs. cellulose 
nanofibrils: A Comparative Study On Their 
Microstructures and Effects as Polymer Reinforcing Agents. 
ACS Applied Materials & Interfaces, 2013, 5(8), 
2999-3009. 

14. Huq, T., Salmieri, S., Khan, A., Khan, R. A., Le Tien, C., 
Riedl, B., et al. Nanocrystalline cellulose (NCC) reinforced 
alginate based biodegradable nanocomposite film. 
Carbohydrate Polymers, 2012, 90(4), 1757–1763. 

15. Habibi, Y., Chanzy H., Vignon M. R. TEMPO-mediated 
surface oxidation of cellulose whiskers. Cellulose, 2006, 
13(6), 679–687. 

16. Sun D., Yang J., Li J., Yu J., Xu X., & Yang X. Novel 
Pd–Cu/bacterial cellulose nanofibers: Preparation and 
excellent performance in catalytic denitrification. Applied 
Surface Science, 2010, 256 (7), 2241–2244. 

17. Lam E., Male K. B., Chong J H., Leung A C W., & Luong J 
H T. Applications of functionalized and 
nanoparticle-modified nanocrystalline cellulose. Trends in 
Biotechnology, 2012, 30(5), 283–290. 

18. Qua E H., Hornsby P R., Sharma H S S., Lyons G., Mccall 
R D. Preparation and characterization of poly (vinyl 
alcohol) nanocomposites made from cellulose nanofibers. 
Journal of Applied Polymer Science, 2009, 113 (4):2238– 
2247. 

19. Kristensen J., Schaefer T., & Kleinebudde P. Direct 
pelletization in a rotary processor controlled by torque 
measurements effects of changes in the content of 
microcrystalline cellulose. The AAPS Journal, 2000, 2(3): 
45. 

20. Cha R., He Z., Ni Y. Preparation and characterization of 
thermal/pH-sensitive hydrogel from carboxylated 
nanocrystalline cellulose. Carbohydrate Polymers, 2012, 
88(2), 713-718. 

21. Luming Y., Sheng L., Juanjuan L., Fengshan Z., Ruitao C. 
Nanocrystalline cellulose-dispersed AKD emulsion for 
enhancing the mechanical and multiple barrier properties 
of surface-sized paper. Carbohydrate Polymers, 2015, 136: 
1035–1040. 

22. Yangbing W., Xingye A., Xuhai Z., Xiaojuan C., Dong C., 
Linqiang Z., Joseph E N. Improving the colloidal stability 
of Cellulose nano-crystals by surface chemical grafting 
with polyacrylic acid. J. Jounal of Bioresources and 
Bioproducts, 2016, 1(3), 114-119. 

23. Xinlei W., Youjia C., Yi J. and Joseph M. Synthesis of 
cationic styrene acrylic acid ester copolymer emulsion for 
paper sizing. Jounal of Bioresources and Bioproducts, 2016, 
1(1), 36-41. 

 

http://www.bioresources-bioproducts.com/

	3. Pickering S. U. Emulsions. J. Am. Chem. Soc., 1907, 91, 2001-2021.
	7. Tambe D. E., Sharma M. M. Factors Controlling the Stability of Colloid-Stabilized Emulsions: II. A Model for the Rheological Properties of Colloid-Laden interfaces. Colloid Interface Science 1994, 162, 1.
	8. Tambe D. E., Sharma M. M. Factors Controlling the Stability of Colloid-Stabilized Emulsions: III. Measurement of the Rheological Properties of Colloid-Laden interfaces. Journal of Colloid & Interface Science, 1995, 171(2), 456-462.
	9. Abend S., Bonnke N., Gutschner U., Lagaly G. Stabilization of emulsions by heterocoagulation of clay minerals and layered double hydroxides. Colloid and Polymer Science 1998, 276(8), 730-737.
	10. Horoaov T. S., Binks B P. Particle-Stabilized Emulsions: A Bilayer or a Bridging Monolayer. Angewandte Chemie, 2006, 118(5), 787-790.
	11. Avik K., Ruhul A K., Stephane S., Canh L T., et al. Mechanical and barrier properties of nanocrystalline cellulose reinforced chitosan based nanocomposite films. Carbohydrate Polymers, 2012, 90(4), 1601–1608.
	12. Yanjun T., Zhibin H., Joseph A M., Yonghao N. Production of highly electro-conductive cellulosic paper via surface coating of carbon nanotube/graphene oxide nanocomposites using nanocrystalline cellulose as a binder. Cellulose, 2014, 21(6), 4569– ...
	13. Xuezhu X., F. L., Jiang L., Zhu J. Y., Haagenson, D., & Wiesenborn, D. P. Cellulose Nanocrystals vs. cellulose nanofibrils: A Comparative Study On Their Microstructures and Effects as Polymer Reinforcing Agents. ACS Applied Materials & Interfaces,...
	14. Huq, T., Salmieri, S., Khan, A., Khan, R. A., Le Tien, C., Riedl, B., et al. Nanocrystalline cellulose (NCC) reinforced alginate based biodegradable nanocomposite film. Carbohydrate Polymers, 2012, 90(4), 1757–1763.
	15. Habibi, Y., Chanzy H., Vignon M. R. TEMPO-mediated surface oxidation of cellulose whiskers. Cellulose, 2006, 13(6), 679–687.
	16. Sun D., Yang J., Li J., Yu J., Xu X., & Yang X. Novel Pd–Cu/bacterial cellulose nanofibers: Preparation and excellent performance in catalytic denitrification. Applied Surface Science, 2010, 256 (7), 2241–2244.
	17. Lam E., Male K. B., Chong J H., Leung A C W., & Luong J H T. Applications of functionalized and nanoparticle-modified nanocrystalline cellulose. Trends in
	Biotechnology, 2012, 30(5), 283–290.
	18. Qua E H., Hornsby P R., Sharma H S S., Lyons G., Mccall R D. Preparation and characterization of poly (vinyl alcohol) nanocomposites made from cellulose nanofibers. Journal of Applied Polymer Science, 2009, 113 (4):2238– 2247.
	19. Kristensen J., Schaefer T., & Kleinebudde P. Direct pelletization in a rotary processor controlled by torque measurements effects of changes in the content of microcrystalline cellulose. The AAPS Journal, 2000, 2(3): 45.
	20. Cha R., He Z., Ni Y. Preparation and characterization of thermal/pH-sensitive hydrogel from carboxylated nanocrystalline cellulose. Carbohydrate Polymers, 2012, 88(2), 713-718.
	21. Luming Y., Sheng L., Juanjuan L., Fengshan Z., Ruitao C. Nanocrystalline cellulose-dispersed AKD emulsion for enhancing the mechanical and multiple barrier properties of surface-sized paper. Carbohydrate Polymers, 2015, 136: 1035–1040.
	22. Yangbing W., Xingye A., Xuhai Z., Xiaojuan C., Dong C., Linqiang Z., Joseph E N. Improving the colloidal stability of Cellulose nano-crystals by surface chemical grafting with polyacrylic acid. J. Jounal of Bioresources and Bioproducts, 2016, 1(3)...
	23. Xinlei W., Youjia C., Yi J. and Joseph M. Synthesis of cationic styrene acrylic acid ester copolymer emulsion for paper sizing. Jounal of Bioresources and Bioproducts, 2016, 1(1), 36-41.

