
 1 

ANNUAL REPORT 
COMPREHENSIVE RESEARCH ON RICE 

January 1, 2015 – December 31, 2015 
Project RU-9 

 
PROJECT TITLE:  Strategies leading to novel nano-materials and performance industrial 
products 
 
PROJECT LEADER & PI: You-Lo Hsieh, Textiles and Clothing, UC, Davis 
 
LEVEL OF 2014 FUNDING: $84,644 
 
OBJECTIVES AND EXPERIMENTS CONDUCTED TO ACCOMPLISH 
OBJECTIVES: 
 
The overall objective of this project is to develop efficient processes to isolate rice straw 
components and convert them into novel nanomaterials and advanced functional 
products. The goals for 2015 were to develop scalable processes and to expand functional 
applications of nanocellulose products and porous carbon materials.  
 
The specific objectives are to: 
1. Diversify cellulose nanofibril (CNF) structures via sodium periodate oxidation and 
mechanical shear 
2. Create amphiphilic holocellulose nanocrystals (hCNCs) and nanofibrils (hCNFs) 

products 
3. Optimize aerogel properties and processes into scalable industrial/consumer products 
4. Expand functional carbon materials 
 
The experiments conducted and results obtained to achieve these objectives are 
summarized as follows:  
 
Objective 1. Diversify CNF structures via sodium periodate oxidation and mechanical 
shear 
 
This approach is to faciliate defibrillation and to expand surface functional properties of 
rice straw nanocellulose. Our effort thus far has led to generation of ca. 98% yield of 
nanocellulose carrying carboxls/carboxylates on the C6 of surface glucose moeties. 
NaIO4, known to cleave diols to produce two aldehydes, can open saccharidic ring at 
vicinal diol C2-C3 to generate di-aldehydes and has the potential to generate two 
carboxyls on C2 and C3, doubling the reactive nanocellulose surfaces. Rice straw 
cellulose were chemically modified with sodium periodate (NaIO4) oxididtion and 
mechanical blended into nanocellulose 
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Rice straw cellulose was reacted with sodium periodate (SP) at 0.25:1, 0.5:1 and 0.75:1 
SP:AGU at 55 °C for 4 h to yield 93.9 %, 93.7 % and 90.3 % oxidized cellulose, 
respectively, indicating minimal degradation of cellulose being imposed during the 
periodate oxidation. To further convert the C2 and C3 aldehydes into carboxyls, the 
periodate oxidized cellulose were subject to sodium chlorite oxidation at 1:1 
NaClO2:AGU in 0.5 M acetic acid solution for 48 h at room temperature. Rice straw 
cellulose after periodate/chlorite oxidation remained as large cellulose microfibers, which 
were mechanically blended into nanocellulose. The combined yield after mechanical 
blending at 37, 000 rpm for 0.25:1 (90 min), 0.5:1 (90 min) and 0.75:1 (60 min) oxidized 
cellulose were determined to be 49.6, 82.6, and 80.3 %, respectively, representing 46.6, 
77.4 and 72.5 % yield based on the original rice straw cellulose. The nanocellulose 
produced appeared as 10 nm thick nanofibrils of a few microns long at 0.25:1 
periodate:AGU, 1-5 nm thick but shorter than 1 μm nanofibrils at a higher 0.5:1 
periodate:AGU. More uniform rod-like cellulose nanocrystals were obtained at 0.75:1 
periodate:AGU ratio, with length around 100 nm and thickness of 1-4 nm (Figure 1). 
 

 
 
Figure 1. AFM height images and profiles of nanocellulose derived from 
periodate/chlorite oxidation for 4 h and mechanical blending: a.) 0.25:1 periodate:AGU, 
30 min; b.) 0.5:1 periodate:AGU, 30 min; c.) 0.75:1 periodate:AGU, 15 min. 
 
We have also expanded and completed mechanical defibrillation of rice straw cellulose 
by aqueous counter collision (ACC) initiated in 2013. ACC applies high pressure to 
defibrillate cellulose in aqueous suspensions and has only been applied to bacteria and 
wood cellulose. The potential to achieve total conversion without needing extra 
chemicals, i.e., green processing, motivated this investigation. Pure rice straw cellulose 
was processed in the laboratory of the ACC inventor, Professor Tetsuo Kondo of Kyushu 
University, Japan. This equipment has been developed into pilot scale for commercial 
processing and considerable interest is in processing rice straw, the larger agricultural 
crop residue in the world. 
 
 
Objective 2. Create Amphiphilic holocellulose nanocrystals (hCNCs), nanofibrils 

(hCNFs) products 
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This objective was to generate holocellulose nanoproducts while further streamline the 
isolation process. The three-step 2:1 v/v toluene/ethanol extraction of wax, pigments and 
oils, followed by dissolution of lignin in 1.4% acidified NaClO2 (pH 3.0-4.0, 70 °C, 5h) 
to remove lignin and finally in 5% KOH (ambient, 24 h; 90 ºC, 2 h) to dissolve 
hemicellulose was streamlined to the first two. By omitting the third step, hemicellulose 
was retained with cellulose, hence holocellulose. CNCs and CNFs were derived by 
sulfuric acid hydrolysis (64-65 wt% H2SO4, 45 °C, 30 min) and TEMPO-mediated 
oxidation (10 mmol/g NaClO, 0.016 g/g TEMPO, 0.1 g/g NaBr, pH 10), respectively.  
 
HoloCNCs are similar in thickness and width, but shorter and more heterogeneous in 
lengths, less negatively charged and less crystalline than CNCs. HoloCNCs were also 
more thermally stable and, most remarkable, more hydrophobic than CNCs, exhibiting 
distinct surface active behaviors and lowering equilibrium surface tension to 49.2 mN/m 
at above 0.57 % critical aggregation concentration and could stabilize 30 % more oil-in-
water emulsion and formed droplets (1.2-1.6 μm) doubled the sizes of those with CNCs 
(Figure 2), but also self-assembled into highly mesoporous structures with up to 3 times 
higher specific surface (111 m2/g) and total pore volume (0.40 cm3/g), than that from 
CNCs upon freeze-drying. These results are published in Biomacromolecules (publication 
5). 

 
Figure 2. Pickering emulsion stabilized by CNCs and holoCNCs: (a) extent of emulsion, 
(b) hydrodynamic diameters, (c-j) optical microscopy CNCs (c-f) and holoCNCs (g-j) 
stabilized Pickering emulsions at 0.01 (c,g), 0.1 (d,h), 0.2 (e,i), and 0.3 % (f,j). The 
average droplet diameters (standard deviation) in μm indicated in the images c-j. 
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Rice straw holocllulose was TEMPO-oxidized and mechanically defibrillated to produce 
holocellulose nanofibrils (HCNFs) at 33.7% yield, 4.6% higher yield than cellulose 
nanofibril (CNF) generated by the same process from pure rice straw cellulose. HCNFs 
were similar in lateral dimensions (2.92 nm wide, 1.36 nm thick) as CNFs, but longer, 
less surface oxidized (69 % vs 85 %) and negatively charged (0.80 vs 1.23 mmol/g 
(Figure 3). HCNFs also showed higher affinity to hydrophobic surfaces than CNFs while 
still attracted to hydrophilic surfaces. By omitting hemicellulose/silica dissolution step, 
the two-step 2:1 toluene/ethanol extraction and acidified NaClO2 (1.4 %, pH 3-4, 70°C, 6 
h) delignification process for holocellulose was more streamlined than that of pure 
cellulose. These holoCNCs exhibit surface active properties such as to disperse 
hydrophobic oils in water while the resulting amphiphilic HCNFs were more 
hydrophobic and self-assembled into much finer nanofibers, presenting unique 
characteristics for new potential applications. The results have been published in ACS 
Applied Materials & Interfaces (publication 4). 

 
Figure 3. Cellulose (CNFs) andholocellulose nanofibrils (HCNFs): thickness and wideth 
(upper left); FTIR (upper right); self-assembled nanofibers (lower left); ability to be 
dispersed in various polar and non-polar liquids (lower right). 
 
 



 5 

Objective 3. Optimize aerogel properties and processes into scalable industrial/consumer 
products 

 
Optimization and scaling up aerogel production is critical to product and application 
development for one of the most promising products from rice straw nanocellulose, i.e., 
aerogels. The excellent super-absorbent aerogels we produced from rice straw 
nanocellulose outcompete all polymeric super-absorbents, natural or synthetic, in various 
forms of aerogels, foams or sponges. Rice straw nanocellulose aerogels are only 
surpassed by the best performing aerogels from carbon nanotube and graphene reported 
in the current literature. These nanocellulose aerogels are uniquely advantageous due to 
their amphiphilicity, i.e., their ability to absorb both polar (hydrophilic, aqueous) and 
non-polar (hydrophobic, hydrocarbon) liquids that neither hydrophobic carbon nor 
hydrophilic silica aerogels are capable of.  
 
In 2015, effort was made to improve the dry strength while tune the amphiphicity of rice 
straw nanocelulose aerogels. A one step crosslinking and hydrophobizing CNF aerogel 
via reaction with diisocyanate was designed and investigated. Rice straw cellulose 
nanofibrils (CNFs), 1-2 nm thick and micrometer long, were generated by the coupled 
TEMPO mediated oxidation and mechanical blending to near 100% yield. The same 
freeze-thaw process previously developed was applied to produce hydrogels that, instead 
of freezing and freeze-drying, were subsequently solvent exchanged with acetone to 
enable reaction with methylene diphenyl diisocyanate (MDI) at 1:1, 2:1 and 4:1 w/w 
MDI:CNF ratios. The MDI-crosslinked CNF acetone gel were further exchanged to tert-
butanol and then freeze-dried (-50 °C, 0.05 mbar) into aerogels. 
 
The specific surface and pore volume for the control FT-CNF aerogels were 123 and and 
0.37 cm3/g and increased to 216 m2/g and 0.87 cm3/g for CNF1MDI aerogel, then only 
slight increases with higher crosslinker contents. MDI-crosslined aerogels also increased 
in densities from 6.9 to 8.2, 9.8 and 11.5 mg/cm3 for FT CNF1MDI, CNF2MDI and 
CMF4MDI. More importantly, both Young’s modulus and yield stress and elongation 
improved with increasing crosslinking. For instance, the Young’s modulus increased 
from 94 KPa to 127, 204 and 209 MPa for CNF1MDI, CNF2MDI and CNF4MDI 
aerogels, more than doubled at higher MDI ratios. While the original aerogel is 
amphiphilic, the crosslinked aerogels became increasing more hydrophobic or decreasing 
hydrophilic (Figure 4). The most cross-linked CNF4MDI aerogel was demonstrated to be 
highly effective in separating water and oil (chloroform) (Figure 5). The results are being 
prepared as a manuscript and will be presented at the American Chemical Society Spring 
meeting in San Diego in March 2016. 
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Figure 4. Wetting of water (blue, dye with Methylene blue) and chloroform (red dyed 
with Sudan IV red) on (a) original amphiphilic aerogel and crosslinked hydrophobic (b) 
CNF1MDI, (c) CNF2MDI, (d) CNF4MDI; (e) water and chloroform absorption capacity; 
(f) cyclic absorption of chloroform onto CNF aerogels. 
 

 
Figure 5. Oil-water separation using CNF4MDI: (a) 1:1 v/v water-chloroform (dyed in 
red); (b) filtration setup with the CNF4MDI membrane placed between the clap, water 
was retained on top of membrane and the red chloroform was filtered into the flask; (c) 
purified water after filtration; (d) CNF4MDI before; (e) CNF4MDI after filtration. 
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Objective 4. Expand functional carbon materials 
 
Carbon quantum dots (CQDs) are 0-dimensional carbon nanoparticles typically <10 nm. 
CQDs have unique optical and electronic properties different than the bulk carbon 
materials and exhibit strong and tunable fluorescence, which allows them to be widely 
applied in biosensing, bioimaging and drug delivery. CQDs can be synthesized by top 
down or bottom up approaches. The former involves breaking down bulk carbons such as 
graphite, carbon nanotubes, carbon fibers, activated carbons etc., but far less by bottom 
up approaches.  
 
Toward this goal, hemicellulose and lignin (HL) from rice straw in parallel to cellulose 
were converted to fluorescent carbon nanoparticles via both top-down and bottom-up 
approaches. Rice straw hemicelluloses contain mostly (L-arabino)-4-O-methyl-d-
glucurono-D-xylan, while lignin mainly consists of non-condensed guaiacyl and syringyl 
units, neither desirable as precursors for graphitic carbon due to low carbon mass 
retention at high temperatures. However, HL carbon chars pyrolyzed from moderate 
temperatures retain decent mass as well as conjugated π domains to derive fluorescent 
carbon nanoparticles via top-down methods (HL-H2SO4/HNO3 & HL-H2SO4 in Figure 
6). HL could also be conferred fluorescence via various bottom-up approaches that 
introduce defects into HL structures (HL500-H2SO4/HNO3 in Figure 6). The carbon 
nanoparticles shape, size and thickness were dependent on the conversion process 
parameters to exhibit different fluorescent properties. The obtained nanoparticles could 
find a wide range of applications in biological imaging and chemical sensing. Work is 
ongoing to complete further characterization and analyses. 
 

 
Figure 6. Fluorescent spectroscopy (normalized to spectral peaks) and photos of 0.01 
wt% aqueous HL-H2SO4/HNO3, HL-H2SO4 and HL500-H2SO4/HNO3 excited at 365 nm. 
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SUMMARY OF 2015 RESEARCH (major accomplishments), BY OBJECTIVE: 

MAJOR ACHIEVEMENTS: 
 
In 2015, major scientific advancement on rice straw nanomaterial and advanced product 
development includes: 
 

• Oxidation with sodium periodate and sodium chlorite coupled with mechanical 
blending has shown promise to generate high yields of nanocellulose, from 
nanofibrils to nanocrystals, depending on the extent of oxidation. 

• More streamlined isolation of two-step 2:1 toluene/ethanol extraction and 
acidified NaClO2 (1.4 %, pH 3-4, 70°C, 6 h) delignification process produced 
higher yields of more hydrophobic holocellulose that can be defibrillated in to 
more hydrophobic holo-cellulose nanofibrils (HCNFs) and holo-cellulose 
nanocrystals (HCNCs). These HCNFs and HCNCs disperse oil better and self-
assembled into much finer nanofibers, presenting unique characteristics for 
additional potential applications. 

• Crosslinking CNF aerogels with methylene diphenyl diisocyanate (MDI) not only 
improved the dry strength, but also rendered greater hydrophobicity to enable 
effective water-oil separation, enhancing aerogel performance and expanding 
aerogel applications. 

• Highly fluorescent carbon nanoparticles have been created from hemicellulose 
and lignin in parallel to cellulose via both top-down and bottom-up approaches. 

 
In 2015, technology development and outreach on rice straw nanomaterial applications 
include: 
 

• Coordinated with USDA Forest Product Laboratory’s nanocellulose pilot 
processing facility study on nanocellulose processing in northern California.  

• Scale up technologies of aqueous collision counter (ACC) was pursued by 
meeting and discussion with industry and other university partners internationally.  

• The PI and postdoc researchers presented at the ACS Green Chemistry meeting. 
The postdocs applied and received National Science Foundation awards to attend 
and present their work.  

• The PI was invited by UC Davis Foundation and Corporate Giving to present 
green technologies to Horizons Ventures. 

• The PI was invited by UC Davis Office of Corporate Relations to present to Nitto 
Denko Technical Corporation, Oceanside, California and its parent 
company, Nitto Denko Corporation, based in Osaka, Japan;  

• The PI was invited to present nanocellulose and green chemistry work at five 
international conferences, three with travel supported by the hosts. 

http://www.nitto.com/
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PUBLICATIONS: 5 published (including 2 in press in 2014), 1 in press and 2 submitted  
 
1. Wang, M.S., F. Jiang, Y.-L. Hsieh, N. Nitin, Cellulose nanofibrils improve 

dispersibility and stability of silver nanoparticles and induce production of bacterial 
extracellular polysaccharides, Journal of Materials Chemistry B, 2 (37), 6226-6235 
(2014). IP 2014. 

2. Jiang, F. and Y.-L. Hsieh, Synthesis of cellulose nanofibril bound silver nanoprism 
for surface enhanced Raman scattering, Biomacromolecules. 15 (10), 3608-3616 
(2014). IP 2104 

3. Jiang, F. and Y.-L. Hsieh, Assembling and redispersibility of rice straw 
nanocellulose: effect of tert-butanol, ACS Applied Materials & Interfaces, 6 (22), 
20075-20084 (2014). 

4. Gu, J., Y.-L. Hsieh, Surface and structure characteristics, self-assembling and solvent 
compatibility of holo-cellulose nanofibrils, ACS Applied Materials & Interfaces, 7(7), 
4192–4201 (2015). 

5. Jiang, F., Y.-L. Hsieh, Novel holocellulose nanocrystals: amphiphilicity, O/W 
emulsion and self-assembly, Biomacromolecules, 16, 1422-1441 (2015). 

6. Hu, S., F. Jiang, Y.-L Hsieh, 1D Lignin based solid acid catalysts for direct 
hydrolysis of crystalline cellulose, ACS Sustainable Chemistry & Engineering, IP 
(2015). 

7. Jiang, F., Y.-L. Hsieh, Self-assembling of TEMPO oxidized cellulose nanofibrils as 
effected by protonation of surface carboxyls and drying methods (submitted) 

8. Hu, S., J. Gu, F. Jiang, Y.-L Hsieh, Holistic rice straw hemicelluloses/lignin and 
nanocellulose composite films (submitted). 

 
 

PRESENTATIONS: 9 
 
1. Hsieh, Y.-L., Self-assembling of amphiphic nanocellulose, Invited, 2nd 

International Conference on Natural Fibers (ICNF2015), Azores, Portugal, April 
27-29, 2015. 

2. Hsieh, Y.-L., Nanocellulose hierarchical structures and functional materials, Fiber 
Society Spring Conference, Donghua University, China, May 24-27, 2015. 

3. Hsieh, Y.-L. Hsieh, Functional Nanofibers and Biobased nanomaterials, Invited, 
Nantong University, China, May 28, 2015. (travel funded by host) 

4. Hsieh, Y.-L., Nanocellulose and functional materials from agricultural and food 
wastes, ACS Green Chemistry, Northern Bethesda, Maryland, July 14-16, 2015. 

5. Hu, Sixiao and Y.-L. Hsieh, Activated carbon fibers and particulates from lignin 
and their applications as supercapacitors and solid acid catalysts, ACS Green 
Chemistry, Northern Bethesda, Maryland, July 14-16, 2015. 

6. Jiang, Feng and Y.-L. Hsieh, Defibrillation and self-assembling of cellulose 
nanofibrils from rice straw, ACS Green Chemistry, Northern Bethesda, Maryland, 
July 14-16, 2015. 

7. Hsieh, Functional hybrids from biopolymers, nanocellulose and 
nanochitin/nanochitosan, Invited, COST Action: MP1206 Meeting: Electrospun 
Nanofibres, Applications And Related Technologies, Nanofiber Applications and 
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Related Technologies (NART). Liberec, Czek Republic, August 31-September 2, 
2015. (travel funded by an European Union grant) 

8. Hsieh, Y.-L., Macromolecular 1D crystalline nano-arrays for hierarchical structures 
and functional materials, Invited,13th Brazilian Congress on Polymers (CBPol), 
Natal, Brazil, October 18-22, 2015. (travel funded by CNPol organizers) 

9. Hsieh, Y.-L., Nanocellulose and functional materials from agricultural and food 
wastes, Invited, Brazilian Agricultural Research Corporation, Ministry of 
Agriculture, Livestock and Food Supply (EMBRAPA), Fortaleza, Brazil, October 
18-22, 2015.  

 

CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 

In 2015, this project has exploited yet another chemical approach to generate 
nanocellulose, expanding the previous two chemical (acid hydrolysis, TEMPO oxidation) 
and two mechanical (blending and aqueous counter collision) processes. Sequential 
oxidation with sodium periodate, sodium chlorite and mechanical blending has the 
advantage of yielding 100 % nanocellulose, ranging from nanofibrils to nanocrystals, that 
none of the previous processes could. The isolation of rice straw has also been 
streamlined to yield higher quantities and more hydrophobic holo-cellulose nanofibrils 
(HCNFs) and holo-cellulose nanocrystals (HCNCs) that are more oil dispersible and self-
assembled into much finer nanofibers for additional potential applications. Furthermore, 
the uniquely amphiphilic CNF aerogels were rendered greater hydrophobicity and 
stronger by crosslinking with methylene diphenyl diisocyanate (MDI) for effective water-
oil separation. We also validated the potential of converting hemicellulose and lignin 
byproducts parallel to cellulose into highly fluorescent carbon nanoparticles via both top-
down and bottom-up approaches. 
 


	8. Hu, S., J. Gu, F. Jiang, Y.-L Hsieh, Holistic rice straw hemicelluloses/lignin and nanocellulose composite films (submitted).

