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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 2016 were to continue the development of scalable processes and to expand functional 
applications of nanocellulose and porous carbon products.  
 
The specific objectives in 2016 were to: 
1. Diversify CNF structures via sodium periodate oxidation and mechanical shear 
2. Simultaneous isolation and utilization of cellulose and silica in rice straw 
3. Optimize aerogel properties and processes into scalable industrial/consumer products 
 
The experiments conducted and results obtained to achieve these objectives are summarized as 
follows:  
 
Objective 1. Diversify CNF structures via sodium periodate (NaIO4) oxidation and mechanical 
shear 
 
Rice straw cellulose were chemically modified with sodium periodate (NaIO4) oxididtion and 
mechanical blended into nanocellulose. As shown below, sodium periodate, NaIO4, opens 
saccharidic ring at vicinal diol C2-C3 to generate di-aldehydes. Further oxidation generates two 
C2 and C3 carboxyls per anhydroglucose unit, doubling the density of reactive surface functional 
groups. 

 
Initial oxidation (55 °C, 4 h) of rice straw cellulose with NaIO4 at 0.25:1, 0.5:1 and 0.75:1 
NaIO4:anhydroglucose unit (AGU) followed by reaction with sodium chlorite at 1:1 
NaClO2:AGU (0.5 M acetic acid, room temperature, 48 h) produced long nanofibrils (10 nm 
thick, a few microns long), short nanofibrls (1-5 nm thick, ca. 1 μm long) as well as uniform rod-
like cellulose nanocrystals (1-4 nm thick, ca. 100 nm long). The yields were further optimized 
(Figure 1) and the nanocelluloses characterized by atomic force microscopy (Figure 2). Both 
quantities and qualities of nanocelluloses generated depended highly on the periodate 
concentration or NaClO4:anhydroglocuse unit (AGH) and extent of blending. Depending on 



 

conditions, optimal yields are approaching that from CNFs generated from our previous TEMPO 
oxidation. The total surface charges also ranged from 0.58 to 1.16 with increasing NaClO4:AGU 
ratios, also comparable to those from the TEMPO process. 

 
Figure 1. Yield of CNFs from NaIO4 & NaClO2 oxidation, blending of rice straw cellulose 
(NaClO2:AGU =1:1, 0.5 M acetic acid, RT for 48 h). 
 

  
Figure 2. AFM images of CNFs from NaIO4 & NaClO2 oxidation, blending of rice straw 
cellulose: periodate:AGU ratio at 0.25:1, 0.5:1, 0.75:1 (left to right) 
 
Objective 2. Simultaneous isolation and utilization of cellulose and silica in rice straw 
 
This objective was to further expand the utilization of two major rice straw components, i.e., 
cellulose and silica, in developing new and improved materials. This is in line with previous 
success in generating more hydrophobic holocellulose nanofibrils (holoCNFs) and surface active 
holocellulose nanocrystals (holoCNCs) (objective 2 in 2015). As rice straw contain 36-38 % of 
cellulose and ca. 15% silica, using both cellulose and silica would constitute valorizing over 50% 
of rice straw. Cellulose and silica are complementary in qualities in that nanocellulose is resilient 
but less thermally stable while silica is heat resistant, but brittle. Their composites when 
formulated properly should give better properties of both.  
 
Aqueous sodium silicate suspension was adjusted to pH 5 as the silica precursor (Figure 3). The 
hydrogel was formed by aging of CNF-sodium silicate solution over a period of 48 h at room 
temperature, and was monitored with both atomic force microscope (AFM) and a plate-plate 
rheometer. The hydrogel were further strengthened with added HCl, solvent exchanged to tert-
butanol and then freeze-dried to yielded CNF-silica aerogel. The CNF-silica aerogels have been 
prepared at varying compositions (Figure 4). 



 

 
Figure 3. CNF-silica gel formation via solvent exchange sol-gel and aging processes. 
 

 

Figure 4. SEM images of CNF-silica aerogels at varied CNF:silica ratios of (a-c) 9:1, (d-f) 8:2, 
(g-i) 6:4, and (j-l) 4:6. 

 
Objective 3. Optimize aerogel properties and processes into scalable industrial/consumer 
products 
 
Significant progress has been made to improve multiple properties, e.g., dry strength while tune 
the amphiphicity, of rice straw nanocellulose aerogels by devising robust reaction with 



 

diisocyanate to simultaneous crosslink and render aerogel hydrophobic. The rice straw 
nanocellulose aerogels we produced 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 amphiphilicity, i.e., affinity to both polar 
(hydrophilic, aqueous) and non-polar (hydrophobic, hydrocarbon) liquids, uniquely surpassing 
both hydrophobic carbon hydrophilic silica aerogels. While these nanocellulose aerogels have 
excellent wet resiliency, they are not as strong nor resilient in their dry state. With this 
crosslinking approach, we have improved not only the dry strength, but also hydrophobicity.  
 
Rice straw cellulose nanofibrils (CNFs) were generated by coupled TEMPO mediated oxidation 
and mechanical blending and frozen-thawed into hydrogels that were solvent exchanged with 
acetone then reacted with methylene diphenyl diisocyanate (MDI) into CNF acetone gel then 
aerogels. Crosslinked aerogels are significantly more thermally stable (Figure 4) and stronger 
with increases in Young’s modulus, yield stress and ultimate stress at 1.69, 2.49 and 1.43 scaling 
factors, respectively (Figure 5s). The crosslinked aerogels have nearly doubled specific surface 
(216 m2/g) and nearly tripled pore volume (0.87 cm3/g). Most impressively, the amphiphilic 
aerogels have tunable hydrophobicity to be highly effective in separating oil and water. These 
findings are included in a manuscript under review for publication. This technology is also part 
of a provisional patent filed in September 2016.  

 
Figure 5. Characteristics of MDI crosslinked FT-CNF aerogels: (a) FTIR spectra, (b) TGA, (c) 
BET specific surface, inset are specific surface area and total pore volume, (d) BJH pore size 
distribution. 



 

 
Figure 6. (a) Compressive stress-strain curves of uncrosslinked and MDI crosslinked FT-CNF 
aerogels; log-log plots of (b) Young’s modulus, (c) yield stress and (d) ultimate stress versus 
density of aerogels.  
 
Additional progress beyond set objectives: 
 
1. Cellulose nanofibrils produced by aqueous collision counter (ACC) 
Rice straw nanocelluloses have also been processed using shear force alone, i.e., aqueous 
collision counter (ACC), courtesy of Professor Tetsuo Kondo of Kyushu University, Japan. This 
process gives 100% yield and requires low energy input (15 kWh/kg) and no added chemicals, 
thus greener than chemical and mechanical processes. Most significantly, ACC processed rice 
CNFs were significantly narrower, only a third or less, than those ACC processed from wood 
pulp, bamboo and microbial cellulose pellicle, and nearly double the yield of those from wood 
pulp by other mechanical means. The less than 20 nm thick CNFs could self-assemble into 
continuous sub-micron (136 nm) wide fibers by freezing and freeze-drying, or semi-transparent 
(13-42% optical transmittance) films by ultrafiltration and air drying with excellent mechanical 
properties (164 MPa tensile strength, 4 GPa Young’s modulus and 16% strain at break). ACC 
defibrillated CNFs retained the same chemical and crystalline structures and thermal stability as 
the original rice straw cellulose, thus are much more thermally stable than TEMPO oxidized 
CNFs and sulfuric acid hydrolyzed cellulose nanocrystals (CNCs) from the same rice straw 
cellulose.  
 
2. Self-assembling behaviors of cellulose nanofibrils by TEMPO 
The nano-dimensions and surface nature of nanocellulose govern their behaviors therefore 
applications. Rice straw nanocellulose surfaces were further diversified by protonation of the C6 
carboxyls from 10.3-100%, on the same on TEMPO oxidized and mechanically blended CNFs 
with identical geometries and level of oxidation. While all CNFs assembled into amphiphilic 
mass, the most charged CNFs assembled into finest and most uniform fibers (φ=137 nm) that 
absorbed significantly more non-polar toluene than water whereas the fully protonated CNFs 



 

assembled extensively into porous and more thermally stable ultra-thin film-like structures that 
absorbed water and toluene similarly. Ultrafiltration and air-drying induced cyrstallIzation led to 
more thermally stable, semi-transparent and hydrophilic films that showed no affinity towards 
non-polar toluene. In essence, CNFs could be tuned by varying the degree of surface carboxyl 
protonation, along with drying processes, to create fibrous to film morphologies, amphiphic to 
hydrophilic properties and higher thermal stability. 
 
Major scientific advancement on rice straw nanomaterial and advanced product 
development 

• A new surface oxidation approach using sodium periodate and sodium chlorite coupled 
with mechanical blending has been established to generate a range of nanocellulose 
nanofibrils and nanocrystals with surface C2 and C3 carboxyls, expanding from those 
with surface C6 carboxls. 

• Rice straw nanocellulose-silica aerogels have been prepared in varied compositions with 
the goals to utilize both cellulose and silica in rice straw to take advantage of the 
complementary resiliency of cellulose and thermal stability of silica while maximizing 
rice straw utilization.  

• Crosslinked CNF aerogels exhibited multiple improved properties including dry strength, 
tunable hydrophobicity, thermal stability and oil-water separation efficiency, enhancing 
performance and expanding potential applications. 

 
Technology development and outreach on rice straw nanomaterial applications 

• The PI participated the Industrial Liaison Committee meeting, Agenda 2020 Technology 
Alliance, organized by the USDA Forest Product Laboratory’s nanocellulose research 
group.  

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

• Rice straw nanocellulose aerogel research was recognized by invitation to present at the 
American Chemical Society CELL Division meeting’s New Horizon in Sustainable 
Materials.  

• The PI was invited to present and participate at an international wood nanocellulsoe 
conference. 

• The PI was invited to make oral presentations on nanocellulose at three international 
conferences.  

• Provisional patent on nanocellulose aerogels was filed in September 2016. 
 
CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 
 
This project has successfully optimized process and exploited product strategies to valorize rice 
straw by creating an array of novel nano-materials and unique performance products. Numerous 
nanocelluloses, including rod-like cellulose nanocrystals and super thin and long cellulose 
nanofibrils, with tunable surface chemistries and charges have been facilely fabricated, 
presenting a comprehensive choices of nano-building blocks for new and unusual biobased 
products. Among the dozens of products, nanocellulose aerogel technologies are the most 
advanced and developed and have been filed as a provision patent. Proof of concept has been 
demonstrated for oil-water separation, water purification, organic solvent clean up, catalyst and 
amphiphic films and coating, to name a few. 
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