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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 to novel nanomaterials and advanced functional products.  In 
2010, we developed two streamlined fractionation routes to isolate four major rice straw 
components: cellulose, hemicellulose, lignin and silicon (objective 1) and derived cellulose 
nanocrystals (CNCs) from one of the routes (objective 2).  The goals for 2011 are to improve the 
yield of cellulose nanofibers and to develop functional carbon fibers and silica nanomaterials.  
 
Toward these goals, the following experiments were conducted and a brief summary follows:  
 
Objective 1. Improving yield of cellulose nanofibers via mechanical fractionation  
 
Both streamlined processes developed in 2010, i.e., acidified sodium chlorite followed by 
potassium hydroxide and the alkaline peroxide, can lead to at least 37% yield of cellulose.  The 
sodium chlorite route was deemed most efficient for isolating pure cellulose while as the alkaline 
peroxide route more effective for hemicellulose and lignin.  Acid hydrolysis of pure cellulose 
isolated from the sodium chlorite route produced cellulose nanocrystals (CNCs) with diameters 
typically less than 10 nm and lengths ranging from 200 to 400 nm.  This result was published in 
an article in Carbohydrate Polymer, the first report on rice straw. The final yield of CNCs was 
<3%, common to CNCs from cellulose derived from wood and cotton and other biomass.  
 
CNCs from acid hydrolysis requires substantial break down of amorphous chains to yield the 
highly crystalline cellulose nanorods or nanowiskers, but very low yield.  Our hypothesis was 
that cellulose nanostructures that are larger than CNCs can be as useful, in particular, at higher 
yields for functional products.  We proposed that other means, mostly non-chemical, that are less 
destructive to the cellulose, would lead to higher yield of CNCs or cellulose nanofibers. To 
optimize the yield of cellulose nanocrystals, pure cellulose isolated from the sodium chlorite 
route was difibrillated using a mechanical blender. 
 
Objective 2. Developing silica nanomaterials and carbons 
 
2a) Silica  A previous two step thermal-chemical process to synthesize silica was further 
developed to a single step thermal process. Rice straw was milled (Thomas-Wiley Laboratory 
Mill model 4, Thomas Scientific, USA) to pass through a 20-mesh screen. The ground rice straw 
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powders were thoroughly washed in water to remove dirt and aqueous soluble substances by 
repeated vigorous stirring and decanting until the aqueous wash turned clear. The cleaned 
powders were filtered and oven-dried at 60 °C for 72 hours. The dry clean rice straw powders 
(50 g) were burned to ash according to a modified ASTM E1755-01 procedure using a 
programmable muffle furnace (Isotemp, Fisher Scientific). Specifically, rice straw powders were 
heated at 10 °C/min in three-stages, first to 250 °C and held for 1 h, then to 325 °C and stayed 
for another 1 h, finally to 575 °C and held for 10 h to remove the organics and resultant carbon. 
The final product (6.316 g), in the form of white ash, was collected. 
 
2b) Carbon  Fractional extraction of lignin and hemicelluloses from rice straw was performed by 
the sodium chlorite procedure as shown in Figure 1. The rice straw powder was first extracted 
with toluene/ethanol (2:1, v/v) in a Soxhlet at 55 oC for 24 h to remove all lipophilic and 
hydrophilic non-structural components. The de-waxed sample was placed in 1.4 wt% sodium 
chlorite under acidic condition (pH 3–4 adjusted by 10% acetic acid) at 70°C for 6 h to dissolve 
lignin (alkali-soluble) and some hemicelluloses (Filtrate 2) which were precipitated from the 
supernatant by adding 3 vols of ethanol  (HL-1). The insoluble holocellulose was filtered and 
extracted with 5 wt % KOH at 70°C for 24 h to remove hemicellulose, washed with water until 
alkali free then with ethanol and finally freeze dried to yield α-cellulose. The supernatant 
(Filtrate 4) was adjusted to pH 5-6 with 36-37% HCl, concentrated to about one-third of its 
volume and poured into three volumes of 95% ethanol to precipitate hemicelluloses and lignin 
that were then washed four times with 70% ethanol, dried at 50 oC and weighed (HL-2). The 
reported yield (in %) of hemicelluloses/lignin was calculated from the dry mass of HL-1 or HL-2 
over the original dry mass of rice straw. 
 
SUMMARY OF 2011 RESEARCH (Major accomplishments) BY OBJECTIVES: 
 
Objective 1. Improving yield of cellulose nanofibers via mechanical fractionation  
 
Pure cellulose isolated from rice straw by the acidified sodium chlorite (NaClO2) process yielded 
36% (Figure 1).  

Figure 1.  Cellulose Isolation via NaClO2/KOH process 
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Acid hydrolyzed (64% H2SO4, 8.75 mL/g, 45 ºC) rice straw cellulose for 30 and 45 min 
produced cellulose nanocrystals (CNCs), i.e., CNC30 and CNC45, respectively. CNC45 was 
smaller (11.2 nm wide, 5.06 nm thick and 117 nm long) than CNC30 (30.7 nm wide, 5.95 nm 
thick and 270 nm long) (Figure 2).  

Figure 2. TEM of CNCs from acid hydrolyzed rice straw cellulose: (a) CNC30 and (b) CNC 45; 
and their length (c,e) and width (d,f) distributions. 
 
CNCs from rice straw cellulose exhibit self-assembling behavior into ~300 nm diameter fibers 
with highly orientated organization along the fiber axes (Figure 3). The significance is that this 
self-assembling capability, which has not been reported on cellulose nanocrystals from other 
biomass, is unique to rice straw CNCs. Furthermore, these self-assembled CNC fibers were 
highly stable under vigorous stirring or shaking in aqueous media and maintained their fiber 
morphology, showing great promise for processing into advanced materials including reinforcing 
fillers for green composite materials. 

Figure 3. TEM (a) and AFM (b-d) images of self-assembled CNC45 
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Mechanical forces were used to defibrillate cellulose macrofibers into nanofibrils (Figure 4c). 
The yield is considered 100% from the pure cellulose isolated from rice straw, or 37% of rice 
straw.  Although some crystalline macrofibrils were observed under optical microscope (Figure 
5 left), nanofibrils with diameters around 15 nm as determined by AFM height images (Figure 5 
right) were also observed.  These cellulose nanofibers (CNFs) are similar in widths as CNCs but 
much longer, excellent high aspect ration character for strength and other applications. 
 

Figure 4. SEM of rice straw cellulose: (a) as is isolated, (b) self-assembled CNC45, (c) 
mechanically defibrillated nanofibers 

 

Figure 5. Mechanically defibrillated rice straw cellulose fibrils 
 
Objective 2. Developing functional silica nanomaterials and carbons 
 
2a. Silica  Silica was extracted from rice straw by a two step thermal-chemical process, first 
converted to ash by heating (10 °C/m) step-wise to 250, 325 and 575 °C, then chemically 
extracted in 0.5 M NaOH at 100 C for 4 h, neutralized in 10% H SO, filtered to generate silica.  
In 2011, a single step thermal process was successfully developed (image on right). Highly pure 
amorphous silica was derived from rice straw ash by a base dissolution and acid precipitation 
process at a 90.8% yield (12.72% of rice straw). White ash was successful produced by heating 
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rice straw at 10 °C/min and holding at 250, 325 and 575 °C to facilitate decomposition and 
gasification of the organics while avoiding auto-ignition. The SiO2 chemical composition was 
confirmed by EDS and FTIR and the amorphous nature by XRD. Freeze-drying of silica gel 
produced mesoporous silica powders with a 5.8 nm average pore size (2 to 22 nm pore size 
distribution) and very high specific surface (509.5 m2/g BET and 637.0 m2/g BJH) and pore 
volume (0.925 cm3/g). These silica powders were dispersible in water and shown to consist of 
nano-disks with an average 172 nm diameter and 3.09 nm thickness as measured by TEM and 
AFM, respectively. 

Figure 6. Pure silica, gel and nanoparticles from thermo-chemical processes: left – thermal 
process; right – AFM images of SiO2 nanoparticles 

 
2b. Caron  The NaClO2/KOH process removed lignin and hemicellulose consecutively, but 
could not completely remove lignin whose presence was evident as the brown color in the 
filtrates from both steps.  Lignin and hemicellulose isolated from sodium chlorite/potassium 
hydroxide process were analyzed to determine their potential and processing into carbonaceous 
materials. Elemental analysis of HL-1 and HL-2 by EDX (Table 1) showed HL-1 to contain only 
carbon and oxygen, indicating the presence of lignin phenylpropanoid. The high oxygen content 
(57.8 wt%) and the existence of silicon (17.8 wt%) suggest HL-2 to be a mixture of mainly silica 
and hemicelluloses. Hl-1 and HL-2 have been mixed with PEO and electrospun into fibers.  
Preliminary results show some level of phase separation and the electrospun fibers could be 
carbonized into carbon materials. Carbonization is in process. 
 

Table 1. Elemental analysis of HL-1 and HL-2 by EDX 
 C (Wt%)/(At%) O (wt%)/(At%) Si (Wt%)/(At%) 

HL-1 65.1/71.3 34.9/28.7 none 
HL-2 24.4/32.4 57.8/57.2 17.8/10.1 

 
In conclusion, the following has been achieved: 

Objective 1. Improving yield of cellulose nanofibers via mechanical fractionation  
  – accomplished  
Objective 2. Developing silica nanomaterials and carbons 

2a) pure silica SiO2 gel and silica nanoparticles –accomplished 
2b) carbons – successful conversion from hemicellulose and lignin mixtures as cellulose 

isolation by-product from the NaClO2/KOH process 
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CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS: 
 
This project is to develop efficient strategies to separate (isolate/fractionate) rice straw 
components and to convert them to new advanced nano-materials and performance industrial 
products. Several chemical pathways have been evaluated and optimized to separate the major 
rice straw components, i.e., cellulose, hemicellulose, silica and lignin.  
 
Two distinctively advantageous processes have been successfully demonstrated to: I) derive pure 
cellulose, and II) isolate hemicellulose, lignin and silica. Cellulose has been isolated in a number 
of ways.  The optimal method to derive pure cellulose is a streamlined three-step process 
involving acidified sodium chlorite and potassium hydroxide to remove wax, lignin and 
hemicellulose consecutively, produced pure cellulose exceeding 36% yield. In a process using 
sodium hydroxide and hydrogen peroxide, hemicellulose, lignin and silicon can be effectively 
collected individually as well as mixtures by variations of this approach. Cellulose nanocrystals 
with diameters less than 10 nm and lengths ranging from 200 to 400 nm have been generated.  
Pure silica nanoparticles have been derived from thermal pyrolysis of rice straw followed by 
chemical extraction.  Several isolation procedures have been evaluated and optimized to allow 
versatile and efficient pathways to generate any and all of the four major rice straw components 
at high yields.  Silica nano-disks and carbon fibers have been synthesized from rice straw silicon 
and hemicellulose/lignin, respectively. 
 
The successful conversion of these rice straw components to cellulose nanocrystals, self-
assembled fibrils, as well as silica gel and nanoparticles validates the proposed concepts and sets 
the foundation for further development of these nanomaterials for high value added industrial 
products. 


