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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. 
Specifically, effort in 2014 has been focused on developing selected novel products with defined 
functional performance while continuing to optimize yields and improve efficiency of isolation 
and defibrillation processes with three specific objectives: 
 
The goals for 2014 were to develop scalable and industrial products from rice straw 
nanocellulose and to expand functional materials from nanocellulose, silica and porous carbon:  
 
Objective 1. Optimize aerogel properties and production efficiency. 
Objective 2. Develop processes to incorporate nanocellulose assembled aerogels and fibers into 

scalable and industrial/consumer products. 
Objective 3. Expand functional materials from silica. 
 
The experiments conducted and results obtained to achieve these three objectives are 
summarized as follows:  
 
Objective 1. Optimize aerogel properties and production efficiency 
 
The novel rice straw cellulose nanofibril (CNF) aerogels we developed in 2013 are unique in that 
they are amphiphilic, i.e., absorb both polar (hydrophilic, aqueous) and non-polar (hydrophobic, 
hydrocarbon) liquids, and superior than 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. Rice straw nanocellulose aerogels are most unique and advantageous over 
ANT aerogels in their amphiphilicity, outcompete either hydrophobic carbon aerogels or 
hydrophilic silica aerogels. The amphiphilicity of nanocellulose aerogels can be easily modified 
toward increased hydrophobicity, i.e., preferentially absorbing hydrocarbons and oils, ideal for 
removing hydrocarbons and oils from water. These nanocellulose aerogels absorb hydrocarbons 
(hexane, octane, decane, toluene, oils, etc) and aprotic organic solvents (DMF, DMSO, 
chloroform, etc) at about 76% and 64% of their estimated pore capacity, respectively. To 



maximize aerogel absorption to their full pore capacity, reducing inter-nanocellulose hydrogen 
bonding was studied. Tert-butanol, capable of hydrogen bond with the abundant CNF surface 
hydroxyls, was added to CNF suspension at 0.25:1 tert-butanol:total surface OH/COOH/COO- 
and freeze-dried. This CNF aerogel showed increased absorption of chloroform from 374 g/g to 
421 g/g or 67% capacity to 76% capacity. This confirms that binding CNF surface polar groups 
with tert-butanol reduces the extent of self-assembling to disrupt the pore walls. Further 
increasing 1 tert-butanol:total surface OH/COOH/COO- is being conducted to further increase 
the accessability to pores and absorption capacity. Pore morphology and surface area will also be 
characterized to confirm the changes in porosity and absorption. 
 
Objective 2. Develop processes to incorporate nanocellulose assembled aerogels and fibers into 

scalable and industrial/consumer products 
 
2a. Aerogel supported hybrid membranes for water purification and oil removal 
The initial idea of supporting nanocellulose aerogels on membranes for filtration/separation was 
modified to design enhanced detection mechanisms by synthesizying CNF bound silver 
nanospheres (AGNSs) and nanoprism (AgNPs). Silver nanoprisms (AgNPs) were robustly 
synthesized using CNFs as dual capping and shape-regulating agent for the first time. Reducing 
AgNO3 with NaBH4 in CNF suspensions produced Ag nanospheres (AgNSs) with increased size 
uniformity but reduced sizes with increasing Ag+:CNF ratios. CNF bound AgNSs were facilely 
transformed to AgNPs by etching with H2O2, supporting the capping and shape-regulating 
capability of CNFs. AgNPs were also synthesized by NaBH4 reduction directly in one shot 
reaction in the presence of both CNFs and H2O2.  
  

 
Figure 1. AgNPs transformed with post addition of 60 μL H2O2 in the presence CNFs at up to 
0.2 wt% concentrations: (a) aqueous suspensions, with CNF concentration labeled; (b) UV-Vis 
spectra; (c,d) TEM images of AgNPs formed with 0.2 wt% CNFs. 



Successful synthesis of AgNPs with 80-320 nm truncated edges was confirmed by light blue 
solution color, sharp out-of-plane quadruple resonance peak at 334 nm and prominent in-plane 
dipole resonance peaks at 762-900 nm. The [111] lattice plane of AgNP was clearly evident by 
its predominant XRD peak at 38°, confirming the unique shape-regulating ability of the nearly 
fully surface carboxylated CNFs. The CNF surface bound AgNPs were easily fabricated into 
freestanding CNF/AgNPs films that showed excellent surface enhanced Raman scattering of 
Rhodamine 6G with analytical enhancement factor of 5x103 in contrast to none from the 
CNF/AgNSs film. 
 
2b. Bound enzymes for recyclable biocatalysis membranes 
The superior water absorbing capacities, wet resiliency and cyclic absorption-desorption 
repeatability make nanocellulose aerogels superior candidates as supports for biocatalysts, i.e., 
enzyme proteins. Binding Candida rugosa lipase to CNF aerogels was achieved by two 
approaches: adsorption onto dry aerogel and premixing in CNF suspension. 
 
Adsorption CNF aerogel was prepared by freezing 0.5% CNF5 at 20 °C for 12 h and then 
freeze-dried. A piece of CNF aerogel (5 mg) was placed in 10 mL Candida rugosa lipase 
solution (1 mg/mL) in 50 mM sodium citrate buffer at pH 5. The CNF aerogel was incubated 
in the lipase solution for 2 h, and 200 µL solution was withdrawn after 0, 5, 10, 15, 20, 25, 30, 
35, 40, 60, 80, 100, and 120 minutes of incubation during immobilization to determine the 
protein concentration. The protein concentration was determined using Bradford reagent by 
adding 20 ul of solution into 500 ul of Bradford reagent at room temperature. After 5 minutes 
incubation, absorbance at 595nm was measured using UV-Vis spectroscopy, and the protein 
concentrations were calculated based on the regression line obtained for BSA standard. After 
incubation in lipase solution, CNF aerogel was squeezed and washed with 100 mL of distilled 
water to remove loosely bound lipase, with the protein concentration in the washing solution 
determined as previous method.  
 
Premixing in CNF suspension To prepare CNF aerogel with embedded lipase, 0.5, and 2 mL 
lipase solution in water (1 mg/mL) was added in CNF suspension, making 10 mL of 0.5% CNF 
suspension.  

 
Figure 2. Immobilization of C. rugosa lipase on CNF aerogel at pH 5 

The protein conentration of 1 mg/mL lipase solution was determined to be 30 μg/mL. From the 
immobilization curve, it can be calculated that the immobilization amount of lipase is around 
15.0 μg lipase per mg CNF aerogel. Less than 5% of the protein could be removed by washing 
with 10 mL of water. For the pre-mixed CNF/Lipase aerogel, the protein content was calculated 



to be 0.3 and 1.2 μg lipase per mg CNF aerogel with 0.5 and 2 mL lipase solution, respectively. 

Activity of CNF aerogel bound lipase To determine the lipase activity of CNF aerogels, 5 mg of 
aerogel with C. rugosa lipase immobilized on it were placed in lipase assay reagent and 
incubated at 30 °C. For aerogel activity determination, a 1:7 (w/v) ratio of aerogel to substrate 
solution containing 4-nitrophenyl-palmitate (0.3 mg diluted in 1mL isopropanol with 20 uL 
X100 Triton and 9 mL of 50 mM Na-phosphate buffer, pH 8.5) was used to ensure that the 
amount of p-NPP available to the immobilized lipase was enough. A part of 25 ul of liquid 
sample was taken at different times during incubation, and diluted with 475 uL of lipase assay 
buffer without p-NPP. The absorbance at 410 nm of the solution was measured for lipase activity 
determination.  

 
Figure 3. Activity of CNF aerogel with varying lipase loading (15.0 μg/mg is from adsorption 

method and 0.3 and 1.2 μg/mg are from premix method ) 
 
Therefore, lipase enzyme could be bound to CNF aerogels. Further optimization of enzyme 
binding and loading as well as activities need to be conducted to present a clear analysis for 
applications.  
 
2c. Nanocellulose or assembled fibers for re-enforcing nanocomposites and nonwovens 
CNFs have been incorporated in aqueous polyvinyl alcohol solution and electrospun into 
150fibrous web consisting 200 nm wide fibers (below top row). These fibrous webs are 
relatively stable to water, showing only minor deformation following exposure to water (lower 
row).  
 



 
Figure 4. Electrospun fibrous webs from 7% aqueous polyvinyl alcohol solutions containing 0, 
5, 10, and 15% of CNF. 
 
 
Objective 3. Expand functional materials from nanocellulose, silica and porous carbon 
 
3a Pathogen coagulants and imaging  
The abundant surface chemical functional groups of nanocellulose enable them to behave as 
gigantic polar or anionomers nano-platform materials. The ability of nanocellulose to coagulate 
pathogens and to be functionalized as diagnostic tools were exploited. CNF-AgNPs were 
synthesized by electrostatic binding of Ag+ on negatively charged, 2 nm wide CNF surfaces, 
followed by the reduction to atomic silver and AgNPs on CNF. CNF bound AgNPs had better 
dispersibility and stability in LB media compared to colloidal AgNPs. While the long and 
surface charged CNFs prevented AgNPs coalescence by steric hindrance and charge repulsion, 
CNF-AgNPs at 150 mM Ag showed= a longer lag phase (1.5 hr) as compared to the control (45 
min) and 450 M CNF-AgNPs showed clear growth-inhibition of E. coli. 
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Figure 5. TEM images of CNF-AgNPs and colloidal AgNPs: (A) CNF-AgNPs and (B) 
borohydride-capped colloidal AgNPs diluted in water. (C) CNF-AgNP and (D) colloidal AgNPs 
after 18 hr of incubation in LB media at 37 C. 
 
Under fluorescence microscopy and TEM imaging (Figure 6), the bacteria appeared individually 
suspended in the control sample (7A), whereas a few strands of bacteria were seen when 
incubated with CNFs (6B, arrows). Clusters of bacteria were observed when incubated with 150 
M CNF-AgNPs, c (6C, arrows), but no bacterial cells could be seen when incubated with 450 
M CNF-AgNPs (6D). Instead small dark spots were observed throughout the image (6D), 
suggesting significant cell lysis and the clustering of AgNPs in the presence of bacteria at the 
higher concentration (6D, inset). The control bacterium had a characteristic rod-shaped structure 
of E.coli with intact cell walls (6E).  When incubated with CNF, a fibrous layer resembling 
extracellular polysaccharides (EPS) was observed surrounding the bacterium (6F).  This EPS-
like structure was also observed on the bacterium with 150 M CNF-AgNPs, but the EPS-like 
structure was more extensive compared to that of the CNF sample (6G). In contrast, individual 
AgNPs were seen attaching to the surface of the bacterium when a higher concentration of CNF-
AgNP (450 M) was used (6H). 

 

 
 
3b. Porous silica (SiO2) 
Alternate to the three-steps: 2:1 v/v toluene/ethanol extraction (at 55 oC for 24 h)-acidified 
NaClO2 (1.4%, pH 3.0-4.0, 70 °C, 5h)-KOH (5% ambient, 24 h; 90 ºC, 2 h) process of cellulose 
isolation, a NaOH-H2O2 process was also developed. In this process (Figure 7), milled rice straw 
was Soxhlet extracted the same way, then immersed in 4 wt % NaOH at a 15:1 liquor-to-straw 
ratio at 70°C for 4 h to dissolve alkali-soluble hemicelluloses and lignin, then in 4.0 % H2O2 
(w/v) at a 20:1 liquid-to-solid ratio, adjusted to pH 11.5 with 20 wt% NaOH and under constant 

(H) 

(A
 

(E) 

(B) (C) 

(F
) 

(G
 

(D) 

Figure 6. Structural analyses of bacterial suspension by fluorescence microscopy and 
TEM imaging. Fluorescence microscopy images of bacteria in the (A) control and after 
incubation with (B) 0.008 % CNF, (C) 150 µM  and (D) 450 µM CNF-AgNPs for 18 hr 
at 37°C.  Scale bars on the fluorescence images = 100 µm.  Representative TEM 
images of the (E) control bacteria, (F) bacteria with 0.008 % CNF, and bacteria 
incubated with (G) 150 µM and (H) 450 µM CNF-AgNPs for 18 hr at 37°C. Scale bars 
on the TEM images = 500 nm 
 

10 µm 



stirring at 55°C for 4 h. The solid was yellowish cellulose that can be further treated in 1.4% 
NaClO2 treatment (pH 3–4 adjusted by 10 wt% acetic acid) at 70°C for 1 h to pure cellulose. 
 

 

Figure 7. Scheme for fractionation and extraction of rice straw via hydrogen peroxide treatment 

The sodium silicates in filtrate 2 can be concentrated, gelled, acidified and precipiated into silica 
precursor that can be calcinated under flowing air (100 mL/min) in a furnace (Mini-Mite, 
Lindberg/Blue) by heating at 10 oC/min, first to 105 oC and held for 0.5 h then to 500 oC and 
held for up to 3 h (Figure 8). Elemental analysis and FTIR confirmed the product to consist 67.2 
at% O and 32.8 at% Si, or 1:2 Si/O atomic ratio, the theoretical silica chemical formula. These 
silica particles varied greatly in sizes from 50 to 200 nm and are mesoporous with 912 m2/g BET 
surface area and 1.5 cm3/g pore volume. The silica directly precipitated out of filtrate 2, instead 
of being processing into gel, etc. via filtrate 4, is non-porous or macro-porous (Figure 9), similar 
to those produced from the NaClO2 (1.4 %, 70 oC, 6 h) and KOH (5 %, 70 oC, 24 h) isolation 
process reported in 2013. 

 
Figure 8. Scheme for preparation of silica nanoparticles from rice straw extracts. 

 



 
Figure 9. TEM and AFM of silica nanoparticles. 

 
MAJOR ACHIEVEMENTS: 
 
In 2014, major scientific advancement on rice straw nanomaterial development includes: 
 

• Evidence of enhanced pore accessibility, thus liquid absorption from 67% to 76%, by 
binding tert-butanol to CNF surface OH/COOH/COO- groups to reduce CNF assembling 

• Candida rugosa lipase to CNF aerogels was achieved by two approaches: adsorption onto 
dry aerogel and premixing in CNF suspension. 

• CNFs have been incorporated in aqueous polyvinyl alcohol solution and electrospun into 
nanofibrous web that are water insoluble. 

• CNFs have shown to be capable of serving as coupling agent and dispersing agent for the 
synthesis of silver nanoparticles for homogeneous solutions. The AgNPs bound CNFs 
inhibit antimicrobial growth at high Ag levels and agglomerate bacteria cells at low Ag 
levels, suggesting potential dual function for anti-microbial and microbial detection 
applications. 

• Highly meso-porous pure silica nanoparticles have been synthesized from the alternate 
cellulose isolation process employing 4% NaOH.  

 
In 2014, technology development and outreach on rice straw nanomaterial applications include: 
 

• Many leads to industry/consumer product options were sought via contacts at 
conferences.  

• Scale up technologies of aqueous collision counter (ACC) and microfluidizer have been 
considered, former through potential in-kind contribution from the industry and the latter 
proposed in a proposal to the National Science Foundation 

• The PI and postdoc researchers attended the open house and tech transfer events hosted 
by UC Davis Sustainable AgTech Innovation Center. 

• A small UC Davis Sustainable AgTech Innovation Center Seed Fund was awarded to 
develop rice straw nanomaterial technologies. 

• Inventions disclosures and provision patent filed by UC Davis Tech Transfer are on hold 
await exclusive licensee(s) come forward. 
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