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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 2013 has been focused on fully 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:
Objective 1 - Explore new processes: a) organo-solv process to isolate cellulose, hemicellulose.
lignin and silica; b) aqueous counter collision for defibrillating nanocellulose.
Objective 2 - Optimize self-assembled CNC and CNF products with novel functional properties.
Objective 3 - Develop functional carbon based products from hemicellulose, lignin and silica.
The experiments conducted to achieve these three objectives are briefly described as follows:
Objective 1 - Explore new processes: a) organo-solv process to isolate cellulose, hemicellulose.
lignin and silica; b) aqueous counter collision for defibrillating nanocellulose.
1a. The organo solv processes currently used for biofuel production has the potential for large
scale isolation of pure cellulose from rice straw and was explored for fractionation of rice straw
into cellulose, hemicellulose and lignin. The organic solv is the choice process to isolate lignin
with least structural alteration but has been applied to wood biomass. The organo solve process
has shown to give higher yields of cellulose and lignin from wood pulp. Fractionating rice straw
components by organo-solv process typically involving two or three stages using
aqueous/organic mixtures at high temperature and pressure, i.e., 40-60% v/v ethanol/water, 180210°C and 2-3.5MPa. The solvents can be recovered and/or recycled. Clean rice straw have
been sent to Professor Darren Baker’s laboratory at the University of Tennessee for organo solv
processing.
1b. Aqueous counter collision (ACC) is a new method that applies high pressure to defibrillate
cellulose in aqueous suspensions and has been applied to bacteria and wood cellulose. The
potential to achieve total conversion as well as fibrillated structure motivates this investigation.
Pure rice straw cellulose was processed in the laboratory of the ACC inventor, Professor Tetsuo
Kondo of Kyushu University, Japan.
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Objective 2 - Optimize CNC and CNF properties in creating novel functional products.
2a. Ice nucleation to concentrate and ice templating to assemble CNCs/CNFs have been studied
as approaches to produce new functional materials. The effects of freezing temperatures and
CNC/CNF concentrations on assembled structures have been studied. Modification of the
assembled CNF structures to tune their hydrophilicity and hydrophobicity was conducted using
chemical vapor deposition of organosilanes. The capability of these structures to absorb polar
and non-polar liquids were evaluated.
2b. TEMPO oxidized CNFs were studied as reducing, capping and dispersing agent for the
synthesis of nanoparticles and nanoprisms. In the case of silver nanoparticles, aqueous CNF
suspensions were added with silver precursor silver nitrate, reducing agent sodium borohydride,
oxidant hydrogen peroxide in various combinations of sequences and concentrations to study the
nanoparticle synthesis efficiency and the quality of the nanoparticles and nanoprisms.
Objective 3 - Develop functional carbon based products from hemicellulose, lignin and silica.
An efficient three-step toluene/ethanol, NaClO2 and KOH isolation process has been successfully
devised for isolating two thirds of crude rice straw into at least 36 % pure cellulose from rice
straw while generating 2.8 % lignin containg filtrate 1 and 20.7 % silica-hemicellulose
containing filtrate 2 as precursors for activated carbon and silica particles, respectively.
3a. Activated C Nanoparticles Alkali-soluble lignin together with some hemicelluloses (LH) will
be isolated from concentrated filtrate 2 by ethanol. The obtained lignin/hemicelluloses mixture
particles will be dried and heated at 10 oC/min to 105 oC and held for 0.5 h, then to 800 oC and
held for up to 0.5 h, all under flowing N2 at 100 mL/min. The cooled carbon char particles will be
washed with 5 wt% HCl then water to remove residual salts and other small hydrocarbon
impurities, then dried at 105 oC for 0.5 h to yield activated carbon (AC).
3b. Silica Nanoparticles Acidified 0.5 wt% PEO aqueous solutions will be added to 2g 20 wt%
HCl a.q. and stirred for 0.5 h. Filtrate 3 will be added slowly to the acidified PEO aqueous
solution until neutral to precipitate silica and lignin/hemicelluloses/PEO (SLHP) mixed solids.
The washed and ried SLHP powders were calcinated under flowing air at 10 oC/min, first to 105
o
C and held for 0.5 h then to 500 oC and held for up to 0.5 h to yield silica nanoparticles.
SUMMARY OF 2013 RESEARCH (Major accomplishments) BY OBJECTIVES:
Objective 1 - Explore new processes: a) organo-solv process to isolate cellulose, hemicellulose.
lignin and silica; b) aqueous counter collision for defibrillating nanocellulose.
The organo solv processes currently used for biofuel production was employed for fractionation
of rice straw into cellulose, hemicellulose and lignin. Cleaned rice straw was processed in the
laboratory of Professor Darren Baker of University of Tennessee. Typically, organo solve
processes involve two or three stages using aqueous/organic mixtures at high temperatures and
pressure, as in the Alcell process (40-60% v/v ethanol/water, 180-210°C and 2-3.5MPa),
currently used for lignocellulosic biofuel production.
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The organosolv processed rice straw pulp appeared light brown when wet and yellowish when
dried (Figure 1). Further bleaching in 3% KOH at 90 oC for 2 h produced white cellulose at
57.2% yield from dried organosolv pulp. FTIR spectra showed the organosolv pulp still
contained some hemicellulose which was removed in the subsequent hot KOH treatment.

Figure 1. Organosolv rice straw cellulose pulp: (left) wet, (middle) dried, (right) KOH treated.
Aqueous counter collision (ACC) is a new method that applies high pressure to defibrillate
cellulose in aqueous suspensions and has been applied to defibrillate bacteria cellulose. Pure rice
straw cellulose was processed in the laboratory of Professor Tetsuo Kondo of Kyushu
University, Japan. The derived nanocellulose had more heterogeneously distributed morphology
and could be fractionated into differently sized fibrils, from coarse branched to nanofibrils, the
latter similar to the largest from acid hydrolysis, mechanical blending and TEMPO-mediated
oxidation (Figure 2).

Figure 2. Nanocellulose defibrillated from pure rice straw by aqueous counter collision: (top)
appearance of suspensions and yields of each fraction; (bottom) AFM images of fractions.
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Objective 2 - Optimize CNC and CNF properties in creating novel functional products
CNF generation from rice straw cellulose was optimized by TEMPO/NaBr/NaClO oxidation at
four primary oxidant NaClO levels of 1.5, 3, 5 and 10 mmol NaClO per g of cellulose, followed
by mechanical blending at 37,000 rpm for varying time intervals. TEMPO oxidation alone could
only liberate small amounts of CNFs at 2.6%, 4.6% and 5.3% for CF1.5, CF3 and CF5,
respectively. Subsequent blending improved CNF yields with increasing time at all three
oxidized levels (Figure 3a-i). CNFs from the most extensive blending, i.e., 60 min for CNF1.5
and CNF3, 30 min for CNF5, reached maximal 60.3%, 84.5% and 96.8% yields (Figure 3j). All
CNFs had narrowly distributed and negative ζ values that peaked at -69.3, -86.2 and -97.6 mV
for CNF1.5, CNF3 and CNF5, respectively (Figure 3k).

Figure 3. TEMPO oxidized rice straw cellulose blended for varying lengths of time (min
indicated): optical microscopic images under cross polarizers of the precipitates from original (ac) and most blended (g-i), bar=200 µm; photographs of 0.1% CF1.5 (d), CF3 (e) and CF5 (f)
aqueous suspensions; (j) yields of CNF1.5 (), CNF3 () and CNF5 (Δ); (k) zeta potential.
The AFM height images of CNFs showed longer, but more heterogeneous sized fibers at lower
TEMPO oxidation levels (Figure 4, left). CNF1.5 nanofibrils were 2.76±0.91 nm thick and
several micrometers long, with few approaching 12 nm whereas most CNF3 nanofibrils
2.11±0.82 nm thick and 1-2 µm long. Most uniform nanofibril dimensions were observed for
CNF5 with an average thickness of 1.52±0.54 nm and lengths up to 1 µm. CNF5 were averaged
1.72 nm wide and up to 1 µm long at a very impressive 96.8% yield. The widths of these CNFs
determined by TEM (Figure 4, right) were slightly higher than their thickness.
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Figure 4. TEMPO oxidized and mechanically defibrillated CNFs: (left) AFM height (a,d,g),
height profiles (b,e,h) and distribution (c,f,i) of (a-c) CNF1.5; (d-f) CNF3; (g-i) CNF5; (right)
TEM images of widths.
Upon rapid freezing the dilute (0.1 wt%) aqueous CNF suspensions in liquid nitrogen followed
by freeze-drying, all three CNFs assembled into white fluffy fibrous mass. CNF1.5 selfassembled into very fine and curvy fibers with 125 (±33) nm average diameter whereas CNF3
and CNF5 assembled into wider fibers with average 327 (±133) and 497 (±161) nm widths,
respectively (Figure 5). All self-assembled fibers were exceptionally long with lengths
exceeding several hundred micrometers. These dimensions suggesting self-assembling of over
several hundred thousands of CNFs width-wise and hundreds length-wise.

Figure 5. SEM images of freeze-dried TEMPO oxidized and mechanically defibrillated CNFs:
(a,d) CNF1.5; (b,e) CNF3; (c,f) CNF5.
Cyclic freezing (-20 °C)-thawing (20 °C) of 0.6 % CNF suspensions led to hydrogels that turn to
aerogel upon freeze drying. The aerogels became denser and stronger while maintaining similar
porosity with increasing number of freezing-thawing cycles (Table 1). Their capacities and
ability to absorb water decreased with increasing densities.
Table 1. Density, porosity, and water absorption of CNF aerogels from different FT cycles
FT cycles
Density (mg/cm3)
Porosity (%)
Water
Measured
absorption Theoretical
(g/g)

0
8.0
99.5

0.5
8.1
99.5

1
8.1
99.5

3
11.6
99.3

5
12.9
99.2

7
18.7
98.8

36

104

92

86

77

56

124

123

123

86

77

53

1 FT CNF aerogels showed superior water absorption and rapidly absorbed water (colored with
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Procion red dye for clarity) at around 100 times of its own weight without noticeable change in
volume or shape. Over 90% of absorbed water could be easily removed by hand squeezing the
CNF aerogel into a compact ball that could reabsorb water instantaneously and returned to the
original size and shape in 4 s, showing excellent water-activated shape recovery (Figure 6a). The
water absorption capacities remain the same during five repeated cycles (Figure 6b).

Figure 6. Sequential snapshots of 1 FT CNF aerogel: (a) as is in air, (b) saturated with water
colored with Procion red dye, (c) finger-squeezed dried, (d) then fast and full reabsorption of
water and shape recovery in 4 s as labeled; (e) cyclic water absorption capacities (squeezed dried
in between cycles) of () 0 FT; () 1 FT; (Δ) 3 FT; (♢) 3FTTBA aerogels.
Appling similar freezing-thawing process to lower concentration CNF suspensions led to even
lighter or less dense aerogels (Figure 7), with the lowest one at 1.72 mg/cc that is only 1.7 times
heavier than air (1 mg/cc) and nearly 2 thousandths of water (1,000 mg/cc). These rice straw
nanocellulose aerogels are the lightest aerogels from organic polymers, natural or synthetic, and
only surpassed by the lightest carbon nanotube and grapheme aerogels reported in the most
recent literature.
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Figure 7. (a) AFM height image and profile of TEMPO oxidized and mechanically blended
CNFs; (b) aerogel density and porosity as a function of CNF concentration; (c) XRD of 0.2CNF
aerogel, showing characteristic cellulose Iβ peaks at 2θ=14.7°, 16.8° and 22.7°; (d) Photograph
of a 0.2CNF aerogel on top of a dandelion; (e-h) SEM images of 0.2CNF (e,f) and 0.6CNF (g,h)
aerogel pore structures at cross sections, arrow in f indicates thin fibers across the pores; (i)
compressive stress-strain (σ-ε) curves of 0.2, 0.4 and 0.6CNF aerogels at 2.7, 5.2, and 8.1
mg/cm3 densities, respectively.
The super amphiphilic 0.2CNF aerogel was modified by exposure to triethoxyl(octyl) silane
vapor at 120 °C for 12 h under vacuum to reduce its hydrophilicity as shown by water beading
on top and floating on water (Figure 8). The more hydrophobic silane-modified CNF aerogel
rapidly absorbs Sudan IV red dyed decane spread on water, completely removing it within two
minutes and leaving clear water. The ability to rapidly and completely absorb a hydrocarbon
from water demonstrates the excellent oil removal capability of the silane-modified CNF
aerogel.
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Figure 8. Triethoxyl(octyl) silane modified 0.2CNF aerogel: (a) EDS spectrum; (b) SEM image;
(c) silicon mapping; (d) photograph of water droplet on surface; (e) photograph of floating on
water surface without any absorption; (f) sequential snapshots of absorbing a layer of decane
(dyed red with Sudan IV) on top of water in 2 min, leaving clear water.
Furthermore, silane-modified 0.2CNF aerogel exhibits excellent absorption capacities, ranging
from 139 to 356 g/g, toward a wide range of non-polar liquids, including various aliphatic
(hexane, octane, decane, hexadecane), cyclic (cyclohexane) and aromatic (toluene) hydrocarbons
and oils (pump, soybean) (Figure 9). Most significantly, partial hydrophilicity-to-hydrophobicity
conversion causes silane-modified CNF aerogels to become non-wettable by water and not
water-absorbing, affording excellent selective preferential absorption toward non-polar liquids
from water. The absorption capacities of silane-modified 0.2CNF aerogel toward non-polar
hydrocarbons and oils are from ca. 200 g/g to 250 g/g, i.e., one order of magnitude higher than
aerogels from other cellolose (20-40 times), and at least 2-3 times greater than CNT sponge (80180 times), carbonaceous aerogels (40-120 times),and graphene sponges (54-165 times). The
capacity of CNF aerogel toward chloroform was much higher than other superabsorbents,
surpassing all aerogels except for best reported graphene and CNT/graphene aerogels that require
complicated, extremely energy-intensive and costly processes.
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Figure 9. Absorption capacity of silane-modified 0.2CNF aerogels: (a) mass based (g liquid per
g of aerogel); (b) volume based ( mL liquid per g of aerogel) with dash lines representing 100%,
76% and 64% absorption capacities calculated from (porosity×ρliquid/ρaerogel) in (a) and
(porosity/ρaerogel) in (b); (c) chloroform absorption capacity in comparison with graphene
aerogel,[26] CNT/graphene aerogel,[29] carbonized bacterial cellulose (BC) aerogel,[30] graphene
coated melamine sponge,[27] CNT sponge,[25] graphene sponge,[28] nanocellulose aerogel;[20] (d)
cyclic absorption and distillation of toluene.
Synthesis of silver nanoparticles and nanoprisms was performed using TEMPO oxidized CNFs
as reducing, capping and dispersing agent. In the case of silver nanoparticles, aqueous CNF
suspensions were added with silver precursor silver nitrate, reducing agent sodium borohydride,
oxidant hydrogen peroxide in various combinations of sequences and concentrations to study the
synthesis efficiency and quality of nanoparticles and nanoprisms. With the increase of CNF
concentrations from 0.01% to 0.2%, the color of the solution gradually changed from light
yellow to dark yellow (Figure 10a) and the absorbance decreased with the increase of CNF
concentrations (Figure 10b), corresponding to the formation of larger Ag NPs with increase of
CNF concentrations as shown at 0.01 and 0.2% (Figure 10c,d).
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These super-hydrophilic hydrogels and super-absorbing amphiphilic and ultra-light aerogels are
excellent candidate for applications in filtration, separation, sensing, chemical/oil/water
separation, to name a few. Depending on the type of nanoparticles and nanoprisms, these CNFbound nanoparticles are expected to exhibit antimicrobial, catalytic, magnetic, photo- and
electro-active, sensing and color properties.
Objective 3 - Develop functional carbon based products from hemicellulose, lignin and silica.
An efficient three-step toluene/ethanol, NaClO2 and KOH isolation process has been successfully
devised for isolating pure cellulose from rice straw while generating two filtrates as activated
carbon and silica precursors (Figure 11).

a

Rice straw

1.4 wt% NaClO2 ,15 v/w,
pH~5, 70 , 6h

Distillate

5 wt% KOH, 20 v/w, 70 , 24h

Filtrate 3
Cellulose

Lignin/Hemicellulose
& carbonate salts
(LH) (5.7 wt%)
800

, 0.5h, N2

Filtrate 1
Filtrate 2

Filtrate 2

Adjusted pH to 10-11,evaporation,
concentration, then precipitation
with 3 vols ethanol

Toluene/ethanol (2:1 V/V),
120 , 24 h, in Soxhlet

Dewaxed straw
(94.7%)

b

Filtrate 1

Activated carbon

c

Added to acidified 0.2-1 wt%
PEO a.q. solution until white
precipitation forms (pH~7)

Filtrate 4

Silica/hemicellulose/
lignin/PEO (SHLP)
(22.1-23.7 wt%)
500

, 0.5h, air

Silica

Figure 11. Scheme for (a) isolation of celluloses, lignin rich filtrate 1 and silica rich filtrate 2
from rice straw; (b) activated carbon from filtrate 1; (c) silica from filtrate 2.
The NaClO2 dissolution filtrate contains oxidized lignin and hemicellulose carbon precursors as
well as sodium carbonates as activating chemicals for direct carbonization into highly porous
(0.90 cm3/g), high specific surface (997 m2/g) activated carbon particles (100 to 500 nm). The
KOH dissolution filtrate contains mainly potassium silicate which could be precipitated by dilute
acidified poly(ethylene oxide) and calcinated to highly uniformly sized (100 to 120 nm) nonporous silica nanospheres (Figure 12).
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Figure 12. SEM (a-d) and TEM (e-f) of: (a) LH; (b,c) AC; (d) SHLP; (e,f) silica. bar = 20 µm.
Deriving these additional activated carbon and silica particles along with nanocellulose creates
advance materials while utilizing all major components in rice straw, the highest quantity
agricultural crop by-product in the world. This approach has the potential to be a sustainable and
economically feasible alternative to the current technologies toward activated and porous C and
SiC manufacturing that involves complicated, highly chemical demanding and very costly
processes.
MAJOR ACHIEVEMENTS:
To date, major scientific advancement on rice straw nanomaterial development include:
• Establishment of two streamlined chemical fractionation routes to isolate four major rice
straw components, i.e., cellulose, hemicellulose, lignin and silicon.
• Optimized isolation and characterization of cellulose nanocrystals (CNCs) and cellulose
nanofibers (CNFs) by acid hydrolysis and TEMPO-mediated oxidation coupled with
mechanical blending, respectively.
• Thorough characterization of CNCs and CNFs as building blocks for advanced materials.
• Development of robust processes to assemble CNCs/CNFs into ultra-fine fibers, super-light,
amphiphilic aerogels.
• Conversion of cellulose isolation by-product streams into carbon and silica nanomaterials.
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INVENTION DISCLOSURES: 2
Nanocellulose materials with cellulose 1-β structure, You-Lo Hsieh, Feng Jiang and Ping Lu, UC
case 2013-704.
Biobased carbon and nanoproduct synthesis, You-Lo Hsieh and Sixiao Hu, UC Case No. 201422-3
PUBLICATIONS: 3 published, 1 in press and two other submitted
Jiang, F. and Y-L. Hsieh, Chemically and mechanically isolated nanocellulose and their selfassembled structures, Carbohydrate Polymers, 95(1): 32-40 (2013).
Jiang, F., S. Han, Y-L. Hsieh, Controlled defibrillation of rice straw cellulose and self-assembly
of cellulose nanofibrils into highly crystalline fibrous materials, RSC Advances, 3(30):
12366-12375 (2013).
Hsieh, Y.-L. Cellulose Nanocrystals and Self-Assembled Nanostructures from Cotton, Rice
Straw and Grape Skin: A Source Perspective, Journal of Materials Science, 48(22): 78377846 (2013).
Jiang, F., Y.-L. Hsieh, Super water absorbing and shape memory nanocellulose aerogels from
TEMPO-oxidized cellulose nanofibrils via cyclic freezing-thawing, Journal of Materials
Chemistry A (in press)
PRESENTATIONS: 6
Hsieh, Y.-L., Nanostructures self-assembled from cellulose nanocrystals and nanofibrils,
Advancements in Fiber-Polymer Composites: Wood Fiber, Natural Fibers, and
Nanocellulose, Milwaukee, WI, May 6-7, 2013.
Hsieh, Y.-L., Super-crystalline cellulose nanofibers by self-assembling, The Fiber Society,
Geelong, Australia, May 22-24, 2013.
Hsieh, Y., Crystalline nanocellulose from non-fiber sources, ICNF2013, 1st International
Conference on Natural Fibers: Sustainable Materials for Advanced Applications, GuimarãesPortugal, June, 9-11, 2013.
Hu, S. and Y-L. Hsieh, Silver nanoparticles synthesis with lignin as a reducing and capping
agent, Division of Colloid and Surface Chemistry, Monodisperse Inorganic Nanoparticles for
Catalytic and Biomedical Applications, 246th ACS National Meeting, Indianapolis,
September 8-12, 2013.
Y.-L. Hsieh, Amphiphilic Nanofibers and Super-Absorbent Aerogels, The Fiber Society,
Clemson, SC, October 23-25, 2013.
Y.-L. Hsieh, F. Jiang and P Lu, Functional materials from self-assembled nanocellulose, Pacific
Polymer Conference, Kaoshiung, Taiwan, November 17-22, 2013.
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CONCISE GENERAL SUMMARY OF CURRENT YEAR’S RESULTS:
Robust strategies have been developed to isolate major rice straw components and generate new
nanomaterials and value-added industrial products to fully utilize rice straw components. Several
green processing options involving minimal chemical input, water use, thermal input and wastes
have been evaluated and optimized to separate the major rice straw components, i.e., cellulose,
hemicellulose, silica and lignin. Two aqueous chemical and one organo-solv processes have been
validated to be highly effective in isolating the major rice straw components. Cellulose
nanocrystals and nanofibrils with diameters 1 to 10 nm and lengths ranging from 200 nm to over
1 µm have been generated in yields as high as 97%. The two filtrates from isolating pure
cellulose from rice straw could be directly carbonized into highly porous (0.90 cm3/g), high
specific surface (997 m2/g) activated carbon particles (100 to 500 nm) and calcinated to highly
uniformly sized (100 to 120 nm) non-porous silica nanospheres, respectively. All together,
eighty percent of rice straw has been isolated and converted into advanced nanocellulose, carbon
and silica platform materials. The successful assembling of these rice straw cellulose
nanocrystals, nanofibrils into highly crystalline fibrils and super-absorbing amphiphilic aerogels,
as well as silica gel and nanoparticles can be further developed into high value-added industrial
products for wide ranging applications from consumer and industrial super-absorbents,
separation/filtration membranes, activated carbon nanomaterials to nano-composites, to name a
few.
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