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ABSTRACT: With downward pressure on the value of almond hulls (AHs), the major byproduct from the largest tree nut crop
globally, the streamlined production of several grades of cellulose nanofibrils (CNFs) toward novel aerogels with concurrent sugar
extraction was introduced to synergistically drive these products toward commercial adoption. Hot water extraction produced 50%
lignocellulose (LC) with equal water-soluble sugars from AH of a soft-shell variety. Aqueous NaOH and NaClO2/KOH treatments
isolated ca. 15% alkali cellulose and 12% cellulose, respectively. Coupled 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation
and blending yielded 88, 91, and 95% LC micro-/nanofibrils (LCMNFs), alkali cellulose nanofibrils (ACNFs), and cellulose
nanofibrils (CNFs) with, respectively, 0.76, 1.02, and 0.84 mmol/g surface carboxyls in a similar 4:1 width-to-thickness aspect ratio
and ultrahigh length-to-thickness aspect ratios (800−1900). The LCMNF aerogel was mostly wet-resilient, wet-stable, and dry/wet
shape-recoverable, whereas the most charged ACNFs gave the stiffest aerogel [31.6 kPa/(mg/cm3)].
KEYWORDS: almond hull, cellulose nanofibrils, aerogels, lignin-containing, concurrent extraction, free sugars

■ INTRODUCTION
Cellulose, nature’s most-abundant polymer,1 has been the basis
of paper and textile industries for millennia because of its
availability and remarkable versatility afforded by its physical
and chemical properties. Recently, there has been a
tremendous effort to commercialize the production and
application of nanocelluloses, the relatively crystalline nano-
scale materials derived from plants, bacteria, and marine
animals. The widths and lengths of nanocelluloses range from a
few nanometers to micrometers, with shapes ranging from rod-
like cellulose nanocrystals (CNCs) to significantly longer
cellulose nanofibrils (CNFs).
Nanocellulose materials hold tremendous promise because,

for example, they are “stronger than steel” on a per weight basis
when acting as reinforcing agents.2 Nanocrystals can readily
self-assemble into an array of highly organized liquid crystalline
structures3 and can be safely used in medical applications as
both a drug carrier and for structural remediation,4,5 and when
modified to become electroconductive,6 CNCs can be
envisioned for use in organic microcircuits or “smart clothing,”
considering that they align in magnetic fields.7

Despite all these promising developments and clear
potential, nanocellulose production has yet to scale up to the
level where large quantities are available at predictable, stable
prices. Part of the drawback is the need to isolate these
nanocelluloses from relatively pure sources of cellulose and the
resultant relatively low yield due to the harsh extraction
conditions to achieve relative purity. Thus, as a “stand-alone”
process, nanocellulose production has not taken off. Therefore,
cellulose isolation/extraction and generating nanocelluloses

from less-purified feedstock alongside valuable coproducts is an
essential consideration.
The production of tree nut crops has increased nearly 10-

fold in the past 20 years, with almonds being the largest of all
tree nut crops at 31% of the global share and 1.65 million
metric tons in 2020/2021, representing an 18% increase in
production tonnage from the previous year.8,9 California
contributes over 85% of the global almond production9−11

and, as a result, generates an increasing fraction of under-
utilized byproducts�the shells and the hulls�at nearly 3
times the dry weight of the kernels. Specifically available
beyond the kernels are 53.5% woody biomass (dead trees, tree
prunings, and shells) and 46.5% sugar-rich, fleshy, and under-
utilized almond hull (AH).12

At approximately a 2:1 mass ratio to the kernel, AHs
constitute the largest byproduct. They represent billions of
pounds annually of lignocellulosic biomass with limited use,
mainly as supplemental feed to dairy cows13−20 but could be
valorized for higher-value end uses. Importantly, AHs have up
to 60 wt % (by dry mass) water-soluble extractables,21

including nearly 50 wt % sugars,22 such as fermentable sugars
(glucose, fructose, and sucrose) and sugar alcohols (inositol
and sorbitol) as “free sugars.” These sugars are of high value to
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the feed and food industries. With the declining numbers of
dairies in California,23 almond researchers have explored new
uses, including feed for broiler chickens,24 larvae-based animal
feeds, desugared “spent hull” as a soil amendment,25 free sugars
for fermentation and natural sweeteners,22,26 and for extraction
of phenolic antioxidants for nutraceutical uses.27−29 From
stepwise forage analysis, AHs have been reported to contain
6.6−15.5 wt % cellulose and 6−10 wt % hemicellu-
lose,16−20,22,25 24.3−54.5 wt % nonfibrous carbohydrate,7,19,25

and 4.4−12.3 wt % acid-detergent lignin.17−20,22,25 Therefore,
the sugar-rich and fleshy AH is an excellent source of both
high-value commodity sugars and lignocellulosic biomass for
value-added material applications.
Nanocelluloses have most commonly been produced from

wood pulp.30 Recently, the list of nanocelluloses from
lignocellulosic biomass has expanded significantly to include
coconut husk,31 cotton linter,32 grape skin,33 tomato peel,34

rice straw,35−37 ginger fiber wastes,38 sugarcane bagasse,39,40

corn husks,41 almond shell,42 hop stems,43 and numerous other
agricultural crop residues and byproducts. Finding applications
for such unutilized or under-utilized biomass is increasingly
recognized to reduce greenhouse gas (GHG) outputs by, first,
preventing these feedstocks from ending up in waste streams
where they could decompose into methane, a very potent
GHG. Adding value to these under-utilized lignocellulosic
resources with potentially new applications of nanocelluloses
will be described in this report, providing the opportunity to go
“up the value chain” toward higher-value commercial uses. The
sheer quantity of annually available, already-collected, and
mostly under-utilized AHs presents significant opportunities
for new nanocellulose-based material developments.
This study provides critical insight into isolating CNFs from

AHs by exploring three different isolation procedures that
result in various lignocellulose (LC) to cellulose-rich fractions
for improved AH utilization. Given the remarkably high free
sugar levels (ca. 50 wt %) and relatively low cellulose content
(<16 wt %) of AHs, developing high value-added nano-
celluloses is promising when coupled with sugar extraction
from this significant almond byproduct.
To explore final end uses for these nanocellulose products

from AHs, all three AH isolates were subjected to an optimized
2,2,6,6-tetramethylpiperine-1-oxyl radical (TEMPO)-mediated
oxidation (5 mmol NaClO/g) coupled with high-speed
mechanical blending36 to study how the quantities and
qualities (dimensions, surface chemistries, and charges) of
the CNFs produced are impacted by the presence of
noncellulosics or the cellulose purity of the isolates. These
CNFs were self-assembled into aerogels by a freeze/freeze-dry
procedure44 to investigate the effects of the CNF qualities and
purities, that is, the presence of lignin and hemicelluloses, on
the hierarchical structures and mechanical and functional
properties of the aerogels. The goal is to understand how
isolation process optimization affects nanocellulose production
and product performance toward significant added value to the
under-utilized AH.
Hypotheses. (1) Streamlined LC to cellulose isolation

processes concurrently and synergistically produce water-
soluble and fermentable sugars from AHs as parallel
coproducts for full utilization. (2) The purity of the LC to
cellulose-rich isolates dictates the qualities and quantities of the
CNFs by a coupled TEMPO/blending chemical-mechanical
process, which influence the properties of the self-assembled
aerogels.

■ EXPERIMENTAL SECTION
Materials. AHs were from a soft-shell Carmel variety grown in

California. Sodium chlorite (NaClO2, 80%, Fluka), glacial acetic acid
(CH3COOH, 99.7%, ACS GR, EMD), potassium hydroxide (KOH,
85%, EM Science), sodium hydroxide (NaOH, 97%, Sigma-Aldrich),
sodium hypochlorite solution (NaClO, 11.9%, reagent grade, Sigma-
Aldrich), TEMPO (99.9%, Sigma-Aldrich), sodium bromide (NaBr,
BioXtra, 99.6%, Sigma-Aldrich), sodium hydroxide (NaOH, 1 N,
Certified, Fisher Scientific), hydrochloric acid (HCl, 1 N, Certified,
Fisher Scientific), chloroform (HPLC grade, EMD), and decane
(Certified ACS, Fisher Scientific) were used as received. All water
used is from the Milli-Q plus water purification system (Millipore
Corporate, Billerica, MA).
Isolation of Cellulose, Alkali Cellulose, and LC. AHs were

dried (50 °C, overnight), milled (60-mesh, 0.25 mm, Thomas-Wiley
Laboratory Mill model 4, Thomas Scientific, USA), and redried (2
days, 50 °C). Simple hot water extraction (70 °C, 30 min) of AH
powders (40.0 g) removed sugars and other water solubles, even
though presumably not lignin. An aqueous 4% NaOH alkali treatment
(70 °C, 5 min, twice)45 was applied to isolate cellulose-containing
lower lignin levels, or “alkali cellulose”. A three-step isolation followed
a previous report on rice straw,35 that is, organic solvent dewaxing
with 2:1 toluene/ethanol v/v (300 mL, 20 h), then delignified in 1 L
of acidified 1.4% NaClO2 (CH3COOH, pH 3.5, 70 °C, 5 h, 600 rpm),
and last treated in 5% KOH (600 mL, RT, 24 h: 90 °C, 2 h). The
three-step process was reduced to a two-step NaClO2/KOH
dissolution to isolate “aqueous cellulose” by omitting organic
extraction. All isolates were dried by freezing (−196 °C, 15 min),
followed by freeze-drying (−50 °C, 0.05 mbar, FreeZone 1.0 L
Benchtop Freeze Dry System, Labconco, Kansas City, MO) and then
solid-state characterizations and coupled chemical/mechanical defib-
rillation.
Synthesis of CNFs. Heterogeneous and regioselective TEMPO-

mediated oxidation was conducted in conjunction with isolation and,
for comparative purposes, in parallel with the formation of dried
isolates (1 g) in water (100 mL). Oxidation was achieved using 0.016
g of TEMPO catalyst, 0.1 g of NaBr cocatalyst, and 5.0 mmol/g of
NaClO oxidant and maintained at a pH of 10 ± 0.2 (0.5 M NaOH).36

Each reaction was ended once the pH ceased to decrease to record
the reaction times and neutralized to pH 7.5 (0.5 N HCl) and
dialyzed against water (12−14 kDa, ∼48 h) until the filtrate was <10
μS/cm or a pH of 5.7. The TEMPO-oxidized solids were blended
(37.5 k rpm, 30 min, Vitamix 5200), and the CNF-containing
aqueous supernatants were collected (5k rpm, 15 min, Thermo Fisher
Scientific, Megafuge 1.6 L) for determination of gravimetric yield and
characterizations.
Characterization of Aqueous CNFs. The various C6-carboxy-

lated CNF samples isolated from the different cellulose-containing
sources had the total surface charges quantified by acid−base
conductometric titration (OAKTON pH/Con 510). From each
nanofibril-containing supernatant was prepared a 50 mL of aliquot at
0.05 w/v %. To each aliquot was added 200 μL of sodium chloride
(NaCl, 0.5 M) to raise the conductivity and 50 μL of hydrochloric
acid (HCl, 1 N) to fully convert the surface carboxylates (COO−) to
carboxylic acids (COOH). Titration of each aliquot was conducted in
parallel using 0.01 N NaOH. The total COOH [σ, in mmol/g, or
mol/mol COOH/anhydroglucose unit (AGU), M = 162 g/mol] was
calculated using

c v
m

c v v
m

( )2 1= =
(1)

where c is the NaOH concentration (M), v1 and v2 are the NaOH
volume (mL) used to neutralize added free HCl and surface COOH
groups, respectively, and m is the CNF mass (g) in suspension.
Conversely, the as-is ratio of surface COO−/COOH on nanofibrils at
pH 5.7 was determined indirectly by titration without added acid. Any
consumption of NaOH was attributable to surface COOH already
present.
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The atomic force microscope was a scanning probe system
(Asylum-Research MFP-3D, Igor Pro 6.21) comprising a standard
silicon cantilever (OMCL-AC160TS). A 10 μL drop of each
nanofibril supernatant (0.0005 w/v %) was deposited on fresh flat
surfaces of hydrophilic mica substrates and dried at room temperature
(10−15 min). Then, the dried nanofibrils on the mica substrates were
observed using tapping-mode AFM at a fixed 1 Hz scan rate. The
thicknesses (T) of CNFs, ACNFs, and LCNFs were determined from
124, 70, and 35 individual nanofibrils, respectively, and the lengths
(L) were estimated from 44, 19, and 19 individual nanofibrils,
respectively. Welch’s T-tests (a = 0.05) of unequal variance were
applied for the statistical comparison of the means.
To complete the characterization of the basic morphological

parameters of the CNFs, a 10 μL drop of supernatant (0.0005 w/v %)
was deposited onto freshly glow-discharged formvar carbon grids
(300-mesh copper, Ted Pella Inc., Redding, CA) for transmission
electron microscopy (TEM) (JEOL 1230, 100 kV). Excess solution
was blotted with a filter paper, and the nanofibrils stained negatively
with 2 w/v % uranyl acetate before being allowed to dry. The widths
(W) of oCNFs and CNFs were determined from 63 and 98 individual
nanofibrils.
Additional characterization of the various nanofibril supernatants

included polarized light microscopy and transmittance using a UV−
vis spectrophotometer (λ = 300−800 nm, Evolution 600).
Solid-State Characterizations of CNFs. The raw material

isolates and 0.1 w/v % aliquots from each aqueous supernatant
were rapidly frozen (−196 °C, liquid N2) and then lyophilized (−50
°C, 24 h) in a freeze-dryer (FreeZone 1.0 L Benchtop Freeze Dry
Systems, Labconco, Kansas City, MO). Each freeze-dried fibrous mass
was used for (1) Fourier transform infrared spectroscopy (FTIR)
(Nicolet 6700, Thermo Scientific, 1:100 w/w ratio to KBr, RT, 4
cm−1 resolution, 128 scans) and (2) thermal gravimetric analysis
(TGA) (TGA-50, Shimadzu, Japan) using 5−10 mg of sample at 10
°C/min under constant flowing N2 (50 mL/min) and RT−600 °C.
Only the original AH powder, aqueous extracted cellulose, and the
corresponding CNFs were subjected to X-ray diffraction (XRD)
(Panalytical powder XRD, Ni-filtered Cu Kα radiation, λ = 0.1548
nm) recorded from 10−30° 2θ diffraction angle at 45 kV and 40 mA.
The crystallinity index (CrI, %) was calculated using the maximum
intensity of the 200 crystallographic lattice peak (Ι200) at 22.7° and
the minimum intensity (Ιam) between the 200 and 110 peak at 18.7°
by the following Segal equation:46

I I
I

CrI 100am200

200
= ×

i
k
jjjjj

y
{
zzzzz (2)

Assuming a rhomboidal cross-section of CNFs,47 wherein the
widths (W) and thicknesses (T) corresponded to the hydrophilic 110
and hydrophobic 200 crystal lattice planes, respectively, and only
accessible surface AGUs on crystalline surfaces, the concentration of
exposed primary C6 hydroxyl groups (φ,mol/mol) was calculated as

( )( )
2

1 1

W
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110 1 1 0

= ×
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where d110 and d11 0 are 0.53 and 0.61 nm d-spacings from the 2θ
diffraction peaks at 16.8 and 14.7°, respectively.
CNF Aerogel Fabrication and Characterizations. All super-

natants were simultaneously concentrated and degassed using a rotary
evaporator. Approximately, 6 mL of 0.6 w/v % aliquots was pipetted
into Pyrex glass tubes (1.4 cm wide and 5.5 cm height) before freezing
(−20 °C, overnight) to form a cryogel, which were then freeze-dried
(−50°C, 0.05 mbar) into aerogels.
The density of each cylindrically shaped aerogel (ρa, mg/cm3) was

calculated following the determination of the diameter (cut to 1.0 cm
height) using a digital caliper (0.01 cm resolution) and the weight
(0.1 mg resolution). The porosity (φ, %) was calculated as

1 100a

c

= ×
i
k
jjjjjj

y
{
zzzzzz (4)

where ρc is the density of crystalline cellulose (1.6 g/cm3).48 The pore
volume (cm3/g), also expressed as the absorption capacity (mL/g),
was calculated as

Capacity
a

=
(5)

A one-way analysis of variance (ANOVA) (a = 0.05) was applied
for the statistical comparison of the means of the density, porosity,
and absorption capacity of the aerogels. The measured absorption
(mL/g) of water and decane was determined by weighing each
aerogel in the dry state (w0) and the fully saturated state (ws), or

w w
w

Absorption s 0

0
l= ÷

i
k
jjjjj

y
{
zzzzz (6)

where ρl is the liquid density (g/mL). The absorption percentage (%)
of the aerogel was calculated as

Table 1. Properties of TEMPO-Oxidized Nanocelluloses from Various AH Isolates
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Absorption percentage

(measured absorption capacity) 100%= ÷ × (7)

and was indicative of the aerogel cellular structure (open vs.
closed). Specifically, the cellular structure of the aerogels was
characterized by imaging of 1 mm radial cross-sections placed on
glass slides for light microscopy and fixed onto conductive carbon
tape and gold sputter-coated for scanning electron microscopy (SEM)
(SEM QUATTRO Environmental S, Thermo Scientific, 5 kV, 10 mm
working distance). Compressive tests were performed on 1 cm tall
aerogels using an Instron 5566 equipped with a 5 kN load cell and
constant 1 mm/min loading−unloading rates. Compressions in the air
were at 21 °C and 65% relative humidity, and compressions in the
water were conducted inside a glass container at pH 5.7. The specific
Young’s modulus [Ep, kPa/(mg/cm3)] of each aerogel was normalized
by its density and calculated from the slope of the linear elastic regime
of the stress−strain curves.

■ RESULTS AND DISCUSSION
Isolation of LC and Celluloses from AHs. Milled AH

powders were light brown in color, as expected from the
presence of lignin chromophores and more than a dozen other
phenolic antioxidants or glycosylated flavonoids.27−29 Hot
water extraction (70 °C, 30 m) of AH powders removed 48.6
wt % water solubles as a brown and aromatic effluent and an
insoluble 51.4 wt % “LC” isolate (Table 1), similar to the 46.3
wt % water-soluble sugars of Nonpareil AHs outlined by
Holtman et al.22 making this hot water-alone extraction most
compatible with sugar-removal processes for LC.
The two-time sodium hydroxide extraction (4% NaOH, 70

°C) documented for simultaneous and substantial removal of
both water solubles and insoluble noncellulosics (hemi-
celluloses and lignin) from rice straw45 gave a deep brown to

purple/black effluent and yielded a 15 wt % off-white “alkali
cellulose” presumably containing minimum lignin (Figure 1).
Alternatively, in the two-step NaClO2 and KOH extraction,
acidified 1.4% NaClO2 treatment (70 °C) removed 67.0 wt %
mass in a deep brown effluent with a sugary aroma and gave a
dark brown isolate. Note that NaClO2 decomposes to chlorine
dioxide (NaClO2 + CH3COOH → ClO2 + CH3COONa +
H+),48,49 which is effective in oxidizing phenolic, allylic methyl,
or methylene lignin groups,49,50 and so, this significant mass
loss in the effluent likely contained lignin as well as acid
solubles and water solubles. Subsequent leaching with 5%
KOH (90 °C) removed another 24.0 wt % of, presumably,
hemicelluloses and possibly residual lignin and base-soluble
polyphenols in a deep brown sugary aroma effluent and yielded
a 11.7 wt % white/off-white relatively pure “aqueous cellulose”.
Soxhlet organic extraction of AH powders removed 3.2 wt %

epicuticular waxes to give 96.8 wt % organic-extracted AH
without a change in color (Figure 1). Ultimately, “organic-
extracted cellulose” was isolated at 12.1 wt % (0.4 wt % higher)
with similar white/off-white color after removing 63.5 wt %
mass by NaClO2 and 20.7 wt % mass by KOH. These two
different NaClO2/KOH isolation procedures were important
to explore because, previously, extracting epicuticular waxes
before aqueous pretreatment of grape skins, rice straw, and
tomato peels produced the purest form of cellulose for
nanocellulose production.33−35 While the 1.7−3.3 wt % wax
contents of hulls are similarly low,16,18,20 the ca. 12 wt % yields
of cellulose with and without organic extraction (12.1 vs 11.7
wt %) suggest that the dewaxing step is superfluous. More
significantly, omitting this dewaxing step avoids the use of the
less environmentally friendly organic solvents.

Figure 1. Scheme for organic-extracted cellulose, aqueous cellulose, alkali cellulose, and LC isolations from AHs. All yield values (wt %) are based
on the original dry mass of AH.
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Figure 2. AH isolates and CNFs: (a,b) FTIR; (c) conductometric titration of aqueous CNF supernatants; and (d) titration of surface carboxyls
without added acid.

Figure 3. Visual appearances of aqueous supernatants of (a) CNFs, (b) ACNFs, and (c) LCMNFs; UV−vis transmittance of (d) CNFs and (e)
ACNFs and LCMNFs; optical microscopy images of LCMNFs at 0.6 w/v % as (f) supernatant under cross-polar (yellow circles indicating lignin)
and (g) oven-dried film (50 °C, 24 h) under transmission and (h) oven-dried film under cross-polar.
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FTIR of the LC isolate was virtually indiscernible from that
of AH powders, that is, confirming the presence of lignin and
hemicellulose with the 1516 cm−1 aromatic skeletal vibrations
and 1729 cm−1 carbonyl C�O stretching, respectively, the
characteristic 897 cm−1 (C1−O−C4) glycosidic stretching and
3300 cm−1 backbone O−H stretching peaks of cellulose, and
the 1631 cm−1 O−H deformation from adsorbed moisture
(Figure 2a). The alkali NaOH treatment seemed to effectively
remove lignin, while the 1729 cm−1 shoulder and new 2920
and 2840 cm−1 peaks of CH2 stretching indicated residual
hemicelluloses and possibly glycosylated flavonoids responsible
for its off-white appearance. The spectrum of organic-extracted
cellulose showed no other compounds, thus implying complete
removal of all noncellulosic moieties, while the shoulder at
2840 cm−1 of the aqueous cellulose suggested minor
impurities.51

Nanofibrils by Coupled TEMPO Oxidation and
Blending. TEMPO-mediated oxidation under basic condi-
tions (pH 10) at a fixed 5 mmol NaClO per gram of AH
isolates converted accessible primary C6 hydroxyls to charged
sodium carboxylates (COO−Na+).30 Accessible hydroxyls
were presumably within the amorphous regions and/or at
crystalline−amorphous interfaces, given a heterogeneous
reaction on a semicrystalline material.30,32,36 The TEMPO
reaction time decreased with increasing impurity of the sample
attributable to the consumption of oxidants by the non-
cellulosics which contained more accessible hydroxyls (Table
1). Despite the lowest purity of the LC sample, the TEMPO/
blending resulted in LC nanofibrils (LCNFs) at a notable 88%
yield in the supernatant, that is, essentially complete
conversion of AHs into water-soluble sugars and water-
dispersible LCNFs by sequential hot-water extraction and
TEMPO/blending alone. The conversion of alkali cellulose
into alkali CNFs (ACNFs) was 91%. Overall, the conversions
of LCNFs and ACNFs from crude AH powders were 45.2 and
13.7%, respectively, which were nearly 4 times and slightly
higher than the purified cellulose content (ca. 12 wt %). While
the LCNF seemingly contained significant lignin, hemi-
celluloses, and other noncellulosics, the entire conversion of
the purest celluloses into aqueous-extracted CNFs and organic-
extracted CNFs (oCNFs) at 95 and 97% gravimetric yields, or
11.1 and 11.7% of crude AH, respectively, indicated the
increasing purity of the differently isolated celluloses. Still,
water-extracted and TEMPO-blended LCNFs were the most
streamlined and economical.

The varying visual appearances of the aqueous supernatants
corroborated the presence of noncellulosic contents (Figure
3a−c). At the same time, the decreasing visible light
transmission was mostly attributable to the nanofibril
quantities and qualities (dimensions, surface chemistries, and
charges) (Figure 3d,e). Given the direct relationship of
increased light scattering as the wavelength approaches the
diameter of a particle,52 the higher light scattering of the
LCNFs and ACNFs was attributable to larger and/or longer
nanofibrils. The exceptionally higher scattering of the LCNF
supernatant prompted further observation by light microscopy
of aqueous and air-dried aliquots, showing additional micro-
scale lignin aggregates and 3−12 μm wide and 80−340 μm
long cellulose microfibrils (Figure 3f−h). The primary
supernatant (88%) was further centrifuged (11k rpm, 21.6
kg) to give just 6% LCNFs with the rest or 82% being
microfibrils, thus the initially termed LCNF hereon was
designated as LC micro-/nanofibrils (LCMNFs) (Table 1). By
comparison, both secondary supernatants of the other CNFs
and ACNFs contained essentially 100% nanofibrils.
FTIR of the various freeze-dried supernatants all showed

dissociated sodium carboxylate peaks at 1612 and 1431 cm−1

(Figure 2b), corroborating TEMPO oxidation of the cellulose
hydroxyls. Notably, the C�O stretching of carboxylic acid at
1736 cm−1 on LCNFs and 1725 cm−1 on ACNFs and the 2920
and 2840 cm−1 CH2 stretching bands and 1247 cm−1 xylan C−
O stretching on both LCNFs and ACNFs were reminiscent of
hemicellulose moieties.
Conductometric titration of each aqueous supernatant

followed protonation with excess HCl. The total surface
carboxyl contents were 0.76, 1.02, 0.84, and 0.91 mmol/g for
the LCNFs, ACNFs, CNFs, and oCNFs, respectively (Figure
2c and Table 2). Titration of the as-is CNF supernatant at
neutral pH 7.5 and in the absence of added HCl showed 0.08
mmol/g surface carboxylic acids (Figure 2d), or 9.5% COOH
and 90.5% COO−Na+, consistent with the dominant 1612
cm−1 peak of dissociated sodium carboxylates (Figure 2b).
While all three CNFs carry surface charges, the unique
presence of carboxylic acid peaks observed in the spectra of
LCNFs and ACNFs indicated surface-bound hemicellulosic
glucuronic acids. The highest 1.02 mmol/g carboxyls on the
ACNFs supported this conclusion of additional hemicellulosic
carboxyls, and the lowest 0.76 mmol/g carboxyl content on
LCNFs was consistent with the shortest reaction time.
The TGA spectra of the organic-extracted cellulose and

aqueous cellulose showed similar thermal profiles with

Table 2. Comparison of CNFs and Their Aerogel Properties

ACS Agricultural Science & Technology pubs.acs.org/acsagscitech Article

https://doi.org/10.1021/acsagscitech.2c00264
ACS Agric. Sci. Technol. 2023, 3, 140−151

145

https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=tbl2&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.2c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significant mass loss at ∼355 °C (Tmax) and ∼4% char at 600
°C. Notably, the organic-extracted cellulose was most
hygroscopic, releasing ∼5% moisture at 150 °C (Figure 4a).
The CNFs had higher moisture absorption of 7.1 and 10.2%
char but a lowered Tmax of 266 °C (Figure 4b). The XRD of
CNFs showed monoclinic cellulose Ιβ peaks at 14.7, 16.8, and
22.7° with a crystallinity index (CrI) of 0.47 versus the 0.58 of
aqueous cellulose (Figure 4c). This 11% lower crystallinity of
nanocellulose was consistent with the effect of chemical/
mechanical defibrillation. By comparison, aqueous-extracted
(NaClO2/KOH) cellulose from the almond shell showed a 7%
decrease from 0.66 to 0.59 CrI for CNFs following identical
TEMPO/blending.42

Characterization of Nanofibril Dimensions. The
dimensions of CNFs were determined by atomic force
microscopy (AFM) and TEM. The TEM widths (W) of
oCNFs and CNFs were 5.54 (±0.29) and 5.66 (±0.79) nm,
respectively (Figure 5a,b and Table 2), showing no statistical
difference (p > 0.05, Welch’s T-test). Organic solvent dewaxing
did not cause significant differences in the yields of purified
celluloses and their chemical compositions nor the yields and
dimensions of their CNFs. Therefore, only CNFs derived from
aqueous cellulose without organic extraction were charac-
terized hereon.
For CNFs, ACNFs, and LCNFs, the thicknesses (T)

determined via AFM were 1.39 (±0.37), 1.05 (±0.29), and
1.43 (±0.29) nm, and lengths (L), which were more difficult to
measure via AFM, were 1.11 (±0.19), 2.04 (±0.58), and 2.1

(±0.65) μm, respectively (Figure 6a−c and Table 2). All CNFs
were uniquely anisotropic with a 4:1 width to thickness (W/T)
aspect ratio and L/T aspect ratios of 799, 1943, and 1469 for
CNFs, ACNFs, and LCNFs, respectively. The much higher L/
T anisotropy of the ACNF and LCNFs is consistent with the
reduced cellulose chain scission from the consumption of the
oxidant by the lignin and hemicelluloses present. Meanwhile,
imaging of the LCNF supernatant showed 5−50 nm diameter
nanoaggregates which were likely lignin liberated by
hypochlorite oxidative cleavage53 and mechanical shearing by
blender (Figure 6c). Similar lignin-containing aggregates have
been reported via grinding,54,55 high-pressure homogenization/
microfluidization,56 blending/ultrasonication,57 acidic deep
eutectic solvent/blending,58 TEMPO/high-energy fluidiza-
tion,59 and screw extrusion.60

In order to calculate the CNF surface charge density from
TEMPO oxidation, several assumptions were made about the
crystalline surface planes of CNFs based on previous work.61

First, the surface plane along the width corresponds to the
hydroxyl-rich and hydrophilic 110 lattice plane exposed on
both top and bottom surfaces. Therefore, the 1.39 nm
thickness of CNFs corresponds to the (more hydrophobic)
200 crystal lattice plane. Assuming a rhomboidal cross-
section,47 the total C6 surface hydroxyl content per exposed
AGU on the top and bottom of CNFs was calculated to be
0.584 mol/mol. Hence, the 0.84 mmol/g charges or 0.136
mol/mol carboxyl/AGU on CNFs is equivalent of a 23% C6
hydroxyl-to-carboxyl conversion by TEMPO oxidation. The

Figure 4. Characterization of AH, purified celluloses, and CNFs: (a) TGA/dTGA of freeze-dried AH powders, organic-extracted cellulose, and
aqueous celluloses; (b) TGA/dTGA of freeze-dried CNFs; (c) XRD.

Figure 5. Characterization of TEMPO-oxidized CNFs from aqueous cellulose: (a) TEM image; (b) width and (c) length distributions. Aggregates
in (a) are uranyl acetate from negative staining.

ACS Agricultural Science & Technology pubs.acs.org/acsagscitech Article

https://doi.org/10.1021/acsagscitech.2c00264
ACS Agric. Sci. Technol. 2023, 3, 140−151

146

https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00264?fig=fig5&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.2c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


same TEMPO/blending of aqueous-extracted almond shell
cellulose produced 5.2 nm wide, 1.2 nm thick, and ∼1 μm long
CNFs at 92% yield, that is, similar 4.3 W/T lateral anisotropy,
but higher 1.3 mmol/g (0.211 COOH/AGU) surface
carboxyls and 61% C6 hydroxyl-to-carboxyl conversion.42

Therefore, while the AH and shell from the same variety

produced CNFs in similar dimensions and yields, the less-
crystalline AH (0.58 vs 0.66 CrI) produced CNFs with lower
crystallinity (0.47 vs 0.59 CrI), surface carboxyl (0.91 vs 1.3
mmol/g), and C6 hydroxyl-to-carboxyl conversion (23 vs
61%) in comparison to almond shell CNF from the same
TEMPO/blending process.

Figure 6. AFM of (a) CNF, (b) ACNF, and (c) LCNF (0.0005 w/v %) with the corresponding thickness and length distributions given below.
Lignin nanoparticles are indicated by arrows in (c).

Figure 7. AH aerogels: (a) photographic images of CNF, ACNF, and LCMNF aerogels (left to right); (b−d) optical microscopic images of the
corresponding radial cross-sections from the corresponding aerogels above in (a); (e,f) SEM images of radial and longitudinal sections (<1 mm) of
the CNF aerogel; (g) cross-section at 45° orientation of the LCMNF aerogel with arrows pointing at lignin aggregates in cell walls.
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Effect of Nanofibril Qualities on the Properties of
Aerogels. Slow and isotropic freezing (−20 °C, overnight) of
the various supernatants and freeze-drying produced aerogels
with significant (>95%) volumetric retention (Figure 7a).
Optical microscopy of the radial cross-sections of aerogels
revealed cellular structures with sub-millimeter size pores
surrounded by semitransparent super-thin walls (Figure 7b−
d). SEM imaging of the cross-sections of CNF aerogel
confirmed isotropic and interconnected open cells with widths
of 201 μm (±54) and 169 μm (±72) in the, respective, radial
and longitudinal directions (Figure 7e,f). Notably, lignin
aggregates were also observed as surface-bound or interfi-
brillar-embedded in the cell walls of the LCMNF aerogel
(Figure 7g).
All three types of aerogels had ultra-low density (6.7−7.3

mg/cm3), ultra-high porosity (99.6−99.7%), and ultra-high
pore volume (143−150 cm3/g) (Table 2), all statistically equal
(p > 0.05, one-way ANOVA). All three aerogels were
amphiphilic superabsorbents of polar water (110−133 mL/g)
and nonpolar decane (112−127 mL/g). The CNF aerogels
were slightly more hydrophilic, absorbing 133 mL/g water and
117 mL/g decane, whereas the ACNF and LCMNF aerogels
were similarly hydrophilic and hydrophobic. The polar and
nonpolar liquid absorption values were 77−90% and 78−87%
of the pore volumes, respectively (Table 2), signifying the
open-cell nature of the majority of pores in these aerogels. The
amphiphilic surfaces of the cellular walls, on the other hand,
supported the notion that TEMPO/blending exposed both the
hydrophilic and hydrophobic crystalline surfaces of nanofibrils
as proposed earlier and these nanofibrils self-assemble
randomly to expose both hydrophilic and hydrophobic
surfaces.
Compression stress−strain curves of aerogels obtained in the

height direction of the cylindrical samples showed a linear

elastic regime of bending of the cell walls (ε ≤ 10%), a stress
plateau of progressive cell collapse (10% ≤ε ≤ 60%) and,
ultimately, the complete collapse of all cell walls (ε ≤ 80%)
(Figure 8a), typical of 3D cellular solids.62 While all three
aerogels had similar densities, the specific modulus (Eρ,ε < 2%)
of the ACNF aerogel was 31.6 kPa/(mg/cm3) or 2.4 times of
the 13.1 kPa/(mg/cm3) of the CNF aerogel, yet had 8.0 kPa/
(mg/cm3) strength or just a third higher than the 6.0 kPa/
(mg/cm3) of CNF aerogel at 80% strain (Table 2). The
LCMNF aerogel showed drastically lower 0.6 and 1.6 kPa/
(mg/cm3) specific modulus and strength, respectively, only 2
and 20% of the strongest ACNF aerogel. However, while
extremely tough, the ACNF and CNF aerogels only recovered
to 20 and 16% strain upon unloading (0 kPa stress) after 40%
strain (Figure 8b). Conversely, the LCMNF aerogel could
recover to 90% height and 95% width from sequential
longitudinal-then-lateral, loading−unloading to 40% strain
(Figure 8c).
In water, ACNF and CNF aerogels exhibited dramatically

decreased wet compressive modulus and strength by
approximately 1 order of magnitude. Yet, LCMNF aerogel
with least-dry compressive modulus and strength retained most
of its modulus but lost nearly all its strength in water (Figure
8d and Table 2). The dramatic reduction in the mechanical
performances of all aerogels from dry to wet states indicated
the dominance of intracellular wall interfibrillar polar and
hydrogen bonding since water is highly effective in breaking
these hydrophilic interfacial CNF associations. Still, the ACNF
aerogels had the highest wet strength, attributable to the
superior self-assembly of ACNF with highest surface hemi-
cellulosic carboxyls (1.02 mmol/g) and highest L/T ratio.
The LCMNF aerogel was the most dry-resilient and shape-

recoverable in air, attributable to the microfibril cell wall
composition (Figure 8e). These microfibril aerogels showed

Figure 8. Uniaxial compressive stress−strain (σ−ε) properties of aerogels (10 mm height and 14 mm diameter) from 0.6 w/v % CNF, ACNF, and
LCMNF: (a) loading to 80% strain in air; (b,c) loading−unloading from 0 to 40% strain in air; (d) loading−unloading from 0 to 80% in water; (e)
compression and recovery of dry LCMNF aerogel in the longitudinal (top) and lateral (bottom) directions; (f) LCMNF aerogel wet recovery and
resilience following hand compressions (ε ≥ 95%).
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impressive wet resilience by remaining intact in water for >14
days and had water-activated shape recovery (Figure 8f). By
comparison, both ACNF and CNF aerogels prepared herein
disintegrated upon being submerged in water in 2 days. The
unique wet stability of the LCMNF aerogels suggested the
benefiting role of the noncellulosics by serving as intermicrofi-
bril and internanofibril cementing agents. Previously, residual
lignin moieties enhanced the wet mechanical performance of
CNF films.56,63 The presence of residual lignin and hemi-
celluloses on the LCMNF surfaces may enhance interfibrillar
bonding or hydrophobic and/or hydrophilic interactions.
Both the 13.1 kPa/(mg/cm3) specific modulus and 6.0 kPa/

(mg/cm3) strength of the CNF aerogel were 2 times higher
than those (6.7 and 3.1) of TEMPO-CNF aerogel prepared
from organic-extracted rice straw CNF by the same TEMPO/
blending process.44 The 2-fold higher stiffness of the AH
aerogel was attributable to the uniquely anisotropic CNF cross-
sectional dimensions of nearly 3-fold larger hydroxyl-rich and
hydrogen-bonding width (Figure 6d). Only a rice straw CNF
aerogel chemically cross-linked with MDI had a higher 18.2
kPa(mg/cm3) specific modulus and 5.7 kPa(mg/cm3)
strength.64 Remarkably, even the ACNF aerogel was 1.7
times stiffer [31.6 kPa/(mg/cm3)] and 1.4 times stronger [8.0
kPa/(mg/cm3)] than the MDI-crosslinked aerogel, again
attributable to the ultrahigh-aspect-ratio ACNFs.
As final remarks, this study has established a process for

combining sugar extraction with streamlined production of
nanocelluloses from AH, a significant agricultural byproduct,
that synergistically adds value to this under-valued biomass
source. Specifically, concurrent extraction of valuable free
sugars and production of high value-added CNFs result in two
commercially viable products: (1) clean, food-grade sugar and
(2) CNFs with unique attributes for self-assembly into wet-
resilient aerogels for bio-degradable sponges and super-
absorbents. This study has demonstrated a process roadmap
to deliver significant value to under-utilized AH in the form of
nanocelluloses and sugar coproducts, particularly in terms of
sustainable industrially scalable chemical-mechanical process-
ing of upcycled crude LC into CNFs of diverse qualities using
TEMPO oxidation with minimal environmental footprint.65,66
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