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Here we report the production of highly thermal stable and functional cellulose nanocrystals (CNC) and
nanofibrils (CNF) by hydrolysis using concentrated organic acids. Due to their low water solubility, these
solid organic acids can be easily recovered after hydrolysis reactions through crystallization at a lower or
ambient temperature. When dicarboxylic acids were used, the resultant CNC surface contained carboxylic
acid groups which facilitate functionalization and dispersion in aqueous processing. The carboxylic acid
group content was 0.1-0.4 mmol g~* for CNC produced from a bleached eucalyptus kraft pulp (BEP)
using oxalic acid at concentrations of 50-70 wt%. The onset thermal degradation temperature for the
CNC was increased to 322 °C from 274 °C for the feed BEP fibers, compared with 218 °C for CNC pro-
duced from the same feed fibers using conventional concentrated sulfuric acid hydrolysis. The low
strength (high pK,) of organic acids also resulted in CNC with longer lengths of approximately
275-380 nm and higher crystallinity than those produced using mineral acids. Fibrous cellulosic solid
residue (FCSR) collected from acid hydrolysis was an excellent feedstock for producing CNF through sub-
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tional and commercially proven crystallization method makes these organic acids uniquely suitable for
sustainable and green production of cellulose nanomaterials. The resultant CNC and CNF with high

www.rsc.org/greenchem thermal stability and a large aspect ratio are excellent for bio-composite applications.

Currently, CNC is mainly produced by acid hydrolysis of

Introduction

Cellulose is a renewable natural polymer and can be sustain-
ably produced from lignocellulosic plant biomass that is avail-
able in large quantities in many regions of the world.
Worldwide annual production of cellulose is approximately 75
to 100 billion tons."” Cellulose nanomaterials such as cellu-
lose nanocrystals (CNC) have attracted great attention recently
due to their unique mechanical and optical properties®® with
potential to produce a variety of renewable and biodegradable
products for a sustainable future.””® Economic and environ-
mentally sustainable production of CNC, however, is the key
aspect to achieve these potentials.
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non-crystalline cellulose using concentrated mineral acids®*
which was developed in the 1940s and 1950s."”™*® The main
concerns with using mineral acid hydrolysis are: (1) the
difficulties in economic acid recovery (approximately 9 kg
H,S0, per kg CNC using sulfuric acid) and the requirement
for disposal of a large amount of salt (approximately 13 kg
Na,SO, per kg CNC) from acid neutralization; (2) the low
thermal-stability of the resultant CNC, especially when sulfuric
acid is used due to the presence of sulfate groups™ though
sodium exchange can increase the thermal stability to that of
the feedstock cellulose, which limits CNC application to a very
large market of nanocomposites processed at relatively high
temperatures; (3) the difficulties in functionalization of CNC
due to the presence of sulfate groups from sulfuric acid; and
(4) low CNC yield of approximately 30-50% reported by most
literature studies and pilot plant operations under the so
called standard hydrolysis conditions (64 wt% acid concen-
tration at 45-50 °C for approximately 60 min). Recent studies
in our laboratory indicated that acid concentration was a criti-
cal parameter in dictating the CNC yield and morphology.'®*°
CNC yield of 75% was achieved using a bleached kraft
eucalyptus pulp with a cellulose content of approximately
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80%. Overall, CNC production using concentrated mineral
acid hydrolysis remained environmentally unsustainable, very
expensive, and economically out of reach for most product
development applications.

Enzymatic hydrolysis is environmentally friendly and was
also employed together with mechanical fibrillation to
produce CNC,>" however, the isolation of CNC from a mixture
of cellulose fibrils with large variation in size after mechanical
processing needs to be demonstrated. Furthermore, a substan-
tial amount of mechanical energy is required to disintegrate
enzymatically hydrolyzed cellulose fibers into nanofibrils or
nanocrystals.”>** In addition, the resultant CNC is difficult to
disperse and functionalize. The thermal stability of enzymatic
CNC is limited to that of the feed fibers.

Current knowledge on cellulose ultrastructure suggests that
acid hydrolysis is the only pathway for producing CNC by
hydrolysis of the non-crystalline cellulose. Oxidation chemistry
was, however, also applied to produce rod-like cellulose nano-
particles that were also termed CNC.>***> Oxidation resulted in
CNC with reduced thermal stability.*® Furthermore, chemical
recovery is not possible as oxidants are consumed. Moreover
potential toxic compounds may be produced through the reac-
tions of the oxidants with lignocellulosic components.
Because of the low solid loading for oxidation reactions, a sub-
stantial amount of waste water needs to be treated.

Solid acids have been used to hydrolyze cellulose for sugar
production with the advantage of easing acid recovery.?”>°
Recently, phosphotungstic acid was used to produce CNC with
good yield but a very long reaction time of 30 h was required.*®
Furthermore, the resultant CNC was not functionalized, with
low surface charge and therefore poor dispersion. The thermal
stability was the same as that of the feed fibers. In the current
study we use a selective category of solid organic acids to
produce CNC through hydrolysis. These organic acids have low
water solubility at ambient temperatures and therefore can be
crystallized for low cost acid recovery, but are highly soluble at
elevated temperatures resulting in effective hydrolysis of hemi-
celluloses and depolymerization of cellulose at high concen-
trations. When using certain dicarboxylic acids, the hydrolyzed
cellulosic materials can be functionalized with carboxyl groups
as shown in Fig. 1, through Fischer-Speier esterification®" of
one carboxyl group. This differs from reported studies using
acetic or butyric acid (single carboxylic acids) hydrolysis that
produced only esterified, but not carboxylated, cellulose nano-
whiskers through subsequent mechanical agitation®* or ultra-
sonication®® with the assistance of a mineral acid. Cellulose
esterification by poly-carboxylic acids is well known for cellu-
lose crosslinking.*® Moreover, Allen and Cuculo®® provided a
comprehensive review on forming semi-acid ester (or carboxy-
lation) rather than crosslinked cellulose using poly-carboxylic
acids. The focus of the past work reported in the review,
however, was on enhancing crosslinking and reducing cellu-
lose depolymerization or degradation using catalysts for textile
applications.

We hypothesized that a certain degree of cellulose depoly-
merization or degradation can be beneficial for producing
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Fig.1 A schematic diagram shows cellulose carboxylation by dicar-
boxylic acids through esterification of one carboxyl group.

cellulose nanomaterials without affecting the performance
properties of end products, contrary to applications in textiles.
We, therefore, can conduct simple hydrolysis reactions using
dicarboxylic acids for producing carboxylated CNC without
employing complex chemistry, such as salts, catalysts, or sol-
to inhibit cellulose depolymerization. The selection of
carboxylic acids, however, needed to meet certain criteria, ie.,
solid acid for promoting acid recovery, and moderate acid
strength (pK, ~ 1.0-3.0) for effective hydrolysis of hemicellu-
loses and non-crystalline cellulose and depolymerization of
cellulose. High acid concentrations were used to minimize cel-
lulose crosslinking®® while enhancing esterification and there-
fore maximizing carboxylation, and to allow acid recovery and
reactions being conducted under non-boiling conditions
without using pressure vessels.

Mineral acids were not used in the present study to avoid
complication. Only a small fraction of cellulose was hydrolyzed
to CNC as expected due to the lower strength of organic acids
compared to mineral acids such as sulfuric acid, with a
majority of cellulose remaining as partially hydrolyzed fibrous
cellulosic solid residue (FCSR). However, FCSR can be used to
produce cellulose nanofibrils (CNF), another kind of cellulose
nanomaterials, through subsequent mechanical fibrillation, to
achieve integrated production of CNC with CNF as we demon-
strated previously using sulfuric acid.”®” Furthermore, the
yield and morphologies of CNC and CNF can be tailored by
controlling reaction severity (e.g., acid type, concentration,
reaction temperature and time) and the intensity of sub-
sequent mechanical fibrillation. The overall solid yield (CNC +
CNF) was very high. Only hemicelluloses were hydrolyzed to
sugars that can also be recovered as they are not crystallized
with acid.

vents,*

Results and discussion
CNC and CNF yields

The recyclable organic acid hydrolysis (ROAH) approach
used in this work is schematically presented in Fig. 2. Acid

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 A schematic flow diagram of experiments for integrated CNC and CNF production with recovery of organic acids.

hydrolysis experiments on a bleached kraft eucalyptus pulp (BEP)
were carried out over a range of acid concentrations (30-80 wt%),
hydrolysis temperature (80-120 °C) and time (30-240 min)
using oxalic (O), maleic (M), and p-toluenesulfonic (T) acids.
The chemical composition of BEP was glucan 78.1 + 1.0%,
xylan 15.5 + 0.6%, and Klason lignin 0.1 = 0.1%.>* The yields
of CNC and FCSR along with reducing sugar recovery from
these experiments are listed in Table S1 (ESIT). The reducing
sugar recovery was measured using the DNS assay of the hydro-
lysates.*® Xylose was the major sugar for runs under low sever-
ity (short time) hydrolysis conditions as revealed from HPLC
analyses of selected hydrolysates (Table S17), suggesting that
glucan dissolution was minimal. The results suggest that xylan
solubilization was substantial under most of the hydrolysis
conditions, e.g., more than 60% of the xylan were hydrolyzed
at an acid concentration of 60 wt% or higher or a reaction time
over 60 min at 100 °C or higher using oxalic acid. The low
glucan dissolution (<10%) was also corroborated by the high
yield of total solids (CNC + FCSR). CNC yield was low with the
highest yield of approximately 25% due to insufficient hydro-
lysis®>° because the dicarboxylic acids are weaker (pK, = 1.25
and 1.9 for oxalic and maleic acid, respectively) than mineral
acids such as sulfuric acid (pK, = —3.0). The run using
p-toluenesulfonic acid, a strong organic acid (pK, = —2.8), was
conducted at a low acid concentration of 50 wt% (even lower in
molar base compared with the lower molecular weight of sul-
furic acid) to achieve sufficient hydrolysis. Our previous
studies indicated that a sulfuric acid concentration of 56 wt%

This journal is © The Royal Society of Chemistry 2016

is the critical point to achieve sufficient hydrolysis for high
yield of CNC."?°

CNC and CNF morphology

To facilitate discussion, the CNC and CNF samples are labelled
using abbreviated hydrolysis conditions as (Axx, xxx, xx) to rep-
resent acid (A = O for oxalic; = M for maleic; = T for p-toluene-
sulfonic; = B as benzenesulfonic acid) loading in wt%, reaction
temperature in °C, and duration in min. In general, CNC was
produced as revealed by AFM topographic images (Fig. 3a-d)
using oxalic acid under several conditions. The AFM images
clearly showed good CNC dispersion. The diameters of the CNC
were approximately 15 nm. Fiber bundles or crystal aggregates
can be clearly seen from the 15 pm scans (top panel of Fig. 3)
due to the weak acidity of oxalic acid, especially at low acid
loading of 50 wt% (Fig. 3a). Increasing acid loading and reac-
tion time improved crystal separation with more uniform CNC
particle diameters (Fig. 3b-d). Furthermore, increasing centri-
fuge speed can also reduce aggregates in the accepted CNC with
reduced yield. However, the rejected aggregates can be sub-
sequently fibrillated to CNF. AFM topographic measurements of
crystal heights were used as CNC diameters, which confirmed
the improved separation of crystal aggregation (Fig. 4). The
number averaged CNC particle lengths were 377 nm, 290 nm,
278 nm, and 273 nm for the four CNC samples shown in
Fig. 3a-d, respectively, as determined by image analyses (Image
J 1.47 v, National Institute of Health, USA) through randomly
picking approximately 70 CNC particles for each sample. These

Green Chem., 2016, 18, 3835-3843 | 3837
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Fig. 3 AFM topographic images of the CNC samples produced under various oxalic acid hydrolysis conditions. Scale = 5 um, 500 nm in the top and
bottom panel, respectively. (a) (050, 100, 45); (b) (060, 100, 45); (c) (070, 100, 45); (d) (060, 100, 90).
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Fig. 4 Probability density distributions of AFM topography measured
heights of the CNC samples shown in Fig. 3.

CNC lengths are longer than the conventional sulfuric acid pro-
duced CNC under standard conditions.'® Increased hydrolysis
severity reduced average CNC length. Based on these measured
averaged CNC lengths and heights, the average CNC aspect
ratios were 13.4, 22.8, 14.6, and 27.3, respectively, for the four
samples shown in Fig. 3a-d.

Subsequent mechanical fibrillation of various partially acid
hydrolyzed FCSR samples using microfluidization produced

3838 | Green Chem., 2016, 18, 3835-3843

CNF with varied morphologies as shown in Fig. 5a—-c. The mor-
phology of the CNF from the FCSR resulting from acid hydro-
lysis at low acid concentration of 50 wt% was a slightly
entangled fibril network (Fig. 5a). The number averaged fibril
lengths and diameters were 1096 and 8.5 nm, 624 and 5.1 nm,
481 and 5.2 nm, respectively, for the three samples shown in
Fig. 5a-c based on similar measurements for CNC described
above. Increasing acid concentration or reaction severity
resulted in CNF as individual fibrils with short lengths and
diameters (Fig. 5b and c). This suggests that acid hydrolysis
substantially facilitated mechanical fibrillation of the resultant
FCSR due to the reduced degree of polymerization (DP). The
DP of the FCSR samples corresponding to the CNF samples
shown in Fig. 5a-c measured by a TAPPI Standard method
(TAPPI T230 om-08) were 287, 265, and 239, equivalent to
molecular weights of approximately 46 460, 42 880, and 38 730,
respectively. Hydrolysis at (070, 100, 45) may have over hydro-
lyzed BEP to a low DP of 239 to result in shorter CNF whisker
like particles with an average length of 480 nm (Fig. 5c). This
also suggests that fewer passes in microfluidization or energy
input than used here are needed. These whisker-like CNF may
be called CNC as reported in some literature.”" In this way, we
can produce chemical (acid hydrolysis)}-mechanical CNC
(AHM-CNC) such as shown in Fig. 5¢ under severe acid hydro-
lysis and fibrillation conditions. However, the aspect ratio L/D
for the sample shown in Fig. 5c¢ is 93, substantially greater
than those of the CNC shown in Fig. 3a-d.

The results shown in Fig. 5a-c suggest that a low reaction
severity, ie., lower acid concentration or temperature along
with milder mechanical fibrillation can produce longer fibrils

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 AFM topographic images of the CNF samples produced from
FCSR under various oxalic acid hydrolysis conditions. Scale = 1 um. (a)
(050, 100, 45); (b) (060, 100, 45); (c) (070, 100, 45).

as shown in Fig. S1.f CNC was undetectable with near
100% FCSR yield under low severity hydrolysis conditions
(Table S1t); therefore, the process ends up producing only
CNF with long fibril lengths. One can use acid hydrolysis sever-
ity factors, such as the combined hydrolysis factor (CHF) that
has been shown to correlate to hemicellulose dissolution,®*™**
to correlate CNF length or strength properties for process
control.

Thermal stability

Thermogravimetric analyses (TGA) of the CNC, CNF, and the
original BEP fibers were conducted using a Pyris 1 TGA (Perkin-
Elmer, Inc., Waltham, MA) with temperatures from ambient
to 600 °C at a heating rate of 10 °C min~". Approximately 5 mg
of sample were used for each test. Samples were first dried at
50 °C for 4 h prior to testing. A high purity nitrogen stream
with a flow rate of 20 mL min~" was continuously passed into
a furnace before thermal decomposition was carried out to

This journal is © The Royal Society of Chemistry 2016
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prevent any unwanted oxidative decomposition. The reported
weight loss was normalized against the initial weight. The
results clearly show (Fig. 6a and b) that the CNC samples pro-
duced using oxalic, maleic, p-toluenesulfonic, and benzene-
sulfonic acids at (070, 100, 60), (M60, 100, 45), (T50, 100, 45),
and (B50, 100, 45), respectively, had substantially higher
thermal stability than those produced using mineral acids
such as sulfuric (S), phosphoric (P), and hydrochloric (H) acids
under standard conditions'®"*™'*** of (S64, 45, 45), (P67, 100,
45), and (H14, 100, 45), respectively. The onset thermal degra-
dation temperature can be defined when dW/dT > -1, ie.,
where weight loss is greater and equal to 1% with an increase
in temperature of 1 degree. The CNC (070, 100, 60) had the
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Fig. 6 Comparisons of thermal stability of different CNC samples
produced under various acid hydrolysis conditions. (a) TGA weight loss;
(b) TGA temperature derivative weight loss; (c) the color of two CNC
samples from sulfuric and oxalic acid hydrolysis after 4 h in an oven at
105 °C.
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highest onset thermal degradation temperature of approxi-
mately 322 °C, compared with 274 °C for the original BEP
fibers, and 218 °C for (S64, 45, 45), or the onset degradation
temperature Tynsee Of (070, 100, 60) is at least 100 °C higher
than that of (S64, 45, 45). The T,ns: and the corresponding
weight loss along with Tys at 5% weight loss of all the CNC
samples produced were also compared (Table S27). The com-
parisons clearly demonstrate the greater thermal stability of
the CNC samples produced with the four organic acids, a sig-
nificant advantage for thermal processing such as extrusion at
high temperatures.

To further demonstrate the thermal stability of the CNC
produced by the present ROAH, CNC samples from (070, 100
60) and (S64, 45, 45) were tested in an oven at 105 °C for 4 h.
(S64, 45, 45) was rapidly degraded as shown by the orange
color of the sample while (070, 100, 60) remained in the orig-
inal white color (Fig. 6¢).

Interaction with water and surface charge

Aqueous suspensions of the CNC samples were evaluated with
time domain "H NMR analyses using a Bruker mq20-Minispec,
with a 0.7 Tesla permanent magnet (20 MHz proton resonance
frequency), operating at 40 °C. The transverse (72) relaxation
times were determined using the Carr-Purcell-Meiboom-Gill
(CPMG) sequence. 8000 echoes were collected with a pulse sep-
aration of 0.7 ms, the acquisition of 32 scans and a 5 s recycle
delay. The inverse Laplace transform method CONTIN, was
used to determine relaxation time distributions. The results
indicated that all samples had one peak corresponding to
interaction between CNC with water. However, the relaxation
time T2 for different samples was different as shown in
Table 1. Pure water had a T2 of approximately 2000 ms. This
clearly indicates that the sulfuric acid produced CNC (S64, 45,
45) had the strongest interaction with water with a very low 72
of approximately 1300 ms, ie., highly hydrophilic. The CNC
from hydrochloric acid (H15, 100, 45) and phosphoric acid
(P67, 100, 45) both had very limited interactions with water
having a 72 over 1900 ms. All of the oxalic acid produced CNC
samples had some interactions with water and were hydro-
philic but not as strongly as (S64, 45, 45). This can be ben-
eficial for many applications such as facilitating water removal
and improving moisture barrier properties. The weak inter-
action with water supports the improved thermal stability dis-
cussed above.

The surface charges of the CNC samples were measured
using a zeta potential analyzer (Nanobrook Omni, Brookhaven
Instruments, Holtsville, NY) based on monitoring electrophor-
etic mobility using Phase Analysis Light Scattering (PALS). The
method was developed for spherical particles, but an approxi-
mation for rod-like cellulose nanoparticles was used in this
study. The surface charges provided good dispersion in water
due to electrostatic repulsion as shown by the AFM images of
the samples (Fig. 3a-d). In general, increasing acid loading in
hydrolysis increased surface charge (absolute value) as shown
in Table 1. CNC samples produced using oxalic acid were just
as highly charged as the CNC produced using sulfuric acid

3840 | Green Chem., 2016, 18, 3835-3843
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Table 1 NMR relaxation time T2, surface charge, carboxyl group
content, and crystallinity index Crl of the CNC samples

COOH
NMR relaxation CNC Charge (mmol

CNC sample  time 72 (ms) (mv) per g CNC) CrI (%)
BEP ND 76.0 + 0.4
(050, 100, 45) —-38.0+0.3 0.11 82.8
(060, 100, 45) 1692 -41.9+£0.7 0.15 82.4
(070, 100, 45) 1772 —-43.3+£0.9 0.19 81.2
(050, 100, 90) 1622 -38.7+£0.6 0.17 81.3
(060, 100, 90) —45.0+0.3  0.39 80.0
(070, 100, 60) 1630 —-42.5+£0.5 0.23 80.4
(M50, 100, 45) —30.1+0.4

(M60, 100, 45) —31.3+0.2

(M70, 100, 45) —33.3£0.7

(T50, 100, 45) —20.7 0.5 82.4
(S64, 45, 45) 1333 —-59.4£0.8 77.9+0.2
(P67,100,45) 1960 —23.0+ 0.6

(H14, 100, 45) 1954 -21.9+ 0.7

under standard conditions (564, 45, 45). Maleic acid, however,
produced lower charge than oxalic acid under the same reac-
tion conditions, perhaps due to the weak reactivity in esterifi-
cation with cellulose OH groups. However, the charge was still
higher than CNC produced using phosphoric and hydrochloric
acids.

Esterification and carboxylation

Fourier transform infrared (FT-IR) absorption of two CNC
samples, (070, 100, 45) and (M60, 100, 45) along with the orig-
inal BEP fibers were analyzed using a FT-IR spectrophotometer
(Spectrum 100, PerkinElmer, Waltham, MA) equipped with a
universal attenuated-total-reflection (ATR) probe. As shown in
Fig. 7, several absorption peaks were observed. The identifi-
cations of these peaks are listed in Table S3.f The main
feature of the two CNC samples is esterification as observed
from the ester carbonyl groups (C=0) at 1737 cm™" that does
not appear in the original BEP sample (see the insert plot in
Fig. 7). This suggests that one of the carboxyl groups in the
oxalic and maleic acids reacted with cellulose (most likely at
C6 position®®) to form ester groups on CNC. However the peak
at 1737 cm™' was not very strong from either sample,
suggesting moderate degrees of esterification.

Conductometric titration of the CNC samples was con-
ducted to quantify cellulose carboxylation through esterifica-
tion by dicarboxylic acid (Fig. 1) using a conductance meter
(YSI Model 35, Yellow Springs Instrument Co., Ohio, USA).
A small volume of a suspension containing 50 mg CNC or CNF
was added to 1 mM NaCl solution (about 120 mL) and titrated
using 2 mM NaOH by adding approximately 0.2 mL in
30 second intervals. An initial decrease in conductivity was
observed as the protons associated with the carboxyl group
were consumed. Then, conductivity was increased once all
the hydrogen ions had been neutralized with added NaOH.
The amount of carboxyl groups was calculated based on the
consumed NaOH relative to the inflection point. The results
indicate that the carboxyl group content ranged from

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 FTIR absorption spectra of two CNC samples from oxalic and
maleic acid hydrolysis compared with that of the original BEP fibers.

0.11-0.39 mmol per g CNC for the 6 CNC samples produced
using oxalic acid (Table 1). The carboxylation of CNC can
provide various chemical reaction pathways to achieve
different functional properties.

Crystallinity

The crystallinity indices (CrI) of selected CNC samples were
analyzed using wide-angle X-ray diffraction on a Bruker D8 130
Discover system with Cu-Ka radiation (Bruker Corp., Billerica,
MA, USA). As described previously,'® the Segal method*?
(without base line subtraction) was used to determine Crl. The
results indicate that the CrI of CNC samples from concentrated
oxalic acid hydrolysis were approximately 81% (Table 1), com-
pared with 76% for the original BEP fibers and 78% for the
CNC produced by sulfuric acid under standard conditions
(S64, 45, 45). The variation of CrI under hydrolysis conditions
in the range studied was minimal. The CNC from p-toluenesul-
fonic acid (T50, 100, 45) also has a high CrI of 82.4%. The
higher CrI of ROAH derived CNC may explain their higher
thermal stability than that of CNC from sulfuric acid.

Acid recovery

Substantial crystallization of oxalic acid in hydrolysates that
were cooled to ambient temperature was observed even with a
three-fold dilution of the hydrolysate at 80 °C (Fig. S27). Oxalic
acid recoveries from hydrolysates under different reaction con-
ditions were experimentally quantified. An aliquot of hot
hydrolysate was sampled from each of the 6 oxalic acid hydro-
lysis runs before cooling. After crystallization at 20 °C, the
measurable liquid volume of the hydrolysates was negligible.
The impurity in the hydrolysate promoted crystallization. Fur-
thermore, water was absorbed to the acid crystals to form an
acid-hydrate that substantially reduced the solution volume.
Therefore, we can assume that there is no soluble acid or
100% crystallization. The sampled hot hydrolysates were
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Table 2 Recovery of oxalic acid from real hydrolysates of BEP com-

pared with the corresponding calculated recoveries based on acid solu-
bility in aqueous solutions

Hydrolysis Hydrolysate Calculated
conditions (%) (eqn (S2))
(050, 100, 45) 96.0 £1.3 90.9

(050, 100, 90) 95.9£0.1 90.9

(060, 100, 45) 96.3+0.8 93.9

(060, 100, 90) 95.9 £ 0.5 93.9

(070, 100, 45) 95.4 0.3 96.1

(070, 100, 60) 94.5 £ 0.2 96.1

directly analyzed before crystallization using UV absorption
described in the ESL.f As listed in Table 2, the amounts of
oxalic acid remaining in the hot hydrolysates that were crystal-
lized after cooling were approximately 95% for all 6 experi-
ments under different acid concentrations.

Conclusions

This study demonstrated the production of cellulose nano-
materials, such as cellulose nanocrystals (CNC) and fibrils
(CNF), with excellent thermal stability by concentrated acid
hydrolysis using recyclable solid organic acids at ambient
pressure. When using certain dicarboxylic acids, cellulose can be
esterified by one carboxyl group of the dicarboxylic acid to result
in carboxylated CNC and CNF, important for functionalization.
The recyclability of acid through simple crystallization using
solid acids, surface functionality through carboxylation, and
improved thermal stability of the resultant CNC and CNF, makes
green and sustainable production of renewable cellulose nano-
material possible for a variety of high value applications. There-
fore, the present study has significant practical importance.

Experimental
Materials

Sulfuric, hydrochloric, phosphoric, anhydrous oxalic, and
anhydrous maleic acids, p-toluenesulfonic, and benzene-
sulphonic acids were purchased from Sigma-Aldrich (St. Louis,
MO). The densities of different organic acid solutions at
100 °C were measured as shown in the ESI (Fig. S37). The
density variation with temperature was negligible.

A bleached kraft eucalyptus dry lap pulp (BEP) was obtained
from a commercial source (Fibria, Aracruz Celulose, Brazil). The
dry lap was soaked in water overnight and disintegrated using a
disintegrator (Model 73-06-01, TMI, Ronkonkoma, New York,
USA) for 10 000 revolutions at 3120 rpm and 2% consistency at
room temperature. The pulp was then vacuum dewatered and
air dried to an approximately 5% moisture content.

CNC and CNF production

Concentrated aqueous acid solutions were prepared by heating
a desired amount of DI water in a multiple-neck flask in a
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liquid glycerol bath on a heating plate to approximately 80 °C.
An appropriate amount of the selected anhydrous organic acid
was added to make a solution of desired concentration with
the aid of magnetic stirring. The solution temperature can be
raised to the desired hydrolysis temperature between 90 and
120 °C without boiling at high acid concentrations. The
density data shown in Fig. S31 were used to determine the
required amounts of water and the acid to make a concen-
trated acid solution of 80 mL at a given acid mass concen-
tration. BEP fibers of 10 g in oven dry (OD) weight were added
into the acid solution with continuous stirring. At the end of
the set reaction time, an aliquot of the acid hydrolysate was
taken for acid recovery and sugar analyses. The reaction was
then terminated by adding 160 mL of 80 °C DI-water to avoid
crystallization (iced water can be used to minimize dilution
water usage while effectively terminating the reaction). The
resultant suspension was quickly filtered using filter paper
under vacuum to separate the solids (CNC and FCSR) from the
organic acid solution. The filtrate was then crystallized for
reuse. The filtered solids were diluted with water for washing
and then centrifuged at 2603g (higher centrifuge speed can be
used to improve separation) for 10 min. The supernatant was
decanted off, fresh water was added to the solids and mixed.
This washing and centrifuging procedure was repeated until
the supernatant was turbid, indicating that CNC were being
dispersed into solution. The turbid supernatant and settled
solids (FCSR) were then mixed together and this slurry was dia-
lyzed using DI-water until the conductivity of the liquid
approached that of DI-water, indicating near-complete acid
removal. The CNC dispersion was finally obtained by centrifu-
ging the dialyzed sample at 2603g for 10 min to separate FCSR
from CNC which stayed in the aqueous phase. The amount of
CNC in the dispersion was measured using a COD method
described previously®?° to determine CNC yield.

To recover solubilized sugars in the acid hydrolysate, the
liquid hydrolysates after acid crystallization were settled in the
sealed glass bottle overnight to cool to ambient temperature.
The acid crystals were separated from liquid hydrolysate by
vacuum filtration. The soluble sugar can then be recovered
after neutralizing the remaining acid in the liquid hydrolysate.
With optimization, the remaining acid in the final liquid
hydrolysate can be kept at minimum to reduce acid loss.

The precipitated FCSR were quantified using the gravi-
metric method for yield determination. The FCSR was then
mechanically fibrillated at 1 wt% concentration in water using
a microfluidizer (Microfluidizer M-110EH, Microfluidics Corp.,
Westwood, MA) to produce CNF. The fiber suspension was first
passed through a 200 pum chamber for 5 passes at 5 MPa, and
then additional 5 passes through an 87 um chamber at 130
MPa, respectively.
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