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ABSTRACT: Cellulose nanocrytals (CNCs) are predominantly produced using the traditional strong acid hydrolysis process. In
most reported studies, the typical CNC yield is low (approximately 30%) despite process optimization. This study investigated
the hydrolysis of a bleached kraft eucalyptus pulp using sulfuric acid between 50 and 64 wt % at temperatures of 35—80 °C over
time periods of up to 240 min for the production of CNCs. The experimental design captured the feature of the coexistence of a
variety of reaction products, such as CNC, cellulosic solid residue (CSR), glucose, and xylose, in the product stream for accurate
kinetic modeling to improve the CNC production yield. The kinetic model describing the solubilization of cellulose fibers used
three phenomenological reactions, namely, hydrolysis of xylan to form xylose, depolymerization of cellulose to CNCs, and
hydrolysis of cellulose to form glucose, each of which can be described by pseudohomogenous first-order kinetics. The concept
of “degrees of hydrolyzable xylan or cellulose” to reflect the inhomogeneity of xylan or cellulose in hydrolysis was incorporated
into the kinetic modeling to improve model accuracy. The developed model showed excellent predictability for CNC production.
Both the experimental data and the model clearly indicate that CNC production was limited by cellulose depolymerization at low
acid concentrations of below 58 wt %, but controlled by CNC degradation when the acid concentration was higher than 58 wt %.
This work for the first time provides the most plausible description of CNC production kinetics, which is significant for the

commercial production of CNCs.

B INTRODUCTION

Cellulose nanocrystals (CNCs) have been found to exhibit very
special mechanical and optical properties."™® CNCs can be used
as powerful building blocks for the production of high-quality,
durable, lightweight, and cost-effective products for a variety of
applications.”® CNCs are mainly produced using the traditional
acid hydrolysis method from cellulosic fibers that are renewable
and abundant.*”~'" When strong sulfuric acid is used, the
resultant CNC surface is negatively charged as a result of the
formation of sulfate groups and forms a stable colloidal
suspension, which is favorable for aqueous processing.'’
However, approximately 70% of the cellulose can be
simultaneously hydrolyzed to sugars, resulting in a typical
CNC yield of only 30%. The sugars cannot be economically
recovered from the strong acid solution, which significantly
affects CNC production economics. Several studies were carried
out to optimize CNC production but were not able to avoid
significant sugar degradation and improve the CNC yield,"*~"*
because cellulose depolymerization and sulfation and CNC
production occur abruptly and simultaneously.”"?

Recently, we discovered a very narrow operating window in
which cellulose degradation to sugars can be eliminated,
resulting in cellulosic solid residue (CSR), which is easily
recoverable, in addition to a high CNC yield of approximately
55%.” The CSR also contains sulfate groups, which facilitate
nanofibrillation with low energy input to produce cellulose
nanofibrils (CNFs) with good optical and mechanical proper-
ties."> The recovery of CSR in CNC production has significant
economic benefits. Developing an understanding of the reaction
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kinetics of the acid hydrolysis of cellulosic fibers at high acid
concentrations can reduce the conversion of cellulose to sugars
and facilitate the recovery of CSR and, therefore, has
commercial significance. Although the hydrolysis of lignocellu-
loses under dilute acid conditions has been explored in the
literature,"®'” we are not aware of reported kinetic studies on
the hydrolysis of cellulosic materials at very high acid
concentrations close to the cellulose solubilization point of 64
wt %. The rapid hydrolysis reactions of cellulosic fibers at high
concentrations result in a very narrow operating widow, which
creates experimental difficulties in representatively capturing the
reaction process as required for accurate modeling. The
objective of this work was thus to conduct a kinetic study of
the acid hydrolysis of cellulosic fibers for CNC production. The
experiments were designed to capture the narrow operating
window in which significant amounts of CSR and CNC and
small amounts of sugars coexist in the reactant stream. A kinetic
model was then developed based on the experimental data as a
mathematical tool for large-scale process design.

B MATERIALS AND METHODS

Materials. All materials were the same as those described in
our previous study.” Sulfuric acid of ACS reagent grade was
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Figure 1. Schematic of the proposed reaction pathways for cellulosic fiber hydrolysis under strong acid conditions for the production of cellulose

nanocrystals.

purchased from Sigma-Aldrich (St. Louis, MO). Bleached Kraft
eucalyptus dry lap pulp was obtained from a commercial source
(Aracruz Celulose S.A., Aracruz, Brazil). The Klason lignin and
xylan contents of the eucalyptus pulp were 0.1 + 0.1% and 15.5
+ 0.6%, respectively. The measured cellulose content of the
pulp was 78.1 + 1.0%; however, the normalized value of 84.4%
based on mass balance was used because other components
were undetectable. Cellulosic fibers were produced by soaking
the dry lap pulp in water overnight and disintegrating it for 5000
revolutions at 312 rpm and 5% solids at room temperature
(model 73-06-01, TMI, Ronkonkoma, New York). The pulp
was then vacuum-dewatered and air-dried to approximately 5%
moisture in 30% relative humidity at 26.7 °C. The air-dried pulp
was used in acid hydrolysis.

Acid Hydrolysis. Acid hydrolysis experiments were
conducted using a narrow range of acid concentrations (50—
64 wt %) and temperatures (35—80 °C), but with a relatively
large range of reaction times (15—240 min). These test
conditions can capture the reactions of CSR and CNC along
with sugars and sugar degradation products such as furfural and
S-hydroxylmethfurfural (HMF) to ensure the integrity of the
kinetic model to be developed. The acid hydrolysis experiments
were carried out according to the procedure described in our
previous study.” Time-dependent data were obtained by
sampling the reaction stream periodically by pipet. The reaction
in each sample was immediately quenched by adding an 8-fold
quantity of deionized water. After centrifugation at 9000 rpm to
separate the precipitant, an aliquot of the supernatant was taken
for analyses of sugars and sugar degradation products. The
precipitate was dialyzed using deionized water until constant pH
was reached. The suspension was centrifuged again to separate
CNC from CSR.

Determination of CNC and CSR Yields. The yields of
CNC and CSR were determined by a method involving
chemical oxygen demand (COD).” An aliquot of CNC or CSR
suspension was digested in a commercial COD test vial
(Biosciences, Inc.,, Bethlehem, PA). Chromium consumption
was determined calorimetrically at 600 nm by UV-—vis
spectrophotometer (Spectronic Genesys S, Milton Roy
Company, Warminster, PA). The concentrations of cellulosic
suspensions were calculated from the COD data assuming that
all organic materials detected originated from polymeric
cellulose as (C¢H,(Os),, that is, COD (mg/L) = 3410.21°°.
The mass of cellulose was then calculated as mc 0. (mg/L) =

COD/1.185 = 28771° through calibration using Avicel. The
systematic error was 2.28% assuming that all organics detected
originated from polymeric cellulose as (C4H,(Os), and ignoring
the fact that approximately 15% was xylan [(CsHgOy,),].

Analysis of Sugars and Degradation Products. Sugar
and its degradation products were analyzed by high-perform-
ance anion-exchange chromatography with pulsed amperomet-
ric detection (HPAEC-PAD) (Dionex ICS-3000).

Data Processing. The kinetic constants were obtained by
nonlinear fitting of the experimental data using Matlab 6.5
software to minimize the objective function, namely, the
quadratic sum of the differences between model predicted
values and experimental data. The fourth-order Runge—Kutta
method was used to solve the differential equations numerically.

B KINETIC MODELING

Cellulose fibers consist mainly of hemicelluloses (mainly xylan
in the present study) and cellulose. It is generally believed that
cellulose fibers can be divided into crystalline and noncrystalline
(disordered or paracrystalline) regions. The noncrystalline
cellulose regions are preferentially hydrolyzed, whereas the
crystalline regions have a higher resistance to acid attack and
thus a much slower hydrolysis. The hydrolysis of noncrystalline
cellulose is approximately 2—30 times faster than that of
crystalline cellulose.'® As a result, rodlike cellulose nanocrystals
on the order of 5—10 nm in diameter and 100 nm in length can
be produced following the acid treatment of cellulose fibers.® A
typical elemental crystal in the wood fibers has a diameter of 3—
S nm and a length of approximately 60 nm.'® Hydrolysis of
cellulose and hemicellulose to form monosaccharides such as
glucose and xylose is inevitable. These sugars can be further
degraded to form degradation products such as HMF and
furfural.

Based on the above understanding, the reactions involved in
the acid hydrolysis of cellulose fibers for CNC production can
be modeled using three pathways as shown schematically in
Figure 1. The first and predominant pathway, represented by
rate constant k;, is the hydrolysis of noncrystalline cellulose to
CNCs. The CNCs can be further degraded to glucose under
severe hydrolysis conditions with rate constant k,. The second
pathway is the direct hydrolysis of cellulose to glucose,
represented by rate constant k. The basis of this pathway is
that some cellulosic fraction is not directly connected to the
crystalline cellulose but is rather more associated with
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hemicelluloses and might have a different reaction rate in
hydrolysis. The glucose resulting from the first two pathways
can be further degraded to HMF, corresponding to rate constant
k,. The third pathway is the hydrolysis of hemicelluloses (xylan
in the present study) to sugars (xylose), represented by rate
constant ks. The further degradation of xylose is represented by
rate constant kg First-order reactions are usually used to model
the hydrolysis of polysaccharides in lignocelluloses.'®'”'* Based
on Figure 1, the preparation of CNCs from bleached pulp can be
described by several pseudo-first-order models.

Xylan Hydrolysis. It is well-known that a certain fraction of
xylan is much easier (faster) to hydrolyze than others
(slower).**~?* This perhaps is due to the multilayered structure
of cell walls. Therefore, under a certain hydrolysis severity, the
total xylan can be phenomenologically categorized as a
hydrolyzable fraction and an unhydrolyzable fraction. We can
define the “potential degree of hydrolysis” for xylan (5x, 0 < &x
< 1) as the proportion of xylan that is hydrolyzable under the
conditions employed.'® We can thus describe xylan hydrolysis
using the conventional Saeman model of first-order kinetics with

respect to the remaining xylan'”""
an _ ana = kX
a o ™ (1)

where X, is the concentration of hydrolyzable xylan, which can
be represented in terms of Jx and the total xylan concentration
(X,) as

Xna = Xn - )(nO(1 - 5X) (2)
in which X, is the initial total xylan concentration (time = 0) in

the pseudohomogeneous system (g/L). The rate of xylan
hydrolysis can thus be expressed as

an
% - kX, — kX,,(1 — 6y) (38)
The integral form of this equation is

Xn = ‘XnO{1 - 5X[1 - eXP(_kst)]} (3b)

The formations of xylose, X, and furfural, F,, can also be
modeled using first-order kinetics as'”*>**

X _ 1136k X, — kX
dt

(40)
dE,
o kX (s3)

The corresponding xylose and furfural concentrations can be
obtained after integration as

1.136X 40 ks
= —— 5 = lexp(—kgt) — exp(—kt)]
ks — kg XP( 6 ) XP( s ) (4b)
 L136X,0kdx 1.136X, ok by
U kg — kg ky — kg
[1 — exp(—kst)] (sb)

When the degradation of xylose can be neglected (i.e., ks = 0),
the xylose concentration can be expressed as

X = 1136X,,0x[1 — exp(—kgt)] (40)

[1 — exp(—k¢t)] —

Cellulose Hydrolysis and Production of CNC. Similarly,
we can define a “degree of hydrolysis” for cellulose, ¥ (0 <y <

1), as the fraction of cellulose that was depolymerized to the
form of glucose (DP = 1) all the way up to CNC (DP = 120).
Applying first-order kinetics, we modeled cellulose hydrolysis in
the production of CNC as follows

dCeq
- = (k + k)[C - C 1 —
dt = ( 1 3)[ Cel CelO( 7)] (62)

dCyc
= k,Ccyq — k,C
dt 1~ Cel 2~NC (7a)

dG

dth‘ = L111k,Cyc + L111ksCoy — k4G, (53)
where Cc, is the concentration of cellulose remaining in the
pseudohomogeneous system (g/L), Ccqp is the initial cellulose
concentration in the pseudohomogeneous system (g/L), Cyc is
the concentration of CNC (g/L), and Gy, is the concentration of
glucose (g/L). Integration using the initial conditions ¢ = 0, Ccy
= Ccao Cnc = 0, and Gy, = 0 results in the following integral
forms

CCel =] CCelO(l —_ ]/{1 - exp[—(kl + k3)t]}) (6b)
_ Ccadkyy _ _ _
Cne = P kz{eXP( kyt) — exp[—(k, + k3)t]}
(7b)
L111Ccqor (ky — k3) (k; + k)
— —k
. (kl + ks - kz)(k4 - kl - ks) {eXP( 4t)
1.111C vk k
— expl— k k Cel0/ ™1M2
A P Sy
[exp(—kyt) — exp(—k,t)] (8b)

When the degradation of glucose can be neglected (i.e., k, = 0),
the glucose concentration can be expressed as

— L111Ccyqr (ks — ky)
b (kl + k3 - kz)

1.111C k
4 —cdo™ [1 — exp(—k,t)]
(ky + ky — ky) (8¢)

{1 — exp[—(k;, + ky)t]}

Then, the concentration of CSR (Ccgp, g/L) in the
pseudohomogenous system can be calculated based on mass
balance as

Cesr = Cea + Cx = Ceapo
(1 - }’{1 - eXP[_(k1 + ks)t]})
+ Xoofl — 6x[1 — exp(—k¢t)]} 9)

The yields of CNC (Yeyc) and CSR (Ygr) are defined based
on the initial fiber mass concentration Cgp, are given by

C
Yone = —% X 100%
Cesro (10)
C
Yegr = —2- X 100%
Cesro (11)

Thus, we can obtain the time courses of Yy and Ygg as
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Y, _ CCeIOkly
NCT Coarolky + ks — k)
CSRO\™1 3 2

— exp[—(k, + k;)t]} X 100% (12)

{exp(—k,t)

Yesr = [ Codo (1 = 7{1 = exp[—(k, + ky)t]})
Cesro

X
+ 20— Sx[1 — exp(—kst)]}] X 100%
SRO

(13)

Optimal Hydrolysis Time and CNC Yield. According to
eq 12, when k, # 0, there is an optimum time at which Yy¢
reaches the maximum for a given acid concentration and
reaction temperature. This optimum time depends on kinetic
constants kj, k,, and k;. By taking the differential calculation for
eq 12, we can easily obtain that the optimum time, ,, as

ky+ kg
o ln(ikZ )
T ) (14)
and the corresponding maximum CNC vyield, Yencmaw S

Y _ Ceeok1y (kl + k,
CNCmax —
Cesrolky + k) K,y

kz/(kz_kl_ks)
) (1s)

B RESULTS AND DISCUSSION

Comparisons between Kinetic Model Predictions and
Experimental Data. Kinetic rate constants were obtained by
fitting the model to the experimental yields of reaction products
including CNC and CSR (Table S1, Supporting Information).
Comparisons of the time-dependent experimental data with
model-predicted values of the yields of CNC (eq 12) and CSR
(eq 13) and the concentrations of xylose (eq 4b) and glucose
(eq 8b) are shown in Figures 2—S, respectively. Good
agreements were obtained, indicating that the developed models
can provide good predictions of the kinetic behavior of the acid
hydrolysis of cellulose fibers for CNC production.

The results also clearly indicate that the acid concentration
plays a dominant role in CNC production (Figure 2). It appears
that there is a maximum CNC yield for a given sulfuric acid
concentration for the range of temperatures investigated. For
example, the maximum CNC yield was less than 10% at an acid
concentration 50 wt %. The maximum CNC yield increased to
approximately 30% and 70% when the acid concentration was
increased to 56 and 62 wt %, respectively. The reaction
temperature and duration can affect CNC yield, but they cannot
affect the maximum CNC yield for a given acid concentration.
In general, the CNC yield improved with reaction time and
temperature at acid concentrations below 64 wt % because of
the improved hydrolysis of noncrystalline cellulose (Figure 2).
However, at an acid concentration of 64 wt % or at high
temperatures such as in runs (64, 45, t) and (62, 60, t), CNC
degradation became important, and the CNC yield decreased
under extended hydrolysis durations (Figure 2c). This behavior
of CNC yield reflects the competing reactions between the first-
stage cellulose depolymerization to CNC (DP = 100) and CNC
degradation (further depolymerization of CNC to oligomeric
and monomeric sugars) in the system.

The CSR yield is dictated by the acid concentration and
hydrolysis temperature when the acid concentration is below 58
wt %, as shown in Figure 3a,b. Reaction time has a limited effect

20+
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Figure 2. Kinetic-model-predicted time-dependent CNC yields at

different temperatures in comparison with experimental data (kinetic

constants from Table S1): Cgy = (a) 50, (b) 56, and (c) Cg, = 58—64
wt %.

except in the early stage of hydrolysis. At high acid
concentrations of 58 wt % or higher, the CSR yield decreased
very rapidly to near zero with time in the temperature range
investigated (Figure 3c), suggesting the rapid hydrolysis of
polysaccharides under strong acid conditions.

The profiles of glucose concentration were very similar to
those of CNC vyield (Figure 4), but with lower degradations.
This suggests that pathway 1 (k;) dominates pathway 2 (k;)
(Figure 1) and that reaction rate constant k, is negligible under
most of the conditions studied. Xylan hydrolysis was fast under
the conditions studied; as a result, the xylose concentration was
only mildly affected by reaction temperature and acid
concentration (Figure S). After the initial rapid increase, xylose
reached an asymptotic value with minimal degradation for the
reaction conditions investigated (i.e., reaction rate constant k is
negligible) (Figure S).

Maximum CNC Yield. For a given reaction at acid
concentration Cg, and temperature T at different reaction
durations, the maximum (optimum) achievable CNC yields and
the corresponding optimal reaction time can be calculated using
eqs 15 and 14, respectively. The calculated results were
compared with experimental data. Excellent agreement was
obtained, as shown in Table 1. Using Cg, values of 58—62 wt %
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Figure 3. Kinetic-model-predicted time-dependent CSR yields at
different temperatures in comparison with experimental data (kinetic
constants from Table S1): Cgy = (a) 50, (b) 56, and (c) 58—64 wt %.

achieved greater maximum CNC yields than using either a lower
or higher Cs, value, because insufficient cellulose depolymeriza-
tion occurred at Cgy < S8 wt % (Figure 2ab) and CNC
degradation to glucose occurred at Cgy = 64 wt % (Figure 2c).

To further illustrate this, we have also listed the calculated and
measured CSR yield, Ycgp, and glucose concentration, Gy,
corresponding to the reaction time that achieved the maximum
CNC yield at each given Cg, and T in Table 1. Again, excellent
agreement was obtained between the predicted and measured
Yesg and Gy, values. Although the experiments were not
exhaustive, the results clearly show that Cgy = 58 wt % is the
demarcation point below which Yy was very high (ie., > 50%)
with low Gy, whereas Yz was very low, approximately <10%,
for Cgy > 58 wt %. The very high Ycgz > 50% and low G,
indicate insufficient cellulose depolymerization at low acid
concentrations. The very low Yogz < 10% at Cgy > 58 wt %
indicates that cellulose was nearly completely depolymerized
under the conditions studied. This illustrates that Cg, > 58 wt %
is a prerequisite condition for achieving a maximum CNC yield.
However, the results clearly indicate that Gy, is high (>10 g/L)
for most of the runs using Cg, > 58 wt %, suggesting that CNC
degradation to glucose is very difficult to avoid because of the
rapid hydrolysis reactions at high acid concentrations, as also
observed in literature.”'? The sudden changes in Ycg and Gy, at
Csa = 58 wt % (Table 1) clearly indicate the narrow operating
window in CNC production to maximize the CNC yield as
reported in the literature. The very high glucose concentration
of 32 g/L measured at Cgy = 64 wt % even with only a short

11011
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Figure 4. Kinetic-model-predicted time-dependent hydrolysate glucose
concentration at different temperatures in comparison with exper-
imental data (kinetic constants from Table S1): Cs, = (a) 50, (b) S6,
and (c) Cgy = 58—64 wt %.

reaction time of 15 min at a moderate temperature of 45 °C
further indicates that Cg, = 64 wt %, as has commonly been used
in the literature for CNC production, is too high to achieve a
high CNC yield. The proper course of action is to use Cgy = 58—
62 wt % with a relatively longer reaction time to achieve good
removal of noncrystalline and hemicellulose—cellulose linkages
through cellulose depolymerization while reducing CNC
degradation.

For prediction purposes, we have plotted the model-predicted
yields of CNC and CSR, yield of glucose, and optimal hydrolysis
time in panels a—c, respectively, of Figure 6. Because
experiments were not carried out for most of the conditions
plotted in Figure 6a, we could not fit the data to obtain k values
as we did for the predictions listed in Table 1. Rather, rate
constants k were determined by nonlinear regression with
respect to acid concentration and temperature as described in
the next section for all of the conditions plotted. Deviations of
the predictions from those listed in Table 1 were observed
because the k values were determined differently (Figure Sla of
the Supporting Information shows the difference in k values
between those from fitting and those from linear regression).
We have also plotted the measured CNC and CSR yields at 50
°C (56 °C for 58 wt % acid, 45 °C for 64 wt % acid) in Figure 6a
to further demonstrate the accuracy of the predictions. The
results clearly show the demarcation point of Csy = 58 wt % to
achieve high CNC yield and a limited effect of temperature.
Temperature can affect the CNC yield at low acid
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concentrations of Cg, < 58 wt % but with low CNC yields of less
than 30%. The CSR yield has profiles opposite those of the
CNC yield (Figure 6a). Again, temperature has a limited effect
on CSR yield. Cellulose degradation to glucose was apparent at
Csp = 58 wt % (Figure 6b). The reduction in glucose yield at

100+ (a) ~100
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40 Ty
— 5 .
324|---- 60 S
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Figure 6. Kinetic-model-predicted maximum achievable CNC yield at
different acid concentrations and reaction temperatures and corre-
sponding CSR and glucose yield and optimal reaction time: (a) Yencmax
and YCSR} (b) Yglucosel and (C) toptimal'

Csa = 58—62 wt % is probably due to the errors in estimating k,.
The predicted optimal reaction times at various acid
concentration and temperature are plotted in Figure 6¢c. Longer

Table 1. Comparisons of Predicted Maximum CNC Yield and the Corresponding CSR Yield and Glucose Concentrations with

Experimental Data

Csa

(mol/L) (wt %) T (°C) tope (min) (eq 14) turp (min)
7.097 S0 50 239 240
7.097 S50 60 229 240
7.097 S0 70 294 240
7.097 S0 80 82 90
8.295 56 40 291 240
8.295 56 50 202 210
8.295 56 60 143 150
8.295 56 70 103 920
8.715 58 56 205 210
9.589 62 35 228 180
9.589 62 40 195 120
9.589 62 S0 101 75
9.589 62 60 30 60
10.043 64 45 64 15

11012

YeNCmax (%) Yesr (%) Gy, (g/L)

eq 15 expt eq 13 expt eq 8b expt

29 39 89.3 86.7 1.7 2.0

4.2 6.7 83.3 88.5 2.5 S.1

8.9 9.1 79.8 73.1 5.3 5.4
12.2 6.9 79.8 72.8 8.0 5.7
11.2 5.4 86.4 84.0 5.5 1.4
15.4 18.1 72.1 74.9 79 6.5
19.2 18.9 68.2 69.5 10.2 7.7
22.5 30.5 69.6 52.4 12.5 12.2
65.7 76.1 7.4 4.4 7.9 7.5
62.8 63.3 10.3 2.8 27.7 32.6
64.2 67.1 8.4 3.0 22.0 19.3
69.2 70.8 3.1 5.4 20.4 22.0
68.9 69.4 4.7 6.8 20.6 21.7
52.5 S51.7 49 4.5 55.0 32.0
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reaction times are needed when hydrolysis is conducted at low
temperatures. Therefore, a moderate temperature of 50—60 °C
is preferred to reduce the reaction time even though
temperature has a minimal effect on CNC yield (Figure 6a).

Reaction Rate Constants. The regression-obtained rate
constants k can be correlated with T and Cg, using the expanded
Arrhenius equation

E
k = kg exp| ——=[Csn"
° XP( RT) s (16)
where k, and E, are the pre-exponential factor and activation
energy, respectively, and m is the reaction order with respect to
acid concentration. Similarly, this equation can be expressed as
E 1
Ink=Inky— —==+mlnC
° RT o (17)
where ko, E,, and m can be determined by plotting In k with 1/T
and Cg,, and the results are listed in Table 2.

Table 2. Kinetic Constants for Predicting Rate Constants k
and Degrees of Hydrolyzable Cellulose and Xylan

k or E, (kJ/mol)

Ox ko or B or e m or conditions

7 60.8259 0.1314 19752 50% < Cgy < 58%,
308 K< T<353K

k48059 36353 38157 50% < Cgy < 64%,
308 K< T<353K

ky 241186 40222 32566  50% < Cgy < 64%,

308 K< T<353K

Ox 46.3115 0.0974 2.1853  S0% < Csp < 64%,
308 K< T<353K

ks, 0.0010 31442 75119 50% < Cgy < 64%,
308K < T<353K

Therefore, the kinetic constants in the models can be
expressed using the following equations

k, = 4.8059 exp| ———= |Cg, >
! ( RT ) SA

(18a)
40222 32566
k, = 24.1186 - == |c
3 eXP( RT ) sA (18b)
31442 7.5119
k. = 0.0010 —|C
5 eXp( RT ) sA (18¢)

Because not enough data were obtained for the CNC
hydrolysis and sugar degradation reactions, the relationships for
k,, k4 and k¢ were not established. The rate constants k;—k;
predicted using eqs 18a—18c were compared with those
obtained by fitting the experimental data, as shown in Figure
Sla (Supporting Information). The agreement was found to be
good in general. Large discrepancies were observed for a few
data points with low k values, especially k; and k;, which were
less than 0.1 as a result of experimental and mathematical
difficulties.

The rate constant for xylose formation (ks) was found to be
1-2 orders of magnitude larger than that for glucose formation
(ks). Similar results were also reported when dilute acid was
used to hydrolyze lignocellulosic biomass.'®***” The degrada-
tions of xylose and glucose were negligible in most cases.
Significant degradations were observed only under severe
condition such as Cgy > 62% or T > 60 °C. The rate constant
for xylan hydrolysis was found to be 4 orders of magnitude

greater than that for xylose degradation, and the rate constant
for cellulose hydrolysis was about 2 orders of magnitude greater
than that for glucose degradation. The hydrolysis of CNCs is
not significant in most cases, except at acid concentrations of 64
wt % or higher.

As shown in Table 2, cellulose hydrolysis to form glucose had
the highest activation energy, whereas xylan hydrolysis had the
lowest. Both activation energies were much lower than those for
the dilute acid hydrolysis of lignocelluloses,'®"” indicating that
strong acid facilitates the hydrolysis of cellulose and xylan at low
temperatures.

Degrees of Hydrolyzable Cellulose and Xylan. The
degrees of hydrolyzable cellulose, ¥, and xylan, Jx, are functions
of reaction severity, that is, sulfuric acid concentration Cg, and
temperature T. Based on the combined severity factor
concept,”® we can establish a temperature-related severity

O
=€
0= P 478 (19)

where T’ is the temperature in °C and T, is a reference
temperature. In this work, we chose T, = 25 °C, at which the
degradation of CNC should be low. Considering the effect of

sulfuric acid, a “combined severity factor” (R) is defined as

’

n T ]-;’ n
R =Cg, exp 1475 = Caa Ry

(20)

where the exponent n represents the strong acid dependence of
the hydrolysis reactions under strong acid conditions. When R
reaches a certain critical severity (RC) contributed by high Cg,
or T, y or 6x tends toward 1, that is, limg_z .y = 1 and limg_,z O

= 1. Therefore, for R < R (corresponding to Cgs < Cgac or T <
Tc), the relationship between y or x and R can thus be
proposed as

B B

yordy=1—-——=1- ———

R Coa"Ro (1)
where B is a constant and ff and ¢ are corresponding exponents
that reflect the impacts of sulfuric acid and temperature,
respectively, on ¥ or dx. These equations can also be expressed
as

1
In—— =-InB+fInC;, + €InR
1 — 7 (or &) pin Can @

Therefore, the parameters B, ff, and € can be determined by
plotting In[1/(1 — y)] or In[1/(1 — 8x)] versus Cg, and R,

,—q_ 608259
CSA1.9752R00.1314 (233.)

6311

5y =1 — 63118

As discussed previously, an acid concentration of 58 wt % is
the demarcation point above which cellulosic fibers can be
completely dissolved; therefore, y = 1 when Cg, > 58%, in which
case eq 23a is no longer valid.

The degrees of hydrolyzable cellulose and xylan predicted
using eqs 23a and 23b were compared with those determined by
fitting the experimental data. Excellent agreement was obtained
(Figure S1b, Supporting Information), suggesting that the
approach employed to derive eqs 23a and 23b using the
combined severity factor defined in eq 20 is valid.
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B CONCLUSIONS

Reaction conditions must be well controlled to maximize the
CNC yield and eliminate the degradation of cellulose fibers to
sugars. The solubilization of cellulosic fibers under strong acid
conditions can be simplified as three phenomenological parallel
reactions: depolymerization of cellulose to form CNCs,
hydrolysis of certain noncrystalline regions of cellulose to
form glucose, and hydrolysis of xylan to form xylose. Hydrolysis
of CNCs can occur to release glucose. Glucose and xylose can be
degraded to form HMF and furfural, respectively, under more
severe conditions.

CNC yield is dictated by two key processes: (1) cellulose
depolymerization under low-severity conditions such as acid
concentrations of <58 wt % and (2) CNC degradation at very
high-severity conditions such as acid concentrations of >64 wt
%. For bleached kraft eucalyptus pulp, a sulfuric acid
concentration between 58 and 62 wt % is preferred at a
moderate temperature of 50—60 °C to maximize CNC yield
with a reaction time between 30 and 180 min to reduce cellulose
loss to sugars. Near-zero cellulose loss to sugars and sugar
degradation products can be achieved using sulfuric acid at 58 wt
% and approximately 55 °C.
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Reaction rate constants obtained from nonlinear regression of
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