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Mild oxalic acid-catalyzed hydrolysis as a novel approach to 
prepare cellulose nanocrystals  
Wenyang Xu,[a] Henrik Grénman,[b] Jun Liu,[a] Dennis Kronlund,[c] Bin Li,[d] Peter Backman,[e] Jouko 
Peltonen,[c] Stefan Willför,[a] Anna Sundberg,[a] Chunlin Xu* [a] 
Abstract: The traditional method to isolate cellulose nanocrystals 
(CNCs) is to subject cellulosic materials to strong acid hydrolysis by 
mineral acids, which usually cause problems such as corrosion of 
equipment, the need of large amount of water, the difficulty of acid 
recovery, and over-degradation of cellulose. Thus, a green and 
sustainable approach for the preparation of CNCs was developed 
where mild acid hydrolysis with diluted oxalic acid was used. The 
reaction kinetics of different preparation parameters, such as reaction 
temperature, oxalic acid dose, addition of HCl, and reaction time were 
thoroughly investigated. A high yield of up to 85% was achieved by 
mild oxalic acid hydrolysis in comparison to the yield of 35% using the 
most common approach with sulfuric acid hydrolysis. The CNCs from 
the fore approach have a high thermal stability, i.e. a maximum 
thermal degradation temperature of 350 °C in comparison to 200 °C 
when sulfuric acid hydrolysis was used. Importantly, oxalic acid 
solutions were readily recovered, and exhibited consistently high 
performance in several continuous runs of reaction. The hydrolysates 
contained mostly monomeric sugars, which could be further utilized 
for chemical or biofuel production. 

Introduction 

Wood-based biomaterials have attracted great interest. 
Particularly cellulose, as the most abundant renewable 
biomaterial, is considered an inexhaustible source of raw 
material and the prime candidate for replacing a broad 
spectrum of fossil-based substrates. Cellulose is a polymer 
that has naturally long chains, is non-toxic, and has versatile 

uses in many industrial fields such as paper, textile, 
cosmetics, and pharmaceutical industries. More recently, 
cellulose nanomaterials containing cellulose nanocrystals 
(CNCs), cellulose nanofibers (CNFs), and bacterial cellulose 
(BC) offer a new generation of renewable and versatile 
nanomaterials.[1]  
CNCs, with 5–70 nm in diameter and hundreds of 
nanometers in length,[1] refer to the highly ordered crystalline 
regions in cellulose after removing the amorphous regions.[2] 
Due to their appealing intrinsic properties, for example, low 
density, high surface area, large aspect ratio, being 
renewable and sustainable, and being readily available for 
chemical modification, CNCs have attracted a great deal of 
interest for applications in the fields of papermaking, effluent 
treatment, conducting and optical polymers, food, cosmetics, 
medicine, and pharmacy.[2-3] However, an economic, 
sustainable, and environmental friendly way of isolating the 
CNCs needs to be developed to advance the application of 
cellulose nanomaterials. 
Several studies have been conducted for the preparation of 
CNCs. Acid hydrolysis is the most traditional and common 
method. Most works have been focused on the use of 
concentrated mineral acids such as sulfuric acid,[4] 
hydrochloric acid,[5] phosphoric acid,[6] and nitric acid.[7] 
Strong acid hydrolysis is a simple and time-saving method 
randomly hydrolyzing the cellulose disordered region and 
even the crystalline part under harsh condition.[8] However, 
certain issues such as harsh corrosion of equipment, large 
water usage, severe environmental pollution, and low 
production yield need to be addressed.[9] Hydrolysis in less 
harsh condition employing solid acid and organic acid can 
obtain a higher CNC yield. The hydrolysis of bleached pulp 
with phosphotungstic acid[9b] and formic acid[10] is of great 
importance to prepare CNCs with a high yield and in a 
relatively green way by reusing the acid. However, the use 
of volatile formic acid may cause potential environmental 
problem. Furthermore, the resulting CNCs have poor 
dispersibility in some solvents including water, ethanol, and 
THF, thus further surface modification is needed for further 
chemical utilizations.[10a] 
Oxalic acid (OxA) has higher pKa values and thus provides 
a milder acid condition than mineral acids such as sulfuric 
acid.[9a] As a dicarboxylic acid, OxA possesses two pKa 
values, which may impart a more readily tuned, optimized, 
and efficient hydrolysis of various lignocellulosic substrates 
over a range of pH values and temperatures compared to 
stronger mineral acids. OxA has been previously studied for 
the pre-treatment of lignocellulosic materials,[11] 
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depolymerization of cellulose,[12] hydrolysis of biomass,[9a, 12] 
and cellulose nanofibril production[13]. Most importantly, OxA 
should not depolymerize the packed cellulose efficiently and 
only more amorphous domains of cellulose are somewhat 
prone to be degraded.[12] Moreover, carboxyl groups will be 
introduced to fiber surface by Fischer-Speier esterification of 
one –COOH group of OxA.[14] In a recent study, concentrated 
oxalic acid and maleic acid were applied for CNC 
fractionation and then hydrolyzed fibers were subsequently 
fibrillated into CNFs with a combination of mechanical 
fibrillation.[13a] There relatively harsh condition with 
concentrated acid of 30-80 wt.% and a relatively higher 
temperature, i.e. 120 °C was applied. It addressed a part of 
the issues of using concentrated mineral acids, as the 
economically recovery of acid, high yield of cellulose 
nanomaterials, and improved thermal stability. However, the 
washing and separation step of cellulose nanomaterials 
resulted in high water consumption and high energy demand. 
In this work, a one-step method using diluted oxalic acid 
hydrolysis under mild conditions at hydrolysis temperature of 
70 to 100 °C was developed to produce CNCs. Alternatively, 
HCl of small, catalytic amount was added to boost the 
hydrolysis reaction and also to minimize the chemical cost 
because the commercial price of oxalic acid is 2-4 times 
higher than that of HCl. The reaction rate of the preparation 
of CNCs under various temperatures, different OxA dose, 
and various amounts of catalyst (hydrochloric acid, HCl) 
were thoroughly and systematically studied. A mathematical 
model was developed for describing the extraction kinetics 
that is essential for understanding the hydrolysis mechanism. 
The reusability of OxA was further assessed. Moreover, the 
fiber morphology, chemical structure, and thermal stability of 
the prepared CNCs were also thoroughly assessed. 

Results and Discussion 

1. Preparation of CNCs by oxalic acid hydrolysis 

Generally, the properties, especially size and surface 
charge, and the yield of OxA-CNCs are highly dependent on 
the type and concentration of acid, the reaction temperature, 
and the reaction time.[2] The hydrolysis using a strong 
inorganic acid (e.g. 64 wt.% H2SO4) with relative lower 
temperature (25-45 °C) and short reaction time (0.5 h) has 
been commonly used to obtain CNCs. Oxalic acid is a weak 
organic acid. Thus, a relatively higher temperature (above 80 
°C) was selected to efficiently prepare CNCs. Table 1 shows 
the specific reaction conditions, i.e. elevated controlled 
temperature, different dosages of OxA ranging from 0.11-
1.11 mol/L, and addition of small amounts of HCl. 
As observed in Table 1, around 60-80% yields based on the 
initial dry weight of pulp could be obtained with different 
reaction conditions. These yields were higher than the ones 

(15-60%) prepared by sulfuric acid.[15] The particle size of the 
OxA-CNCs was larger than that of using sulfuric acid. 
However, the OxA-CNCs had smaller average particle size 
and more negatively charged surface (around -30 mV) 
compared with the CNCs prepared by formic acid with size 
of a few micrometers and zeta potential around -10 mV, 
respectively.[10b] Moreover, the surface carboxylic group 
density between 0.18-0.25 mmol/g of CNCs is comparable 
with the results reported by Chen et al.[13a] To investigate the 
reusability of oxalic acid, CNCs prepared using recovered 
OxA solution (OxA-R1) possessed comparable properties 
with CNCs prepared with fresh OxA solution (OxA-1-t3). 
Furthermore, OxA solution could be reused up to at least 3 
times (Table 1) and had the potential of being reused further 
because the recycled oxalic acid solution had a relatively low 
pH value of around 1.5. 

Table 1. Preparation of OxA-CNCs with different reaction conditions, and 
yields, size distribution, and surface charge density of the CNC samples. 

Code 

Yield
[a] 

(%) 

Size 

(nm) 

Zeta 

potential 

(mV) 

Reaction 

time (h) 

SCNC 34.8 535±5 45.9±0.3 0.5 

95C, 0.11OxA, t1[b] N.D. 2663±346 29.6±0.6 24 

95C, 0.11OxA, t2[b] N.D. 927±86 24.6±1.0 48 

95C, 0.11OxA, t3[b] 67.8 1176±44 22.4±2.2 72 

95C, 0.11OxA, R1[c] 67.7 1979±474 29.7±1.0 72 

95C, 0.11OxA, R2[c] 67.2 1278±165 28.5±1.1 72 

95C, 0.11OxA, R3[c] 69.6 1568±123 29.0±1.1 72 

95C, 0.11OxA, 1% 72.6 1263±280 25.5±1.6 48 

95C, 0.11OxA, 2% 82.7 1420±79 28.2±1.5 48 

95C, 0.11OxA, 4% 85.0 1610±658 28.6±1.3 48 

95C, 0.11OxA, 6% 61.4 933±53 25.7±0.6 48 

95C, 0.11OxA, 10% 60.5 649±72 24.2±1.3 48 

95C, 0.11OxA, 

10%-4h[d] 
81.5 1056±125 30.8±1.3 

4 

80C, 0.11OxA 78.4 2472±294 24.7±1.3 48 

90C, 0.11OxA 70.6 2644±905 26.1±1.0 48 

100C, 0.11OxA 66.5 1178±176 27.5±1.3 48 

95C, 0.06OxA 71.9 2253±284 23.7±0.9 48 

95C, 0.22OxA 69.0 1874±249 24.6±1.0 48 

95C, 0.55OxA 68.6 1092±62 30.7±1.6 72 

95C, 1.11OxA 70.6 1468±158 31.0±1.0 72 
Note: [a] Yield was calculated based on the dry content measurement compared 
with starting weight of dry pulp. SCNC was prepared using 64 wt.% H2SO4 at 
45 °C for 0.5h. N.D. means for not determined. Code (X, Y, Z): X stands for 
reaction temperature; Y stands for OxA concentration (mol/L); Z stands for: [b], 
the same reaction conditions except reaction time of t1 for 24 h; t2 for 48 h; and 
t3 for 72 h; [c], recovered OxA solution from the reaction OxA-t3 was used, and 
the fresh OxA solution (concentration of 0.11 mol/L) was added to maintain 
same pulp consistency; the value with percentage is the added amount of HCl 
in volume percent of reaction volume. [d], reaction was performed only for 4 h 
to achieve the transparent solution, which is considered as ending point of 
obtaining CNCs.  

2. Analysis of kinetic data 
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In order to understand how the reaction proceeds, the 
dissolution rates of the different sugars were compared. This 
was done by dividing the sugars into three different classes: 
xylose, glucose, and the “rest” of the compounds (arabinose 
(ara), ahamnose (rha), mannose (man), galactose (gal), 
glucuronic acid (glcA), and galacturonic acid (galA)). The 
results reveal that the glucose is dissolved through a different 
mechanism and rate compared to xylose and that the rest of 
the compounds dissolve simultaneously with xylose. This is 
displayed in Figures S1a and S1b by plotting the 
concentration of the “rest” as a function of the concentration 
of xylose and the concentration of non-glucose fraction 
(xyl+rest) as a function of the glucose concentration. Figure 
S1a gives a straight line showing a linearly correlated 
extraction rate between the “rest” and xylose, while Figure 
S1b shows far from linear dependence. The kinetics of the 
dissolution rate of xylan and the ‘rest’ was concluded to have 
a linear relationship, so they could be combined in the 
modelling procedure to the non-glucose fraction. 
In order to evaluate if the reaction mechanisms remain the 
same when moving to more acidic solutions, the 
concentration of the “rest” was plotted as a function of xylose 
concentration at various amounts of HCl added to the oxalic 
acid solution (Figure S1c). The linear correlation holds for 
solutions containing up to 2 % of HCl. However, at acid 
concentrations above 2 % the correlation does not anymore 
exist indicating that the reaction mechanisms were changed. 
In this case, the observation is most probably related to 
consecutive reactions e.g. the degradation of the sugars. 
Therefore, the modelling was performed for solutions with a 
maximum of 2 % of HCl added to the 0.11 M oxalic acid 
solution corresponding to a pH value of 0.6. Moreover, the 
maximum amount of the non-glucose fraction that could be 
dissolved in the applied experimental conditions was 110 
mg/g pulp as the dissolution stagnated. In contrast, the 
dissolution of the glucose did not stagnate and 42 mg/g can 
be considered as dissolvable in the applied conditions. 
These values were considered in the modelling. 
The pH of the solution influences directly the hydrolysis rate 
and dissolution rate of the compounds from the pulp. The pH 
of the solution depends on the first and second dissociation 
constants of the oxalic acid used in the experiments and the 
constants depend strongly on temperature. Moreover, the 
added HCl influences the dissociation of the oxalic acid. The 
dissociation properties of oxalic acid are not widely available 
at elevated temperatures as the values found in literatures 
are typically for 25°C or a maximum of 50°C. The thorough 
work by Kettler et al.[16], extending the dissociation until 
175°C, was used in the current work to calculate the 
dissociation of the oxalic acid. The hydronium ion 
concentration was then calculated taking into account the 
concentration of oxalic acid and HCl, as well as the solution 
temperature. The calculated hydronium ion concentrations 
used in the modelling are displayed in Table S1.  

3. Kinetic Modelling  

The aim was to develop a mathematical model, which 
corresponds mechanistically with the experimental 
observations and the chemical structure of the pulp. The 
hydrolyzed pulp was treated as consisting of three fractions 
in the modelling: the crystalline cellulose, non-crystalline 
cellulose, and non-glucose sugars (xyl, ara, rha, man, gal, 
glcA, and galA).[15b, 17] A schematic representation of the pulp 
fractions separated in the modeling is presented in Scheme 
1.  
 

 
Scheme 1. A schematic representation of the division of the pulp into reactive 
(amorphous glucose and non-glucose sugars) and non-reactive (crystalline 
glucose) fractions. 

The rates of the dissolution according to Scheme 1 are 
presented in Eq. (1) & (2). The model is based on the 
assumption of irreversible reactions and negligible diffusion 
resistance as the reaction happens in the time frame of hours 
and the hydronium ions diffuse rapidly.[18] The model takes 
into account the temperature (T), the concentration of H3O+ 
(H+) (mol/L) as well as the concentrations of the four states 
involved in the dissolution (mg/g pulp): non-glucose and 
glucose in both the solid and liquid phases (csnon-glc), (csglc), 
(clnon-glc), and (clglc), respectively, in each point in time. The 
parameters n1 and n2 are the reaction orders towards the 
H3O+ concentration and Ea1 and Ea2 are the apparent 
activation energies. A modified Arrhenius equation (Eq. (3) 
& (4)), in which the reference temperature (Tref in Eq. (5)) is 
90 °C, was used to take into account the influence of 
temperature on the reaction rate. The modified version was 
used in order to suppress the correlation between the 
activation energy and the pre-exponential factor (k11 and k22) 
in regression analysis. In Eq. (3) & (4), k11 and k22 are the 
values of the rate constants at Tref. 

𝑟𝑟1 = 𝑘𝑘1 ∙ 𝑐𝑐𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝑐𝑐𝐻𝐻+
𝑛𝑛1   (1) 

𝑟𝑟2 = 𝑘𝑘2 ∙ 𝑐𝑐𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛−𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝑐𝑐𝐻𝐻+
𝑛𝑛2   (2) 

𝑘𝑘1 = 𝑘𝑘11  ∙ 𝑒𝑒
−𝐸𝐸𝑎𝑎1
𝑅𝑅𝑅𝑅     (3) 

𝑘𝑘2 = 𝑘𝑘22  ∙ 𝑒𝑒
−𝐸𝐸𝑎𝑎2
𝑅𝑅𝑅𝑅     (4) 

1
𝜃𝜃

= 1
𝑇𝑇
− 1

𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
  (5) 

Hemicelluloses 

Crystalline cellulose 

Amorphous cellulose 

Glucose 
dissolution 

Non-glucose 
dissolution 

r
1
 

r
2
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The mass balance for the solid and liquid phase 
hemicelluloses and the amorphous glucose in the batch 
reactor can now be written as Eq. (6) & (7). 

−𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑑𝑑𝑑𝑑

= 𝑘𝑘11𝑒𝑒
−𝐸𝐸𝑎𝑎1𝑅𝑅𝑅𝑅 𝑐𝑐𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝐻𝐻+

𝑛𝑛1  (6) 

- dcsnon-glc

dt
= dclnon-glc

dt
= k22e-Ea2Rθ csnon-glccH+

n2  (7) 

4. Modelling principles and procedure 
The model is based on ordinary differential equations (ODE), 
which predict the concentration of the compounds in the 
solution and in the solid phase. The estimation of the kinetic 
parameters was carried out by nonlinear regression analysis 
by using the simulation and parameter estimation software 
MODEST.[19] The system of ODEs was solved with the 
backward difference method implemented in the software 
ODESSA,[20] which is based on the LSODE code.[21] All sets 
of experimental data, containing the concentrations in solid 
and liquid phases, as well as the temperature as a function 
of time were merged together. The sum of residual squares, 
Q, was minimized with the hybrid Simplex-Levenberg-
Marquardt method (Eq. (8)), 

𝑄𝑄 = �𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑�
2 = ∑ ∑ ∑ (𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖𝑖𝑖 −

𝑛𝑛𝑛𝑛𝑑𝑑𝑛𝑛𝑑𝑑𝑛𝑛(𝑖𝑖,𝑖𝑖)
𝑖𝑖=1

𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑(𝑖𝑖)
𝑖𝑖=1

𝑛𝑛𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑
𝑖𝑖=1

𝑐𝑐𝑒𝑒𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖)2  (8) 

where cexp represents experimental data and cest the 
estimated values, i.e. the concentrations. 

5. Modelling results and sensitivity analysis 

Table 2. The parameter of mathematical equitation. 
Parameter Parameter value 

Ea1 97.4 kJ/mol 

k11 0.0287 L/(mol*h) 

n1 1 

Ea2 103 kJ/mol 

k22 0.0571 L/(mol*h) 

n2 0.496 

 
The experimental results for experiments performed at 
different temperatures and acid concentrations, as well as 
the fit of the model to experimental data, can be seen in 
Figures 2 and 3. As seen in Table 2, a rather high value of 
about 100kJ/mol was obtained for the activation energy (Ea) 
for both reagents. The activation energies Ea1 and Ea2 are 
very similar for both fractions and the frequency factor for 
non-glucose k22 is about double compared to k11 for glucose, 
which corresponds well with the observed reaction rates. 
First order kinetics was applied for the dependence of the 
reaction rate on the solid reagents (glc and non-glc) 
concentration, which corresponds to a very porous solid 
material.[22] The reaction order reflecting the dissolution rate 
on the concentration of the hydronium ion, i.e. the pH, 

obtained the values n1=1 and n2=0.5 in the modelling. This 
observation is according to the expected in the value for n1, 
but in the case of n2 the result is somewhat unexpected at 
first. Figure 1 shows the influence of the exponent on the 
value of the product as a function of the hydronium ion 
concentration. The glucose is influenced by the hydronium 
ion concentration according to a=1, while the dissolution rate 
of non-glc depends on the hydronium ion concentration 
according to a=0.5. This shows that the extraction rate of the 
non-glc fraction is much more sensitive to changes in the 
hydronium ion concentrations in low concentrations, 
compared to glucose. The concentration range studied in the 
current work was between 0.028 – 0.251mol/L. 

 

Figure 1. A comparison between the first and 0.5 order dependence of the 
hydronium ion concentration as a function of the concentration of hydronium 
ions. 

To assess the reliability of the obtained parameters, a 
sensitivity analysis was performed. One of the parameters 
was at the value that gave the minimum of the objective 
function, while the other one was changed, and the value of 
the objective function was calculated. It is important that a 
clear minimum is found as e.g. step changes or obtaining the 
same value for the objective function with a broad range of 
parameter values shows that the parameters are not well 
defined, which is frequently encountered. The results in 
Figure S2 indicate that a clear minimum is obtained for the 
objective function for each parameter. 
In order to evaluate the correlation between the parameters, 
contour plots were made. The results in Figure S3 
demonstrate that no strong correlations are observed, as 
changing the value of one or both of the parameters leads to 
non-optimal values of the objective function, for which the 
minimum is found in the dark blue region in the figures. This 
increases the reliability of the parameter values.  
5.1 Glucan dissolution 

The glucose that existed in the hydrolysates originated from 
both the hemicelluloses and the cellulose. The concentration 
of glucose monomers of different temperature and acid 
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concentrations can be observed in Figure 2. Considering 
hydrolysis of cellulose with low acid concentration, oxalic 
acid is inefficient to depolymerize crystalline domains to form 
glucose at low temperatures (i.e. 90-130 °C),[12] and thus it is 
only the amorphous domains that are prone to be 
depolymerized.  
The glucose dissolution rate increased with the reaction 
temperature (Figure 2a), and higher concentration of oxalic 
acid (Figure 2b) and HCl (Figure 2c). According to the 
experimental data, the glucose dissolution showed relatively 
slow rates, especially during the first 30 h of hydrolysis. This 
might be due to the morphological distribution of cellulose 
and hemicelluloses in the cell wall. [23] In the other words, 
cellulose was hydrolyzed later than hemicelluloses. After the 
initial phase, the dissolution rate was rather linear. The 
observation of Figures 2a, 2b, and 2c confirmed that the 
higher temperature and more acidic condition will increase 
glucose dissolution.[10b, 13a] However, the effect of 1 % 
addition of HCl worked similar compared with that using 10 
times more oxalic acid. Obviously in Figure S4, the addition 
of more than 4 % HCl has roughly the same glucose 
dissolution rate compared to that of less added HCl. 
Nevertheless, relatively low glucose dissolution was 
observed with more than 4% HCl addition, which explained 
the relatively high yield of OxA-CNCs. 

 
Figure 2. Kinetic models of time-dependent glucose dissolution by application 
of different temperature (a), different oxalic acid dose (b), and addition of HCl 
(c) in comparison with experimental data. Note: the symbols present the 
experimental data; the lines represent the model fit.  

5.2 Non-glucose dissolution  
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Comparing with glucose dissolution, different dissolution 
kinetics could be observed with the non-glucose part (shown 
in Figure 3). It might be related to the dicarboxylic properties 
of oxalic acid that were considered to yield superior 
selectivity for the hydrolysis of hemicelluloses.[9a] The non-
glucose dissolution showed relatively faster rates, which is 
probably due to the weaker bond between hemicellulose 
fractions compared to cellulosic fractions.[24] The branched 
structure of hemicelluloses can be easily attacked by acid. It 
is also probably because part of the hemicelluloses is located 
on the surface of the fibers and, thus, it can be easily 
accessed and hydrolyzed by acid.[23] With the prolonged 
reaction time, the release of sugar units from hemicelluloses 
decreased even though hemicelluloses were still present in 
the material, which may be due to interpenetrated and firmly 
retained hemicelluloses between cellulose fibrils.[25]  
Xylan is the major non-glucose hemicellulose part as birch 
pulp is the starting material. It has been reported that the first 
60-70% of xylan undergoes rapid hydrolysis, whereas the 
remaining part is hydrolyzed slowly, named fast- and slow-
reacting fraction.[26] The obtained final xylose concentration 
with the oxalic acid concentration was 0.11 mol/L and 
prolonged reaction time (around 72 h) resulted in a release 
of 53 % of the total xylose in BKP. It was also found that only 
around 53% of the total xylose of the original pulp was 
released at a reaction temperature of 100 °C (Figure 3a). 
When the oxalic acid concentration was 1.11 mol/L (Figure 
3b), the xylose released was slightly higher, 63 %. Even 
though the addition of HCl significantly enhanced the xylose 
dissolution (Figure 3c), the most xylose released was 65 % 
of total xylose in the BKP. All these presented percentages 
could be considered in the range of the fast-reacting xylan 
fraction.[26a] However, more than 4 % of HCl addition resulted 
in a relatively lower non-glucose concentration, which could 
be observed in Figure S4. This is probably because the 
degradation of monomers occurred simultaneously.[27] 

 
Figure 3. Kinetic models of time-dependent non-glucose dissolution by 
application of different temperature (a), different oxalic acid dose (b), and 
addition of HCl (c) in comparison with experimental data. Note: the symbols 
present the experimental data; the lines represent the model fit.  
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6. Properties of the prepared CNCs 

6.1 The morphology of CNCs  

Dynamic light scattering is a fast and simple way to 
determine the nanoparticle size, even though it could not give 
accurate measurement for rod-like particles. Quantitative 
and rough analysis of CNC length was still conducted by 
dynamic light scattering method in many studies more 
importantly for comparison purpose.[5, 10b] The narrowed 
particle size distribution of OxA-CNC compared to SCNC is 
shown in Figure 4. The zeta potential and average size of 
CNC products are shown in Table 1. 

The zeta potential of OxA-CNC products was -29±5 mV 
(Table 1). The low absolute value of zeta potential of OxA-
CNCs resulted in less good dispersibility in the water phase. 
This is probably because less carboxyl groups (0.1-0.3 
mmol/g) (Table S2) were introduced on the CNC surface 
during diluted oxalic acid hydrolysis compared with that of 
concentrated oxalic acid hydrolysis (0.1-0.4 mmol/g). [13a] 
While, SCNCs have a zeta potential of around -45.9 mV due 
to the introduction of sulfate group (-SO3

2-) on the surface.[9b, 

10b] 
 

 

 

Figure 4. Particle size distribution of CNC products: (a) CNCs prepared by different reaction temperature with 0.11 mol/L OxA, (b) CNCs prepared the addition of 
HCl with 0.11 mol/L OxA at 95 °C, (c) CNCs prepared by different OxA concentration at 95 °C, (d) CNCs prepared by reused time with 0.11 mol/L OxA at 95°C, and 
without HCl addition. 
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The average size of OxA-CNCs (as shown in Table 1 and 
Figure 4) was much larger than that of SCNC, which is 
consistent with the low glucose dissolution and high yield of 
OxA-CNCs. However, the particle size distribution of OxA-
CNCs was much narrower compared with that of SCNC 
exhibiting a wide distribution varying from 190 nm to 6 μm 
and average particle size of SCNCs was 535 nm (Table 1), 
which was comparable with previous results.[10b, 28] Reaction 
temperature and the addition amount of OxA did not show 
significant effect on the size of CNC products, especially 
when the reaction temperature was above 95 °C (Figure 4a) 
and the amount of added oxalic acid was over 0.11 mol/L 
(Figure 4b). OxA-CNCs, which were prepared with the 
addition of 10 mL HCl and only 4 h reaction time, showed 
narrow distribution centralized at 682 nm (Figure 4c). The 
average size of CNCs prepared by the third-time reuse of 
OxA about 1568±123 nm. This value is comparable to that of 
OxA-CNC prepared only by the fresh OxA (as shown in 
Figure 4d).  
TEM images of SCNC and OxA-CNCs are shown in Figure 
5a and 5b (TEM images of other samples are in Figure S5). 
It is obvious that the OxA-CNCs to some extent formed fiber 
bundles. This is mainly due to their less charged surface 
(Tables 1 and S2). On the other hand, slight crosslinking 
might occur between the introduced carboxylic group and 
existing natural hydroxyl groups.[29] These also increased the 
observed dimensions of OxA-CNCs with around 8-15 nm in 
width and 200-1200 nm in length. The highly charged SCNC 
had width and length in the range of 5-8 nm and 50-400 nm, 
respectively. These results were in good agreement with the 
PSD data in Table 1.  

 

Figure 5. TEM images of SCNC (a) and OxA-CNCs (b); Photo of self-
assembled CNCs by lyophilization at concentration of 1.0 wt.% (c); SEM images 
of OxA-CNCs powders with different magnifications (d-f); Note: the OxA-CNCs 
were prepared at 95 °C for 72 h with OxA concentration of 0.11 mol/L and 
without addition of HCl. 

Prior to the SEM imaging, CNC suspensions were dispersed 
in water and solvent-exchanged with ethanol. A fully 
dispersed CNC-ethanol suspension was achieved after 
ultasonification for 5 min. A flaky clump of CNCs was 
obtained after evaporating and the suspension was then 
freeze-dried (as shown in Figure 5c). SEM images showed 
the morphology and self-assembled CNC microstructure. 
Aggregates of CNCs were formed through the formation of 
strong H-bonding.[30] CNCs had a higher possibility of 
embedding with the abundant aggregated spherical cellulose 
nanocrystals, forming membranes with invisible network 
structure after solvent removal (Figure 5d).[31] A fluffy foam 
type of CNC products can be achieved by direct freeze-
drying of CNCs suspensions, which was also shown in 
previous studies.[9b, 31] As can be seen in higher resolution 
SEM images (Figure 5e and 5f), CNCs self-assembling into 
nanometer wide ultrafine fibers were shown. Almost the 
same phenomena can be seen in other CNCs (SEM images 
of other CNC products could be found in Figures S6-S9). 

6.2 The surface chemical and chemical constituents 

The FTIR spectra of BKP and CNC products are shown in 
Figure S10, and the corresponding chemical band 
assignments of FTIR are listed in Table S2. For IR bands, no 
obvious difference was observed between starting materials 
and the CNC products with different reaction conditions. The 
expected ester carbonyl group (C=O) was not obvious in IR 
spectroscopy, which could be due to the small amounts 
introduced. 
The chemical composition of hemicelluloses in the starting 
materials and CNC products were analyzed by GC 
analyses[32] after shown in Figure 6. After hydrolysis, the 
hemicellulose content was lower in the CNCs than in the 
starting materials. The hemicellulose content further 
decreased with prolonged reaction time and the addition of 
HCl, which impart higher purity of the CNCs. These are 
consistent with the increasing concentration of 
monosaccharides in reaction suspension. However, the 
relative large amount of xylose was still observed in all CNC 
products. This is also consistent with the observed maximum 
of non-glucose dissolution in Figure 3. The amount of xylose 
in SCNC was 17.9 wt.% compared with the starting material. 
This is probably due to the fact that crystalline xylan, which 
is resistant to acid hydrolysis, was formed during pulping or 
acid hydrolysis.[33] Furthermore, crystalline xylan could be re-
absorbed onto the nanocellulose chain and thus becomes 
more resistant to acid hydrolysis.[34] 
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Figure 6.Comparison of hemicellulose contents in starting pulp (BKP) and 
the corresponding CNCs. 

6.3 Thermal stability 
 

Table 3. The thermal decomposition parameters and crystallinity of 
starting pulp (BKP) and OxA-CNCs obtained at a heating rate of 10 °C/min 

Sample 

T0 

(°C) 

Tmax 

(°C) 

MWLRmax 

(%/min) 

Residue 

weight 

(%) 

CrI (%) 

BKP 190 355 19.3 11.4 69.6±0.2 

SCNC 110 200 5.1 26.0 71.3±0.7 

95C,0.11OxA,t1 190 338 21.3 8.1 62.1±0.4 

95C,0.11OxA,t2 180 350 24.2 7.1 64.5±0.6 

95C,0.11OxA,t3 190 343 26.2 5.5 67.1±0.4 

95C,0.11OxA, 

10%-4h 
185 345 25.3 5.5 63.6±1.1 

95C,0.11OxA,R3 190 350 24.2 10.4 63.2±0.4 
Note: MWLRmax stands for maximum weight loss rates during thermal 
degradation; CrI stands for crystallinity Index in XRD.  

The thermal stability and weight loss rate of the prepared 
CNCs was investigated by TG analysis, as shown in Figure 
7, and the thermal decomposition parameters are shown in 
Table 3. The thermal degradation of cellulose involves 
depolymerization, dehydration, and decomposition of sugar 
units in parallel followed by the formation of a charred 
residue. The thermal stability of OxA-CNCs was similar to 
that of the starting pulp. According to Table 3, the initial 
decomposition temperature (T0) and temperature of 
maximum decomposition (Tmax) of OxA-CNCs were a bit 
higher than that of the starting pulp. The maximum weight 
loss rates (MWLRmax) were 2-7% higher. 

The initial decomposition of OxA-CNCs was observed more 
than 80 °C higher than that of SCNC starting from 110 °C. 
The later decomposition of OxA-CNCs indicated higher 
thermal stability than that of SCNC. This is probably 
attributed to the less destroyed cellulose crystalline area 
during the weak acid hydrolysis by oxalic acid. However, the 
sulfate groups on the surface of SCNC accelerated the 
decomposition of cellulose with the removing certain 
hydroxyl groups either by esterification or by direct 
catalysis.[35] But the residual weight of OxA-CNCs was lower 
than that of original pulp. This is probably due to the high 
surface area exposed to heat, which diminished the thermal 
stability of OxA-CNCs.[31] 

 
Figure 7. Weight loss rate curves (a) and TG curves (b) of starting 
material, SCNC, and OxA-CNCs. 

6.4 Crystalline structure  
XRD curves of original pulp, SCNC, and OxA-CNCs are 
shown in Figure S11. The positions of the peaks of CNCs 
were the roughly same as for the original pulp, namely 
2θ=16.4°, 2θ=22.3°, and 2θ=34.5°, corresponding to the 
(110), (200), and (040) crystallographic planes of cellulose I, 
respectively. [9b, 31, 36] This indicated no change of the crystal 
form after acid hydrolysis. A minor shift of peak of CNC 
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products at the (200) plane towards lower degree could be 
observed, which is caused by the increased diffraction of 
amorphous region affecting the major diffraction peak at 
(200). 
The crystallinity index (CrI) was calculated according to the 
Eq. (9), shown in Table 3. The CrI of OxA-CNCs decreased 
slightly compared with that of starting material. This could be 
caused by the fact that the hydrolyzed hemicelluloses 
reabsorbed onto the OxA-CNC surface. [10b] This was in 
agreement with the observed hemicelluloses (especially 
xylans) in the product of OxA-CNCs. The crystallinity of 
SCNC was higher than that of OxA-CNCs. This is due to the 
high hydrolysis yield of hemicelluloses, smaller amount of re-
absorbed hemicelluloses, and overly depolymerized 
amorphous cellulose areas. Hence, surface chemistry 
analysis of CNC products is needed for further investigation.  

Conclusions 

In this study, OxA-CNCs of high yield were obtained by a 
sustainable and less-corrosive method using mild and diluted 
oxalic acid hydrolysis of bleached birch kraft pulp for the first 
time. Oxalic acid solutions were readily recovered and 
exhibited consistently high performance in several 
continuous runs of reaction. The reaction kinetics were 
thoroughly investigated with different reaction conditions of 
different temperature, oxalic acid dose, and the addition 
amount of catalyst (HCl). The activation energy values of 
non-glucose and glucose dissolution are very similar; 
however, the frequency factor for non-glucose dissolution is 
approximate double of that for glucose dissolution. It was 
also found that the reaction order for non-glucose is 0.5, 
which differs from the first order reaction for glucose 
dissolution. Non-glucose dissolution is more sensitive to [H+] 
in low acid concentration compared to glucose. The addition 
of small amounts of HCl increased the hydrolysis to a certain 
high degree and could be utilized to decrease the oxalic acid 
cost and shorten the reaction time in practical production. It 
was found that the size of obtained CNCs was 8-15 nm in 
width and 200-1200 nm in length. Carboxylic groups with 
content of 0.1-0.3 mmol/g were introduced onto the surface 
of OxA-CNCs, and the low surface charge density of OxA-
CNCs might contribute to the thermal stability. The TGA 
curves revealed that the obtained CNCs exhibit a much 
higher thermal stability than SCNC. Moreover, the present 
method could achieve controlled and narrowed CNC size 
distribution for further chemical modification in application of 
nanocomposites, like films, drug delivery, and cosmetics, 
etc.  
 

Experimental Section 

1. Materials 

Bleached birch kraft pulp (BKP) was obtained from UPM, 
Finland. Oxalic acid (98 wt.%) was purchased from Sigma-
Aldrich. Hydrochloric acid (37 wt.%) was supplied by 
Mallinckrodt Baker, Inc. Pyridine was purchased from VMR 
chemical. 1,1,1,3,3,3-hexamethyldisilazane (HDMS) and 
trimethyl chlorosilane (TMCS) reagents were purchased 
from Sigma-Aldrich. All chemicals were of analytical grade 
and used as received without further purification. 
2. Preparation of CNCs using oxalic acid 

One gram of bleached pulp was added to 100 mL oxalic acid 
solution with the concentration of oxalic acid varying from 
0.06 to 1.11 mol/L. The suspension was vigorously agitated 
by a Mixstab TEFAL Swing (300 W, normal kitchen blender). 
A desired amount (volume percent varying from 0% to 10%) 
of hydrochloric acid was added as a catalyst to the reaction 
suspension. The reactions were conducted in a spherical 
flask with an oil bath to provide controlled temperatures from 
70 °C to 100 °C and with the magnetic stirring at 1000 rpm 
for reaction times up to 72 h.  
The reaction was terminated by cooling the flask down to 
room temperature by placing it under cold tap water. The 
reaction mixture was centrifuged in a SORVALL R77 Plus 
centrifuge at 3500 rpm for 10 min. The supernatant 
containing oxalic acid was collected to be reused. The CNC 
phase was washed by adding fresh distilled water and 
centrifuged two more times. The CNCs were then transferred 
to dialysis tubes with a cut off of 12 000 - 14 000 Daltons and 
dialyzed against deionized water until the pH value and 
conductivity became constant. The CNC suspensions were 
dispersed in an ultrasonic bath (VMR, 80 W, Malaysia) for 15 
min. As last, all the oxalic acid hydrolyzed CNCs (OxA-
CNCs) suspensions were obtained and stored in a cold room 
for further characterization. 
In addition, CNCs were prepared using the well-established 
sulfuric acid hydrolysis procedure for comparison,1 termed as 
SCNC. The BKP was hydrolyzed by sulfuric acid (64 wt.%) 
at 45 °C for 0.5 h. Then, the suspension was diluted by a ten-
time volume of the acid solution used to terminate the 
reaction, and left to sediment. The clear supernatant phase 
was decanted off and the remaining CNC phase was 
centrifuged (3500 rpm, 10 min). After centrifugation, the CNC 
phase was transferred to dialysis tubes and dialyzed against 
deionized water for several days until the pH value and 
conductivity became constant. Then suspension was 
dispersed using an ultrasonic bath for 15 min to give a higher 
dispersibility. 
3. Kinetic experiments  

The bleached pulp contains mostly hemicelluloses and 
cellulose. It is generally believed that the cellulose 
component has crystalline and disordered domains. The 
hydrolysis of the amorphous domain is easier and around 2-
30 time faster than for the crystalline domain[37]. The process 
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of the preparation of CNCs could be separated to three 
phenomenological reactions, namely, degradation of 
hemicelluloses, depolymerization of cellulose to obtain 
CNCs, and the hydrolysis of cellulose to form glucose.[15b] 
Although oligomers are formed during hemicellulose 
hydrolysis, a major assumption for this step is that the 
hydrolysis process from oligomers to monomers is much 
faster than from hemicelluloses to oligomers. [38] Thus, the 
concentration of oligomers is kept low and the hydrolysis rate 
is visibly observed by concentration changes of monomers, 
i.e. sugars in the reaction suspension. 
In this work, the hydrolysis temperature, the acid 
concentration, and the addition of catalyst (HCl) were 
controlled to investigate the hydrolysis kinetics of the 
bleached kraft pulp. Different temperatures varying from 70 
°C to 100 °C were applied in the acid hydrolysis processes 
with the oxalic acid concentration of 0.11 mol/L. The result at 
70 °C is not reported due to the very low efficiency of 
hydrolysis with quite long hydrolysis time, more than 160 h. 
The effect of the oxalic acid dose was studied by changing 
the oxalic acid concentration from 0.06 to 1.11 mol/L at 95 
°C to boost the hydrolysis process. To further increase the 
rate of hydrolysis and to minimize chemical cost, HCl was 
tested as a co-catalyst in the range of 0-10% (volume 
percentage). The addition of HCl gave an increase in the 
concentration of [H+], thus accelerating the hydrolysis 
process. [10b, 13a] Analysis of the hydrolyzed monomeric 
sugars was applied to investigate the production of CNCs.  
The time-dependent data were obtained by sampling the 
liquid phase of the reaction mixture periodically using a 
syringe. One milliliter of the reaction mixture at different time 
intervals was sampled and quenched by adding an eight-fold 
quantity of distilled water in a KIMAX tube. The tubes were 
centrifuged for 10 min. Afterwards, 3 mL of supernatant was 
transferred to a pear-shaped bottle for further analysis. 
4. Analysis methods 
GC analysis 
The periodically taken samples were frozen and freeze-dried 
prior to carbohydrate composition analysis by gas 
chromatography (GC). [32] After drying, 1 mL of internal 
standard (0.1 mg/mL xylitol in water: methanol= 9:1) was 
added and then evaporated under nitrogen gas. Silylation of 
the samples was carried out using pyridine, HDMS, and 
TMCS reagents. The silylated samples were transferred to 
GC vials and analyzed by GC. The carbohydrate 
composition of pulp and CNCs was analyzed by the method 
of acid methanolysis. Samples were subjected to the acidic 
methanol at 100 °C for 5 h. As internal standards, 1mL of 0.1 
mg/mL sorbitol and resorcinol were added. The samples 
were dried by nitrogen flow in a 50 °C water bath, followed 
by the same silylation as in the monomeric sugar analysis. 
All the experimental data were conducted in duplicates and 
average values of the collected data were reported. 

Particle size distribution and zeta potential 

The particle size distribution (PSD) and zeta potential of CNC 
products were analyzed by a Zetasizer Nano ZS instrument 
(Malvern Instruments Ltd., UK). All the samples were diluted 
to a concentration of 0.1 wt.% and then further dispersed by 
ultrasonic bath (VMR, 80 W) for 10 min prior to 
measurements. The measurements were carried out in 
triplicates for each sample. For the measurement of zeta 
potential and particle size distribution, runs of 10 and 13 were 
performed, respectively. The average data was reported 
after the analyses. 
Transmission Electron Microscopy (TEM) 
To obtain an image of the CNCs with TEM, a drop of 5 μL 
diluted CNC suspension (0.01 wt.%) was added to a carbon-
supported copper grid. Afterwards, the specimen was 
stained with 5 μL uranyl acetate solution (1 wt.%) for 40 s. 
Excess solution was carefully blotted out by filter paper, and 
the remaining solution formed an even layer on the grid. 
Then, a JEM-1400 Plus TEM microscope (JEOL Ltd., Japan) 
with an accelerating voltage of 80 kV was used to record the 
TEM image. 
Scanning Electron Microscopy (SEM) 
A scanning electron microscope (SEM LEO Gemini 1530 
with a ThermoNORAN Vantage X-ray analyzing system 
manufactured by Thermo Scientific, Germany) was used to 
obtain the images of surface morphology of the samples. The 
samples were dispersed in water and solvent exchanged 
with ethanol, followed by ultrasonification for 5 min. The 
samples were then dried by freeze-drying before imaging. 
The microscope was operated in a secondary electron mode 
at an accelerating voltage of 2.7 kV for imaging with an 
aperture size of 60 μm. SEM micrographs were recorded 
with magnifications of 5, 25, 50, and 10 kx. 
Fourier transform infrared (FTIR) 
Freeze-dried CNCs were analyzed by Thermo ScientificTM 
NicoletTM iSTM 50 FTIR Spectrometer (United States). The 
spectra were collected with ATR mode in the transmittance 
or absorbance mode from an accumulation of 36 scans at a 
4 cm-1 resolution in the range of 4000-400 cm-1. 
X-ray diffraction (XRD) 
The samples for XRD measurements were prepared by 
pressing the freeze-dried CNCs between two glass slides 
into flattened sheets. The XRD spectroscopy (Bruker 
Discover D8, Germany) with a Ni-filtered Cu Kα radiation 
generated with an operating voltage of 45 kV and a filament 
current of 40 mA was used. The XRD patterns were obtained 
with the changing scattering angle (2θ) from 10 to 40 ° 
(Scanning rate= 2s/step, step size=0.002 °). The crystallinity 
index (CrI), which was calculated using empirical Equation 
9 shown as follows: 

𝐶𝐶𝑟𝑟𝐶𝐶 = 𝐼𝐼200−𝐼𝐼𝑎𝑎𝑎𝑎
𝐼𝐼200

 × 100  (9) 
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Where I200 is the maximum peak intensity at lattice diffraction 
(200), Iam is the intensity diffraction at 2θ = 18°. 
Thermal gravimetric analysis 
The thermal stability of the kraft pulp and CNC products was 
investigated by a Thermal Gravimetric Analyser (Q600, TA 
instruments). The samples were freeze-dried before thermal 
analysis. The heating rate in the experiment was 10 °C/min 
from room temperature up to 600 °C under nitrogen. 
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Mild hydrolysis for CNCs: A green 
and sustainable mild oxalic acid 
hydrolysis process for cellulose 
nanocrystals (CNCs) preparation was 
developed. Reaction kinetics was 
comprehensively investigated to 
diminish energy and chemical input. 
The obtained CNCs have highly 
thermal-stability and homogeneous 
size distribution. The hydrolysates 
contained mostly monomeric sugars, 
which could be further utilized for 
chemical or biofuel production. 
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