
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/2

1/
20

26
 2

:3
3:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Effect of oxalic a
aCollege of Material Science and Art Design

Hohhot, 010018, China. E-mail: x_zhenhua
bInner Mongolia Key Laboratory for Sand Shr

Utilization, China
cNational Forestry Grassland Engineering T

Development and Utilization of Sandy Shru

† Electronic supplementary informa
https://doi.org/10.1039/d4ra08079c

‡ These authors contributed equally to
co-rst authors.

Cite this: RSC Adv., 2025, 15, 2554

Received 14th November 2024
Accepted 6th January 2025

DOI: 10.1039/d4ra08079c

rsc.li/rsc-advances

2554 | RSC Adv., 2025, 15, 2554–256
cid treatment on the oxidation
efficiency of maize stover cellulose and
controllable preparation of nanocellulose†

Weishuai Han, ‡a Hui Xu,‡a Fengqi Qiu,‡a Jinwei Liu,a Haojie Gua

and Zhenhua Xue*abc

Corn stover was used as raw material, and purification, oxalic acid treatment, oxidation treatment, and

ultrasonic treatment were performed to realize the preparation of corn stover nanocellulose with low

energy consumption. The effects of oxalic acid concentration (1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt%)

on the purity, morphology, crystalline structure and oxidation efficiency of corn stover cellulose during

oxalic acid treatment were investigated. The controllable preparation of corn stover nanocellulose was

achieved by changing the parameter conditions of ultrasonic treatment. The optimal oxalic acid

treatment conditions at room temperature were determined as follows: oxalic acid concentration of

3 wt% and treatment time of 24 h. Oxidized corn stover cellulose was ultrasonically pulverized at 480 W.

The average particle size of cellulose was 78.5 d nm at 80 min, which reached 9.75 d$nm at 120 min.

This study realized the controllable preparation of corn stover nanofibrillar cellulose, thus providing

a research basis for further improving the high value-added conversion of corn stover.
1 Introduction

Nanocellulose is widely used in various elds because of its
biocompatibility, biodegradability, high specic surface area,
high surface chemical activity, and high dispersibility of cor-
responding aqueous suspension. Cotton and hemp crops are
the common materials used for the preparation of nano-
cellulose owing to their ultra-high cellulose content.1 In addi-
tion, studies on the preparation of nanocellulose from
industrial wastes with high cellulose content, such as bagasse
and pulp, have been widely reported.2 Currently, the extraction
of cellulose from agricultural waste and its conversion into
nanocellulose is a research hotspot,3 as it not only reuses waste
resources, but also produces a high value-added product.

In the process of preparing nanocellulose with sulfuric acid,4

hydrochloric acid5 and other strong acids, although the prepa-
ration efficiency is high, there are disadvantages of easy corro-
sion of equipment, production of a large amount of waste acid,
and reaction residues polluting the environment. Therefore,
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1

organic acids are gradually used in the preparation of nano-
cellulose because of their associated mild reaction conditions,
low pollution levels, and their possible recovery via distillation.
Chen et al.6 prepared nanocellulose from wood pulp of euca-
lyptus using high concentration of oxalic acid. Jia et al.7

prepared corresponding nanocellulose from bleached euca-
lyptus wood pulp, spruce dissolving pulp, and lter paper bers
treated with oxalic acid and explored the differences between
them. Xu et al.8 studied the effect of oxalic acid dosage, reaction
temperature, and catalyst dosage on nanocellulose morphology,
size and thermal stability.

Later, researchers found that combining different treatments
could help in the efficient preparation of nanocellulose.
Combining organic acid treatment with oxidation treatment can
effectively improve the preparation efficiency of cellulose.9

Moreover, combining oxidation treatment with mechanical
treatment can allow better dispersion of cellulose solution, thus
efficiently preparing nanocellulose.10 However, there are still
limitations associated with the use of existing technology to
prepare nanocellulose from waste straw: (1) compared with raw
materials with high cellulose content, such as cotton, straw
exhibits a low cellulose content, and cellulose, lignin and
hemicellulose are more tightly bound, which can damage cellu-
lose in the process of treatment, and thus, the yield is not high.
(2) Compared with strong acids, organic acids are mild because
of the associated mild reaction conditions, which can be used to
purify cellulose when treating straw. (3) Purication efficiency is
not high when straw is treated. Although the combination of
organic acid treatment and oxidation treatment can improve
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
preparation efficiency, the mechanism is not clear. (4) Applying
the physical ultrasonic method to the preparation of nano-
cellulose from corn stover, the equipment uses a large amount of
power and consumes a large amount of electrical energy.

Considering the above factors, this paper used four steps to
prepare corn stover cellulose: rstly, corn stover cellulose was
pre-puried by removing most of the lignin and hemicellulose,
and a cellulose content of 76.8% was obtained. Next, cellulose
was treated with oxalic acid at different concentrations, fol-
lowed by oxidation using TEMPO. Finally, cellulose was
oxidized using the ultrasonic pulverization method to prepare
nanocellulose. The effects of different concentrations of oxalic
acid treatment on the purity, surface morphology, crystalline
structure and oxidation efficiency of corn stover cellulose were
investigated to determine oxalic acid treatment conditions with
the highest oxidation efficiency. Moreover, the relationship
between the particle size of corn stover cellulose and ultrasonic
power and time was investigated by changing ultrasonic
parameter conditions to realize the controllable preparation of
corn stover nanocellulose.
2 Materials and instruments
2.1 Materials

Corn straw (200 mesh) was obtained from Lianyungang Surui
Straw Processing Co., Ltd. Sodium hydroxide (analytically pure),
oxalic acid (analytically pure), methylene chloride (analytically
pure) were obtained from Fuchen Chemical Reagent Co., Ltd.
Sodium chlorite (analytically pure) and TEMPO (analytically
pure) were obtained from Shanghai Aladdin Biochemical
Science and Technology Co, Ltd. Glacial acetic acid (analytically
pure) was obtained from Xilong Chemical Co. Sodium bicar-
bonate (analytically pure) was obtained from Sinopharm Group
Chemical Reagent Co., Ltd. Sodium bromide (analytically pure)
was obtained from Sheng'ao Chemical Reagent Co.
2.2 Instruments

Experimental instruments: an electrothermal constant
temperature water bath (JC-H-H-S24; Jinan Jingcheng Experi-
mental Instrument Co. Ltd), a circulating water multipurpose
vacuum pump (SHB-III; Yuhua Instrument Co., Ltd), and an
ultrasonic cell pulverizer (SCIENTZ-IID; Xinzhi Biological Co).

Testing instruments: a conductivity meter (DDS-11A; Hang-
zhou Leimagnet Analytical Instrument Factory), a scanning
electron microscope (Phenom Pro Generation 5; Feiner Scien-
tic Instrument Co. Ltd), a Fourier infrared spectrometer
(INVENIOS; Bruker Ltd, Germany); an X-ray diffractometer (TD-
3700; Dandong Tonda Science and Technology Co), and
a spectrophotometer (PE Lambda 850; PerkinElmer Co).
3 Methods
3.1 Preparation method

3.1.1 Purication of corn stover cellulose. Corn stover was
crushed into 200 mesh. To 20 g of corn stover powder, 15 g of
sodium chlorite and 15 mL of glacial acetic acid were added,
© 2025 The Author(s). Published by the Royal Society of Chemistry
followed by addition of 15 g of sodium chlorite and 15 mL of
glacial acetic acid every 1 hour, and the contents were allowed to
react for 4 h at 75 °C in a water bath to obtain delignied corn
stover powder. This powder was then treated with 8% sodium
hydroxide solution at 70 °C for 4 h to obtain hemicellulose-
removed corn stover powder.

The cellulose, lignin and hemicellulose contents of the
puried treated corn stover powder were 76.8%, 11.4% and
11.5%, respectively.

3.1.2 Cellulose oxalic acid treatment. The corn stover
cellulose powder was treated with different concentrations of
oxalic acid (1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt%) for 24 h at
room temperature.

3.1.3 Cellulose TEMPO oxidation treatment. The oxalic
acid-treated corn stover cellulose was placed in a beaker to
which a certain amount of deionized water was added, and then
0.1 g of TEMPO, 0.5 g of sodium bicarbonate, 1.5 g of sodium
carbonate, 1 g of sodium bromide, 30 mL of sodium hypo-
chlorite were added to the beaker, followed by the addition of
a certain amount of sodium hydroxide, and the pH of the
solution was controlled in the range of 10.4–10.8, followed by
reaction in a water bath at 33 °C for 4 h. This reaction solution
was washed via vacuum ltration with water several times until
the ltrate showed neutrality. The reaction was carried out in
a water bath at 33 °C for 4 h. The oxidized corn stover cellulose
powder was washed using a vacuum ltration machine with
water several times until the ltrate showed neutrality, and then
the oxidized corn stover cellulose powder was obtained through
freeze-drying and full grinding.

3.1.4 Ultrasonic treatment. Corn stover nanocellulose was
prepared by dissolving corn stover oxidized cellulose powder in
deionized water and physically ultrasonically pulverizing the
cellulose suspension using an ultrasonic pulverizer at different
powers (360 W, 420 W, 480 W, 540 W, and 600 W) and time
periods (60 min, 80 min, 100 min, and 120 min).
3.2 Characterization methods

3.2.1 Cellulose content test. The purity of cellulose in the
corn stover cellulose under different pretreatment conditions of
oxalic acid was determined using the ethanol nitrate method.
The content T (%) of cellulose in corn stover cellulose was
calculated using eqn (1):

T = M1/M2 × 100%, (1)

where M1 is the absolute dry weight of cellulose aer treatment
with ethanol nitrate solution, andM2 is the absolute dry weight
of cellulose before treatment.

The yield of cellulose aer oxalic acid treatment was deter-
mined by employing the weighing method, and the yield of
cellulose was calculated using eqn (2):

Y = W2/W1 × 100%, (2)

whereW1 is the absolute dry mass of corn stover cellulose before
treatment with oxalic acid, and W2 is the absolute dry mass of
corn stover cellulose aer treatment with oxalic acid.
RSC Adv., 2025, 15, 2554–2561 | 2555
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Fig. 1 Effect of different oxalic acid concentrations on cellulose purity
and yield of corn stover.
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3.2.2 Testing the surface morphology of cellulose bers.
Relevant morphological analysis of oxalic acid-treated cellulose
was performed using scanning electron microscopy (Phenom-
Pro, The Netherlands).

3.2.3 Testing the cellulose crystal structure. The oxalic
acid-treated cellulose was tested using an X-ray diffractometer
(TD-3700) with the relevant conditions of Cu-targeted Ka-rays,
voltage of 40 kV, current of 30 mA, scanning range of 10–40°,
and scanning speed of 10° min−1.

Crystallinity indices were correlated via peak tting, peak
area or peak deconvolution methods (1977); Gaussian tting of
the diffraction images using Origin soware; and calculation of
the characteristic peak areas at the crystalline surfaces of (1–10),
(110), (102/012), (200), and (004) using eqn (3):

CI ¼ Acr

Asample

¼
Ð 2q2
2q1

Icrd2q
Ð 2q2
2q1

Isampled2q
; (3)

where CI is the crystallinity index, Acr is the area of all crystalline
peaks, Asample is the total area of the sample, Icr is the integral
sum of the intensities of the crystalline peaks, and Isample is the
sum of the intensities of all the diffraction space.

Parameters related to the three directions of the crystal cell
were calculated using UnitCell soware.

3.2.4 Cellulose carboxylation test. The carboxylic acid
content in oxidized cellulose was determined using the
conductometric titration assay, and the carboxylic acid content
in cellulose was calculated using eqn (4):

HCOOH = C × (V2 − V1) × 10−3/w, (4)

where C represents the concentration of NaOH solution, w
represents the absolute dry mass, and V1 and V2 represent the
minimum and maximum consumption of NaOH, respectively.

The yield of oxidized cellulose was determined using the
weighing method, and the yield of oxidized cellulose was
calculated using eqn (5):

Y = W2/W1 × 100%, (5)

where W1 is the adiabatic mass of the corn stover cellulose
before oxidation, andW2 is the adiabatic mass of the corn stover
cellulose aer oxidation.

3.2.5 Oxidized cellulose test. The functional groups of
oxidized cellulose from corn stover were tested using an SOR 27
infrared spectral analyzer.

3.2.6 Cellulose average particle size test. The particle size
of the prepared corn stover nanocellulose was analyzed using
a nanoparticle sizer.

4 Results and discussion
4.1 Analysis of the effect of different oxalic acid
concentration treatments on corn stover cellulose

Fig. 1 shows the plots of cellulose purity and yield aer treat-
ment with different concentrations of oxalic acid (1 wt%, 2 wt%,
3 wt%, 4 wt% and 5 wt%). Cellulose purity before oxalic acid
treatment was 76.8%. Aer treatment with oxalic acid at
2556 | RSC Adv., 2025, 15, 2554–2561
different concentrations, cellulose purity improved. With an
increase in the concentration of oxalic acid treatment, cellulose
purity showed a general increasing trend, which then slowly
decreased. When the concentration of oxalic acid treatment
reached 3 wt%, cellulose purity reached the highest, 86.4%.
This trend also indicates that oxalic acid has a further puri-
cation effect on corn stover cellulose, which can dissolve
a certain amount of lignin and hemicellulose, and this
conclusion is consistent with the results of other researchers.11

With a continuous increase in the concentration of oxalic acid
treatment, not only lignin and hemicellulose were degraded,
but it also had a destructive effect on cellulose, which promoted
the hydrolysis the cellulose.12 The destructive effect of oxalic
acid on cellulose was gradually dominant, resulting in the
reduction of the overall purity of cellulose. In addition, it can be
found that with an increase in oxalic acid concentration, the
yield demonstrated a trend of slowly decreasing rst and then
rapidly decreasing. This indicates that oxalic acid at low
concentrations mainly degraded some of the lignin and hemi-
cellulose remaining in the cellulose,13 while oxalic acid at high
concentration hydrolyzed the cellulose, which caused a large
amount of quality loss.
4.2 Effect of oxalic acid treatment on cellulose surface
morphology

By analysing the cellulose content in corn stover, it was found
that oxalic acid treatment degraded lignin, hemicellulose as
well as cellulose in the stover bers to a certain extent, which led
to an increase and then a decrease in cellulose purity. To further
elucidate the process of oxalic acid treatment on straw bers,
scanning electron microscopy was used to observe the
morphology of straw bers aer oxalic acid treatment.

Fig. 2a and b depict straw bers without oxalic acid treat-
ment. They show that the cellulose without oxalic acid treat-
ment is still in the state of ber bundles wrapped around each
other and agglomerated. Straw ber bundles treated with 1 wt%
oxalic acid solution gradually started to depolymerize and
slowly peeled off from the agglomerated state, and the surface
of the peeled bers was smoother. The reason for this
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scanning electron microscopy images of cellulose treated with
different oxalic acid concentrations: (a and b) unprocessed; (c and d)
treatment with 1 wt% oxalic acid; (e and f) treatment with 3 wt%; and (g
and h) treatment with 5 wt% oxalic acid.

Fig. 3 XRD diffractogram after the Gaussian fitting of ×1–×5.

Table 1 Peak area, crystallinity and grain size

Number ×1 ×2 ×3 ×4 ×5

A(1–10) 39.03 46.08 65.8 44.95 5.49
A(110) 45.94 15.48 28.81 189.16 208.33
A(102/012) 669.59 533.95 519.37 181.02 216.41
A(200) 619.13 544.22 587.22 636.43 527.31
A(004) 122.20 97.54 148.39 68.65 76.86
CI 55.24 56.84 61.52 83.84 79.08
a 7.66 8.46 8.54 8.06 8.08
b 7.26 7.91 8.04 8.30 7.93
c 9.32 10.08 10.11 9.68 9.65
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phenomenon is that the degradation of hemicellulose, lignin
and other components occurs at this concentration. With the
dissolution of lignin, the supporting properties of the ber
bundles decreased, and the original surface morphology could
not be maintained. When the concentration of oxalic acid
increased to 3 wt%, the surface of the separated bers gradually
roughened and wrinkled, showing an uneven shape. This is
because as the concentration of oxalic acid increases, oxalic acid
on the cellulose itself erodes and destruction of the effect began
to appear; however, at this time, the integrity of the ber as
a whole is not damaged. When the concentration of oxalic acid
continues to increase to 5 wt%, the erosion of oxalic acid on the
surface of the ber gradually penetrates the interior, causing
the ber to fracture and break (Henschen et al. 2019),14 and the
overall structure of the ber is damaged. The reason for this
situation is that the destructive effect on cellulose dominates
when treated with high concentrations of oxalic acid. Moreover,
a part of the cellulose is hydrolyzed, leading to the breakage of
ber bundles and the reduction of the overall size. This result is
consistent with the results in Fig. 1 where the cellulose yield was
drastically reduced.
4.3 Effect of oxalic acid pretreatment on the crystalline
structure of cellulose

The cellulose treated with different oxalic acid concentrations
×1 (1 wt%), ×2 (2 wt%), ×3 (3 wt%), ×4 (4 wt%), and ×5
(5 wt%) was tested using X-ray diffraction (XRD), and the results
of Gaussian tting are shown in Fig. 3. The computed (1–10),
(110), (102/012), (200), and (004) characteristic peak areas at the
crystalline surface and cell dimensions (a–c) are shown in
Table 1.

As can be seen in Fig. 3, ×1, ×2, and ×3 showed distinct
characteristic peaks at (200), (004), (1–10), and (110), and
a distinct broad peak at (102/012), which can be attributed to
cellulose type Ib according to the existing research criteria.
However, the (1–10) and (110) peaks of ×4 and ×5 gradually
overlapped, the peak at (102/012) shied to the right and the
width of the half-peak signicantly reduced, suggesting that
there is a small amount of cellulose Ib type to cellulose II type
transition.15–17 Currently, many methods are available for the
© 2025 The Author(s). Published by the Royal Society of Chemistry
measurement of cellulose crystallinity (Segal et al., 1959; Thy-
gesen et al., 2005),18,19 as well as for the improvement of20,21 and
comparative evaluation of22 bers. However, the characteristic
peaks of ×1, ×2, ×3, and ×4, ×5 at (102/012) differed greatly in
the present experiments. Therefore, the half-peak-width
method was not considered for the calculation of the degree
of crystallinity, and the peak-area method was used for the
calculation.

As can be seen from Table 1, when the concentration of
oxalic acid treatment was increased from 1 wt% to 3 wt%, the
cellulose crystallinity index, grain size, and cellulose crystal-
linity increased, primarily because non-cellulosic components
such as hemicellulose and lignin were degraded and dissolved
aer the oxalic acid treatment, and therefore, more cellulose
was exposed. When the treatment concentration was 4 wt%, the
cellulose crystallinity index reached 83.84%, grain sizes in the
a and c directions became smaller, and the peak width of the
(102/012) crystalline surface gradually became narrower.
Moreover, the peak area was greatly reduced, which may be due
RSC Adv., 2025, 15, 2554–2561 | 2557
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to the fact that with the gradual exposure of the cellulose, oxalic
acid affected the amorphous and crystalline regions of the
cellulose at the same time and the amorphous region was more
susceptible to hydrolysis and destruction compared with the
crystalline region,23 which resulted in an additional increase in
the crystallinity index of cellulose. When the concentration of
oxalic acid treatment continued to increase to 5 wt%, the
characteristic peaks at the interface of (1–10) and (110) gradu-
ally overlapped, and the b-direction grain size became smaller.24

Furthermore, the cellulose crystallinity index appeared to
decrease to some extent, which was attributed to the increasing
disruptive effect on the crystalline zone during oxalic acid
treatment at high concentrations,25 which led to the dissocia-
tion of some of the crystalline zones aer wetting up and thus
the transformation into non-crystalline zones.
4.4 Effect of oxalic acid treatment on the carboxyl group
content and yield of oxidized cellulose

The effect of oxalic acid treatment concentration on cellulose
oxidation efficiency was investigated. Fig. 4 shows the carboxyl
group content and yield of oxidized cellulose aer treatment
with different oxalic acid concentrations (1 wt%, 2 wt%, 3 wt%,
4 wt%, and 5 wt%). As can be seen from Fig. 4, the carboxyl
group content in oxidized cellulose increased and then
decreased with an increase in oxalic acid treatment concentra-
tion. Table 1 shows that when the concentration of oxalic acid
treatment was low (1 wt%), oxalic acid rst reacted with the
residual lignin and hemicellulose in the cellulose, causing the
non-cellulosic components to dissolve. As the concentration of
oxalic acid treatment increased to 3 wt%, the effect of oxalic
acid on the non-cellulosic components became stronger, thus
exposing more cellulose and more relevant binding sites on
cellulose that can be oxidized, resulting in the carboxylate
content of the oxidized cellulose to greatly increase,26 and the
carboxylate content reached a maximum value of 1.66 mmol
g−1. When the concentration of oxalic acid increased to 4 wt%,
the hydrolysis of the amorphous zone of cellulose by oxalic acid
began, resulting in a decrease in the binding sites on cellulose
that could be oxidized,27 and thus a decrease in the carboxyl
Fig. 4 Effect of oxalic acid treatment concentration on the carboxyl
content of cellulose and its yield.

2558 | RSC Adv., 2025, 15, 2554–2561
group content. When the concentration of oxalic acid increases
to 5% by weight, the destructive effect of oxalic acid on the
cellulose crystallization zone is enhanced, leading to the
transformation of the crystallization zone into an amorphous
zone. Moreover, the binding sites on cellulose that could be
oxidized increased to some extent, resulting in a corresponding
increase in the carboxyl group content. In addition, the yield of
cellulose aer oxidation decreased with an increase in the
concentration of oxalic acid treatment, but the overall yield was
high, between 80% and 90%, which provides the possibility of
achieving low-cost and large-volume preparation of nano-
cellulose in industry.
4.5 Analysis of oxidized cellulose functional groups of corn
stover

The infrared spectra of raw corn stover, cellulose without oxalic
acid treatment, and oxidized cellulose aer treatment with
different concentrations of the acid (1 wt%, 3 wt%, and 5 wt%)
are shown in Fig. 5. In the IR spectra of corn stover and maize
stover, it can be seen that cellulose has a strong absorption peak
near 1070 cm−1 and between 1000 cm−1 and 1200 cm−1

compared to stover because of the –C–O–C group stretching
vibration,28 which is a characteristic peak of cellulose. In
Fig. 5 Infrared spectra of straw, cellulose, and oxidized cellulose.

Fig. 6 The average particle size of cellulose under ultrasound for 60
minutes at different powers.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08079c


Fig. 7 Distribution plot and SEM images of the cellulose with different particle sizes at different sonication times: (a) represents ultrasound time
of 60minutes; (b) represents ultrasound time of 80minutes; (c) represents ultrasound time of 100minutes; (d) represents ultrasound time of 120
minutes.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 2554–2561 | 2559

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/2

1/
20

26
 2

:3
3:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08079c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/2

1/
20

26
 2

:3
3:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
addition, cellulose exhibits a broader absorption peak near
3325 cm−1 and between 3200 cm−1 and 3600 cm−1),29 which is
a characteristic peak of cellulose due to –OH stretching vibra-
tion. From the spectra of oxidized cellulose treated with
different concentrations (1 wt%, 3 wt%, and 5 wt%), it can be
seen that they all have characteristic peaks between 1000 cm−1

and 1200 cm−1 and between 3200 cm−1 and 3600 cm−1, and the
peak strength of the characteristic peaks is stronger than that of
the cellulose peaks, which is an evidence to illustrate that the
purity of the oxidized cellulose improves to some extent. This
shows that the purity of cellulose aer oxidation treatment
improves to a certain extent. However, unlike the cellulose
spectra, the oxidized cellulose spectra showed the characteristic
absorption peak of –C]O– in –COOH near 1700 cm−1,29 also
indicating that the cellulose has been oxidized by TEMPO to
introduce carboxyl groups into the cellulose macromolecular
chain. The presence of a broad peak near 3325 cm−1 in the
oxidized cellulose spectrum is also interesting as it indicates
that TEMPO oxidation does not oxidize all hydroxyl groups on
the cellulose but rather oxidizes the primary hydroxyl group on
C6, which is the most active group in the cellulose molecular
chain, to the carboxyl group.30 In addition, Fig. 5 shows that the
cellulose oxidized aer 3 wt% oxalic acid treatment depicts the
largest peak intensity at 1700 cm−1, which is consistent with the
results of the previous carboxyl group content plot, where both
too low and too high concentration treatments resulted in
a decrease in the efficiency of cellulose oxidation.
4.6 Nanocellulose particle size analysis

Cellulose treated and oxidized with 3 wt% oxalic acid was
selected to be congured as 0.05 wt% aqueous solution for
physical sonication. Fig. 6 shows the variation in the average
particle size of cellulose aer 60 min of ultrasonication under
ultrasonic powers of 360 W, 420 W, 480 W, 540 W and 600 W
(the average particle size is uniformly expressed as D50). As can
be seen in Fig. 6, the particle size decreased by 92.56 d$nm,
83.71 d$nm, 33.51 d$nm, and 16.89 d$nm when the power was
increased from 360 W to 600 W. This was attributed to the fact
that oxalic acid treatment increased the oxidation efficiency of
cellulose and further disrupted inter- and intramolecular
hydrogen bonding, thus reducing the hydrogen bonding
energy.31 Thus, the intermolecular bonds of cellulose could be
broken more effectively when the power was around 480 W,
which reduced the average particle size of cellulose to less than
200 d$nm. This also demonstrates that oxalic acid treatment
prior to oxidation treatment enables the preparation of corn
stover cellulose for nanosizing at low power (480 W).

Fig. 7 shows the average cellulose particle size distribution
plots and SEM images obtained at a power of 480 W and
different sonication times. From the comparative analysis in
Fig. 7, it can be seen that the average particle sizes reached
216.66 d$nm, 78.5 d$nm, 42.63 d$nm and 9.75 d$nm when the
ultrasonic time was 60 min, 80 min, 100 min and 120 min,
respectively, and the range of particle size intervals became
gradually narrower. This is due to the fact that when the power
reaches a point where the intermolecular bonding of cellulose
2560 | RSC Adv., 2025, 15, 2554–2561
can be sufficiently destroyed, the average particle size of cellu-
lose decreases more signicantly with an increase in ultra-
sonication time. Aer oxalic acid treatment of corn stover
cellulose at an ultrasonic power of 480 W, preparation of corn
stover nanocellulose with an average particle size of <100 d$nm
took 80 min; at an ultrasonic power of 480 W, the preparation of
corn stover nanocellulose with an average particle size of <10
d$nm required 120 min. This conrms that the combination of
oxalic acid treatment, oxidation treatment, and ultrasonic
treatment can realize the preparation of corn stover nano-
cellulose with different particle sizes at room temperature and
normal pressure. Moreover, it is safe, environmentally friendly,
and consumed low power during the whole preparation
process.
5 Conclusions

The effect of oxalic acid treatment on corn stover cellulose
varies with the concentration of the acid. When the concen-
tration of oxalic acid is less than 3 wt%, lignin and hemi-
cellulose are mainly dissolved. The support performance of
ber bundle decreases, and gradually decomposes into a single
ber bundle. The purity of cellulose is improved, and the crys-
tallinity is increased. By increasing the treatment concentration
to 4 wt%, oxalic acid produces a certain destructive effect in the
crystalline and amorphous zones of cellulose: non-crystalline
zone hydrolysis, crystalline zone dissociation into the non-
crystalline zone, and the degree of destruction of the non-
crystalline zone at this time is much larger than the degree of
dissociation of the crystalline zone such that the degree of
crystallinity of cellulose increases again. When the processing
concentration is further increased to 5 wt%, oxalic acid on the
cellulose crystalline zone and non-crystalline zone have a more
obvious destructive effect. Moreover, cellulose crystallinity
decreased and the whole ber bundle gradually breaks, losing
its wholeness.

The oxidation efficiency of cellulose is related to the crys-
tallinity of cellulose, and the C6 in the amorphous zone is more
easily oxidized compared to that in the crystalline zone of
cellulose. The highest oxidation efficiency was achieved when
oxidation was carried out aer 3 wt% oxalic acid treatment, and
the carboxyl group content reached 1.66 mmol L−1 g−1. Ultra-
sonic pulverization was then performed at 480 W. The average
particle size of cellulose at 80 min was 78.5 d$nm, and the
average particle size at 120 min reached 9.75 d$nm. The
combination of oxalic acid treatment, oxidation treatment and
ultrasonic treatment not only enabled the preparation of
cellulose nanoparticles at low power, but also helped achieve
the controllable preparation of the particle size of cellulose
nanoparticles according to corn stover nanoparticles by
changing the ultrasonication time.
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