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Abstract

Cellulose esters with long-chain alkyl groups are promising sustainable materials because their hydrophobicity and thermal
stability can be tuned through chemical modification. We report a mechanochemical transacylation method for synthesizing
cellulose laurates using vinyl laurate in a dimethyl sulfoxide/sodium hydroxide medium. The process enables the efficient
modification of 0.81 g of cellulose and yields products with degrees of substitution ranging from 0.50 to 2.94 under different
designated conditions. Structural analysis by Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD)
confirmed successful esterification and reduced crystallinity. The physical properties varied systematically with substitution
level, with higher substitution improving thermal stability and reducing wettability, providing opportunities to
tailor performance. Response surface methodology, which is based on a five-level, four-factor central composite rotatable
design, was applied to study the interactive effects of synthesis parameters and optimize the degree of substitution. The
experimental results closely matched the predicted values with 97.3% accuracy, demonstrating the robustness of the
approach. This study establishes a green and reproducible route for producing functional cellulose esters with potential

applications in bioplastics.

Intoroduction

In the past few years, growing environmental threats and the
depletion of fossil fuels have heightened interest in the
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development of sustainable and biodegradable materials,
especially bioplastics [1]. This is because plastic has
emerged as a pivotal material in modern life owing to its
remarkable versatility and broad range of uses. Unfortu-
nately, plastic that is not managed properly after disposal
becomes a significant environmental issue.

Cellulose, the most abundant natural polymer derived
from lignocellulosic material, has attracted significant
attention as a biodegradable alternative to fossil fuel plas-
tics. Despite its potential, the use of cellulose is significantly
limited because of its strong inter- and intramolecular
hydrogen bonding. The formation of highly aligned supra-
molecular structures prevents cellulose from melting and
dissolving in common solvents, making its processing
challenging [2—4]. However, by introducing various sub-
stituent groups, cellulose derivatives with designated prop-
erties can be obtained. Cellulose modifications, particularly
esterification, pave the way for a broad range of cellulose
applications [5].

Mechanochemical esterification has recently emerged as
a promising method for modifying cellulose because of its
numerous advantages. This approach significantly reduces
the need for harmful solvents, making the process more
environmentally friendly and in line with green chemistry
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principles. Compared with traditional chemical processes,
mechanochemical methods also offer energy savings while
operating at low temperatures and with minimal solvent [6].

According to previous literature, Hou et al. [7, §]
demonstrated that the mechanochemical esterification of
cellulose using pyridine showed promising melting pro-
cessability. Additionally, mechanochemistry facilitates the
synthesis of novel cellulose derivatives that are difficult to
achieve through conventional methods. These benefits make
mechanochemistry an attractive and sustainable alternative
for cellulose modification. However, pyridine remains toxic
and has an unpleasant odor.

A promising alternative to anhydride syntheses is the
transacylation of cellulose using vinyl esters. Transacylation
plays a key role in the sustainable utilization of ester deri-
vatives, such as the production of polyesters [9-11] and
biodiesel [12, 13] from natural resources. In biodiesel pro-
duction, a conversion rate of approximately 80% can be
achieved within a minute [14]. In addition, some previous
studies have demonstrated that cellulose can dissolve in
DMSO/DBU/CO, [15] and DMACc/LiCI/DBU [16] and
react with various vinyl esters. However, most of these
reactions require a large amount of solvent and a large
excess of substrate to achieve a high degree of substitution.

In this work, the transacylation of cellulose with vinyl
laurate was performed in a NaOH/DMSO solvent system
via a mechanochemical method to obtain cellulose laurate
(CL) with various degrees of substitution (DS) while
minimizing solvent usage. Because predicting the reaction
conditions required to achieve targeted DS values is chal-
lenging, response surface methodology (RSM), imple-
mented using Design-Expert 7.0 software, was employed to
model and optimize the process. Vinyl laurate was selected
as the acyl donor on the basis of an optimization study using
vinyl esters with different alkyl chain lengths, which
demonstrated that long-chain acyl donors provide higher
reaction efficiency than short-chain analogs under
mechanochemical conditions (Table S2). In addition, vinyl
laurate is a bioderived and readily available reagent, and its
vinyl ester structure facilitates efficient acyl transfer,
enabling systematic control of DS and broadening the
potential utilization of cellulose through tunable material
properties if the model created is valid.

Experimental section
Materials
Microcrystalline cellulose (MCC) powder from cotton linter

with a particle size of 38 um, dimethyl sulfoxide (DMSO),
and sodium hydroxide (NaOH) pellets were obtained from
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Wako Pure Chemical Industry, Osaka, Japan. The vinyl
laurate used as an acylating agent was obtained from
Sigma—Aldrich (St. Louis, MO, USA). Different con-
centrations of aqueous NaOH solution (1, 2, 3, 4, and 5 M)
were prepared using distilled water. All the reagents were
received and utilized without further treatment.

Methods
Experimental design

The cellulose transacylation process was performed to
determine the optimal conditions for achieving the highest
DS, considering factors such as reaction time (X), reaction
temperature (X,), volume of DMSO (X3), and concentration
of NaOH (X4). In this study, a central composite rotatable
design (CCRD) with five levels and four factors was uti-
lized in Design-Expert 7.0 software, necessitating the
completion of 30 experiments. The total experiment count
was calculated based on Eq. (1)[17]:Top of Form
N=2"+2a+a =2*+(2x4)+6=230 (1)
where N represents the total number of experiments, a
denotes the number of variables, and a_ is the number of
replicates.

This design included 16 factorial points, 8 axial points,
and 6 center points, and all the factors were arranged to 5
coded levels: -a, — 1, 0, +1, and + «o[18]. Thus, the cel-
lulose transacylation process involved the manipulation of
variables and their respective levels. For instance, time (5 to
65 min), temperature (50 to 125°C), concentration of
NaOH (1 to 5M), and volume of DMSO (0 to 20 mL)
were used.

RSM encompasses statistical techniques employing a
polynomial model based on a low-degree polynomial
function, as illustrated in Eq. (2):

Y:f(X17X23X37X45"'an) (2)

Y is the relationship among the response variables, f is a
function involving cross-products of the polynomial terms,
and X;, X5, X3, X4, ..., Xy represents the independent
variables. The quadratic model [19], which serves as a
polynomial function for predicting optimal points, is
expressed accordingly (Eq. 3):

n—1 n

Y = by + ibix:’ + Z biiXi® +> Y bijXiXj  (3)
i=1 i=1

i=1 j=it1

where Y signifies the response, by is the constant
coefficient, bi indicates the linear coefficients, b;; denotes
the quadratic coefficients, b;; is the coefficient of the second-
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order interaction, n indicates the number of independent
variables, and x; and Xx; represent the coded values
corresponding to the independent variables.

Transacylation of cellulose with vinyl laurate

Scheme 1 outlines the mechanochemical transacylation
process for modifying cellulose with vinyl laurate in the
NaOH/DMSO system. MCC (0.81 g; 5mmol), 6.79 g of
vinyl laurate (30 mmol), 2 mL of NaOH at various con-
centrations (1, 2, 3, 4, and 5 M), and multiple volumes of
DMSO (5, 10, 15, and 20 mL) were added and kneaded in a
magnetic mortar with a constant rotational speed of 100 rpm
(100 VAC, 15W). Additionally, the reaction temperature
was varied using a ribbon heater, ranging from 25 to
125°C, and the reaction time was adjusted from 5 to
65 min. During this reaction, acetaldehyde was generated as
a byproduct from the vinyl ester, and therefore, all opera-
tions were performed in a well-ventilated fume hood to
ensure safe handling of this volatile and flammable alde-
hyde. After the transacylation process, the product was
washed in distilled water and then precipitated in methanol.
Cellulose laurate (CL) was filtered and washed with
methanol twice to completely remove unwanted substances.
Next, CL was vacuum dried at 60 °C overnight. The DS of
CL was determined using the neutralization titration
method.

Unlike conventional solution-based transacylation,
which is typically conducted in a round-bottom flask and
requires relatively large solvent volumes to ensure sufficient
mixing and stirring, the mechanochemical approach enables
efficient reactions under low-solvent conditions. In con-
ventional systems, reactions with very small amounts of
solvent are difficult to perform because of poor mass
transfer and the inability to maintain effective stirring,
whereas the kneading-based mechanochemical process
allows intimate contact between reactants even at reduced
solvent volumes.

Results analysis
The analysis involved three main steps—ANOVA, regres-
sion modeling, and response surface plotting—to determine

the optimal conditions for CL transacylation. A total of 30
randomized runs were conducted. Statistical and graphical

OH
.(0 -
OH="0H

Cellulose

Scheme 1 Schematic depiction

of the transacylation reaction of
cellulose in DMSO/NaOH with
vinyl laurate as an

esterifying agent n

evaluations were used to examine the effects of the four
factors and their linear, quadratic, and cubic interactions on
the esterification process. First, ANOVA (p<0.05) was
used to identify significant variables, where lower p values
and higher F ratios indicated stronger influence [3, 4].

The experimental data were then fitted to first- or second-
order polynomial models, with first-order equations derived
from full factorial designs and second-order equations from
CCRD data [20, 21]. Model performance was validated
using R? and predicted versus experimental plots, where
higher R? values (closer to 1) reflected better model accu-
racy and correlation.

Optimization of the criteria and validation

Using numerical optimization in Design-Expert 7.0, the
optimal reaction conditions were identified on the basis of
the desirability function (D), which ranges from O (least
desirable) to 1 (most desirable). If any response fell outside
its desirability range, the overall D value became zero.
Experiments were then carried out under the suggested
conditions, and the results obtained were compared with the
software’s predicted values to validate the model [22].

Characterization
Fourier transform infrared (FT-IR) spectroscopy

First, 2 mg of CL powder was mixed with 100 mg of spec-
troscopic grade potassium bromide (KBr) at a mass ratio of 1
to 50. The mixture was subsequently compacted into a pellet
until a translucent film formed. FT-IR spectroscopy (Nicolet
iS5, Thermo Fisher, Waltham, MA, USA) was utilized to
record the IR spectra of pure cellulose and CL. The process
involved the collection of 16 scans, and the spectra ranged

from 4000 to 400 cm™! with a resolution of 4 cm™".

X-ray diffraction (XRD) analysis

Wide-angle XRD analysis of CL was performed using a
Rigaku Miniflex 600 diffractometer (Rigaku Analytical
Devices, Inc., Waltham, MA, USA). The XRD pattern
utilized Cu-Ka radiation (A=0.154 nm), operating at a
voltage of 30kV and a current of 15 mA. The CL powder
was scanned in the 20 range between 3° and 70° with a

Vinyl Laurate

o)
0
> (?)H + CH3)j\H

OH
DMSO/NaOH n Acetaldehyde

Cellulose
Laurate
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scanning speed of 10° min~', and a step size of 0.02 was
employed during the analysis.

Neutralization titration (JIS K0070:1992)

In the neutralization titration process, 0.3 g of CL was
accurately measured and subjected to saponification using
5SmL of 0.1 M potassium hydroxide ethanol solution. The
mixture was then heated at 65 °C for 4 h. After the solution
was allowed to cool, it was titrated with a 0.1 M solution of
hydrochloric acid, which resulted in the liberation of lauric
acid. The DS values of CL were calculated by Eqgs. 4 and 5
as follows[23, 24]:

n = [(Vo — Vi) X Crci] /1000 (4)

DS = 162n/m — [(M — 1) X n] (3)

where the volumes of hydrochloric acid (mL) used for
neutralizing the potassium hydroxide ethanol solution
before and after the saponification of CL are denoted by
Vjp and Vi, respectively. Cycy is the molar concentration (in
moles per liter) of the hydrochloric acid solution, m
signifies the weight (g) of the CL, and M represents the
molecular weight of the lauryl group. These DS values were
obtained from experiments conducted in triplicate to ensure
accuracy and reliability.

Thermal stability

The thermal properties of the cellulose esters were analyzed
using an EXSTAR TG/DTA 7200 thermogravimetric ana-
lyzer (SII Nanotechnology Inc., Chiba, Japan). For this
analysis, cellulose powder weighing between 5 and 10 mg
was subjected to a controlled heating process under a
nitrogen atmosphere. The flow rate of nitrogen was 100 mL
per min. The temperature was gradually increased from
30 °C to 600 °C at a consistent rate of 10 °C per minute.
This setup allowed for precise monitoring of the thermal
degradation and stability of the cellulose samples under the
specified conditions. The maximum decomposition tem-
perature (Ty,.x) was defined as the temperature corre-
sponding to the maximum weight loss rate, determined from
the peak of the derivative thermogravimetric (DTG) curve.

'H NMR analysis

'H NMR spectra were acquired on a 500 MHz JNM-
ECZ500R spectrometer (JEOL Resonance, Tokyo, Japan).
Approximately 10 mg of cellulose laurate was dissolved in
1 mL of CDCl; (deuterated chloroform) with stirring. From
this solution, 500 uL was transferred into an NMR tube.
Data collection was performed at 298 K using 16 scans, a
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30° pulse, and a relaxation delay of 6 s. The DS of the CL
was calculated on the basis of the following formula[25]:

DS = 10xIcn3)/ (3% iacu) + Licus) (6)

Cellulose film preparation using a hot press machine

The cellulose laurate powder was spread onto a PTFE sheet
and then covered with another layer of PTFE. The PTFE
sheets were subsequently inserted between aluminum
plates. The sample was placed on the stage and pressed with
a hot press machine (HC300-15 model, AS ONE Cor-
poration, Osaka, Japan) at 130 °C under a pressure of
10 MPa for 15 min. After hot pressing, the stage and sample
were cooled using a water cooling system, and they were
removed once they had cooled to room temperature. This
process resulted in the formation of cellulose laurate films.

Mechanical characterization

The mechanical properties of each film were assessed using
a tensile and compression machine (Load Test Stand LTS-
B, Minebea Mitsumi Inc., Tokyo, Japan) under tensile
testing conditions. The Young’s modulus, tensile strength,
and elongation at break were determined. A 1 kN load cell
and a crosshead speed of 10 mm/min were used, three
replicate samples were tested for each film, and the standard
deviations were reported.

Wettability of cellulose laurate films

Static water contact angle measurements of the cellulose
ester films were conducted using a contact angle meter
(DMs-401, Kyowa Electronic Instruments Co., Ltd., Tokyo,
Japan). A 1L droplet of deionized water was deposited
onto the surface of the cellulose laurate films, and the
process was repeated five times for accuracy. Readings
were taken for each sample to account for surface
heterogeneity.

Results and discussion

Experimental design and synthesis of cellulose
laurate

The effects of reaction time, temperature, NaOH con-
centration, and DMSO volume on the DS of CL were
evaluated using RSM. Cellulose transacylation with vinyl
laurate in the DMSO/NaOH system was carried out under
various conditions on the basis of the design matrix, and the
DS was determined by neutralization titration. FTIR and
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Table 1 Experimental variable

design matrix and experimental Run Time (min) Temperature (°C) lSZgc}tj]n(t]r\jt[t)ion of g;l[lénole(?nfm DSk
DS (DSgyp) of CLs
Coded Actual Coded Actual Coded Actual Coded Actual
1 -1 20 1 100 1 4 1 15 2.94
2 -1 20 -1 50 -1 2 1 15 1.34
3 0 35 0 75 0 3 0 10 2.04
4 0 35 0 75 3 0 10 2.04
5 1 50 -1 50 4 1 15 1.86
6 1 50 -1 50 -1 2 -1 5 1.04
7 1 50 1 100 1 4 -1 5 2.50
8 1 50 1 100 -1 2 1 15 1.86
9 —1 20 —1 50 1 4 —1 5 1.04
10 -1 20 1 100 -1 2 -1 5 0.77
11 1 50 1 100 —1 2 —1 5 0.82
12 —1 20 —1 50 1 4 1 15 1.63
13 1 50 —1 50 1 4 —1 5 0.77
14 0 35 0 75 0 3 0 10 1.86
15 1 50 -1 50 —1 2 1 15 1.52
16 1 50 1 100 1 4 1 15 2.94
17 0 35 0 75 0 3 0 10 1.86
18 —1 20 100 -1 2 1 15 1.74
19 -1 20 —1 50 -1 2 —1 5 0.50
20 -1 20 1 100 1 4 -1 5 0.92
21 0 35 0 75 2 5 0 10 1.08
22 0 35 0 75 0 3 -2 0 0.25
23 -2 5 0 75 0 3 0 10 0.56
24 0 35 0 75 -2 1 0 10 0.77
25 0 35 0 75 0 3 0 10 1.86
26 0 35 -2 25 0 3 0 10 0.56
27 0 35 0 75 0 3 2 20 2.82
28 2 65 0 75 0 3 0 10 1.63
29 0 35 2 125 0 3 0 10 2.94
30 0 35 0 75 0 3 0 10 1.86

XRD analyses confirmed successful esterification, and 'H
NMR (Fig. S1-S4) further verified the DS values. The
successful formation of cellulose laurate was confirmed by
'H NMR spectroscopy.

The "H NMR spectra of cellulose laurate exhibit char-
acteristic signals of lauryl side chains, including terminal
methyl protons at approximately 0.88 ppm and methylene
protons in the range of 1.5-2.5 ppm. The anhydroglucose
unit (AGU) protons of the cellulose backbone are observed
in the region of 3.0-5.5 ppm. Owing to the presence of long
alkyl side chains, the AGU signals appear predominantly as
a broadened envelope rather than as seven fully resolved
resonances. With increasing degree of substitution, the
AGU signals become slightly more discernible, as observed
for Run 1 (DS =2.94). However, complete resolution of
individual AGU proton signals is still not achieved. This

behavior is characteristic of long-chain cellulose esters and
is attributed to reduced segmental mobility of the cellulose
backbone and homogeneous local environments induced by
dense alkyl substitution [26]. Accordingly, the DS was
reliably determined from the integral ratios of alkyl-chain
protons to AGU protons. These chemical shift assignments
are consistent with those of previously reported cellulose
fatty acid esters. The DS values determined by 'H NMR
showed only a slight deviation from those obtained by
titration. However, the overall trends were consistent. After
optimization, a predictive model was established to identify
conditions that minimize DMSO usage, thereby improving
process  efficiency and enhancing environmental
sustainability.

Table 1 presents the CCRD design matrix and the cor-
responding experimental results. ANOVA was used to
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evaluate the model terms and determine the significance of
the model equation. The DS values of samples prepared
under identical conditions were similar, confirming the
reproducibility of the method (Runs 14, 17, 25, and 20).

Characterization of cellulose laurates

The effectiveness of the modification reaction was initially
revealed through chemical and structural analyses using
FTIR and XRD.

FTIR analysis

The degree of esterification can be estimated by identifying
the carbonyl group formation and hydroxyl group defor-
mation of cellulose laurate using FTIR spectroscopy. Three
samples from Runs 1, 3, and 9, whose DS values were 2.94,
2.04, and 1.04, respectively, were selected from Table 1 for
chemical and structural analysis.

According to Fig. 1, a noticeable shift and reduction in
the intensity of the characteristic peak of the hydroxyl group
at 3475 cm™! suggested that a substantial number of O—H
groups were substituted by ester groups. This substitution
was also associated with an increase in the intensity of the
characteristic -CH, and —CH; asymmetric and symmetric
stretching bands at 2923 and 2856 cm™!, respectively, cor-
responding to the introduction of the long alkyl chain [27].

In addition, a new absorption peak at 1746 cm™! could
be observed compared to pristine MCC. This peak was
attributed to the stretching vibration of the carbonyl groups
(C=0)[28]. These observations confirmed the successful
transacylation of cellulose with vinyl laurate according to

C-H
2956 cm™

2923 cm”

c=0
1746 cm”

O-H
3475 cm™

Run 3
DS=2.04

Absorbance

3346 cm™

mcc

DS=0

% I : ! T J T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig. 1 FT-IR of MCC (DS =0) and CLs (Runs 1, 3, and 9) with DSs
of 1.04, 2.04, and 2.94, respectively
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the proposed protocol. Moreover, a higher DS corresponds
to a higher intensity for C = O ester absorption, as indicated
by the FTIR spectra [29]. In this context, the prominence of
the C=0 peak indicated the rate of the transacylation
process.

Crystal structure of cellulose laurates

Figure 2 displays the crystal structures of MCC and CLs
with various DSs. The XRD pattern of pristine MCC
(DS =0) was typical of cellulose I and exhibited four dif-
fraction peaks at 20 = 14.9, 16.9, 22.5, and 34.8° attributed
to the (110), (110), (200), and (004) diffraction planes,
respectively [30]. After the transacylation process, the
characteristic peaks of the (101), (101), (002), and (040)
planes weakened or disappeared, whereas a new broad
XRD pattern at 26 = 20° was clearly visible.

This new peak indicated the amorphous regions of the
cellulose backbone [31]. The observed reduction and dis-
appearance of the XRD pattern of cellulose 1 post-
esterification could be attributed to the disruption of
hydrogen bonds, which is in line with the FT-IR assign-
ment. Furthermore, the low-angle peak at 20 =3° was
attributed to the periodicity of the cellulose backbone chain
because of the long alkyl side chains [32]. This scenario
also proved the success of the transacylation reaction.

Thermal stability of cellulose laurates
The esterification of cellulose laurate resulted in a sig-

nificant increase in thermal stability (Table 2 and Fig. S5).
This study revealed that the thermal stability improved with

Run 1
DS=2.94

Run 3
DS=2.04

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50
2Theta (°)

Fig. 2 XRD patterns of MCC (DS =0) and CLs (Runs 1, 3, and 9)
with various DSs
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Table 2 Maximum decomposition temperature (Tgy.x) of cellulose
laurates with different DSs

Sample Tamax (°C)
MCC 335
DS = 1.04 (Run 9) 361
DS =2.04 (Run 3) 367
DS =294 (Run 1) 375

increasing DS. This increase in thermal stability could be
attributed to the formation of a new crystalline structure by
the long alkyl side chains of the laurate group, which has
been reported to contribute to structural integrity and ther-
mal resistance in similar cellulose derivatives [33]. The
increase in thermal stability with DS was also explained by
changes in the fundamental degradation mechanism of
cellulose. Thermal decomposition of native cellulose was
initiated by dehydration reactions between adjacent hydro-
xyl groups, followed by the formation of levoglucosan and
rapid depolymerization [34].

As the DS increased, the number of free —OH groups
decreased, which suppressed these dehydration pathways
and greatly reduced the formation of levoglucosan. Con-
sequently, the polymer was forced to degrade through less
favorable ester-scission or random chain-scission routes,
resulting in a higher onset temperature. Substitution with
long laurate chains also disrupted the hydrogen-bonding
network and increased hydrophobicity, shifting the thermal
behavior from cellulose-like to polyester-like [35]. Similar
DS-dependent improvements in thermal stability were
observed for other long-chain cellulose esters prepared
under mild transacylation conditions. This transformation
revealed that different degrees of substitution resulted in
varying levels of thermal stability.

Mechanical properties of cellulose laurates

The mechanical properties of CL films with different DS
values (Fig. 3 and Table S3) clearly tend to increase with
increasing DS. As the DS increases from 1.04 to 2.94, both
the tensile strength and the Young’s modulus gradually
decrease, which is consistent with the expected reduction in
hydrogen bonding and partial disruption of the crystalline
regions caused by the introduction of bulky laurate groups.
This structural alteration reduces the intermolecular packing
efficiency and leads to lower stiffness and strength. In
contrast, the elongation at break increases with DS,
reflecting the greater molecular mobility and flexibility of
the more highly substituted CL chains.

The elongation data show relatively wide variation,
particularly at higher DSs, which may be related to subtle
differences in film morphology or processing conditions,

8
74 ——DS=1.04

] —— DS=2.04
&l ——DS=2.94

Tensile Stress (MPa)
H
1

0 A
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Strain (%)

Fig. 3 Stress—strain curves of CL with DSs of 1.04, 2.04, and 2.94

Table 3 Water contact angles of CL films with DSs of 1.04 (Run 9),
2.04 (Run 3), and 2.94 (Run 1)

Sample Water contact angles (°)

DS =1.04 (Run 9) 106.8
DS =2.04 (Run 3) 115.3
DS =2.94 (Run 1) 120.0

such as thickness uniformity, dissolution behavior, or hot-
pressing parameters such as the cooling rate. These factors
can influence the deformation behavior of individual sam-
ples and may contribute to the observed scatter. Never-
theless, the overall mechanical trends remain consistent
with those reported for long-chain cellulose esters, where
higher substitution levels promote flexibility at the expense
of rigidity. Continued refinement of film preparation con-
ditions may help improve the reproducibility of ductility
measurements in future work.

Wettability of cellulose laurate films

The water contact angles of the cellulose laurate films, as
shown in Table 3 and Fig. S6, revealed that introducing
lauryl groups onto the cellulose backbone induced hydro-
phobicity. As the degree of substitution increased, these
lauryl groups increased the hydrophobicity of the material,
increasing the water contact angle from 106.8° to 120°.
This improvement in surface hydrophobicity, along with
enhanced thermal stability and mechanical properties, sug-
gests the potential of cellulose for bioplastic applications.
While higher hydrophobicity may contribute to better
moisture resistance, further investigation beyond water
contact angle measurements, such as water vapor

SPRINGER NATURE
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Table 4 Analysis of variance (ANOVA) for the response surface
quadratic model

Table 5 Regression analysis of the CCRD model for the transacylation
process with the associated statistical significance of each coefficient

Source Sum of Mean F value Prob >F
squares square

Model 15.59 1.11 9.48 0.0001*

Time (A) 0.22 0.22 1.83 0.1986°

Temperature (B) 0.37 0.37 3.18 0.0977°

Volume of DMSO (C) 2.16 2.16 18.44  0.0009%

Concentration of 2.40 2.40 2041  0.0006%

NaOH (D)

Residual 1.53 0.12 - -

Lack of fit 1.53 0.15 - -

Pure error 0.00 0.00 - -

Cor Total 17.71 - - -

“Significant at “Prob>F" less than 0.05; *Nonsignificant at “Prob>F”
greater than 0.05

transmission rate or long-term immersion tests, are neces-
sary to fully assess its suitability for packaging applications.
By controlling the degree of substitution, the material
properties can be tuned to meet specific performance
requirements.

Interpretation of modeling results

The esterification experiments produced DS values ranging
from 0.25 to 2.94, depending on the reaction conditions,
resulting in varying physical and mechanical properties.
Data fitting using linear, quadratic, and cubic models, fol-
lowed by ANOVA, revealed that a quadratic polynomial
provided the best representation of the interactions, as
summarized in Table 4.

The quadratic model equation for predicting the DS was
as follows:

DSgyp = —1.73920 + 0.057153 A — 0.018975B +
0.11179 C + 0.74354D + 1.78333x10 *AB
-1.14167x10>AC + 2.70833x10 *AD + 7.35x10 *BC +
8.025x10*BD + 0.010125CD — 7.79167x10*A —

1.85x10°B — 2.61250 x10°C — 0.21781D

ANOVA confirmed the model’s significance, with a p
value of 0.0001 and an F value of 9.48, indicating only a
0.01% probability that these results were due to noise [36].
The model showed strong predictive power, with an R? of
0.9108 and an adjusted R? of 0.8148 [37]. The standard
deviation was low (0.34), and the signal-to-noise ratio was
12.33 (S/N>4), demonstrating adequate precision and
strong signal strength for exploring the design space.

According to Table 5, among the linear terms, NaOH
concentration (D) had the strongest effect on the DS of CL,
followed by DMSO volume (C) and reaction temperature
(B). With respect to the quadratic terms, both temperature
and NaOH concentration (BD) had significant effects
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Factor Coefficient Estimate Prob > F
Intercept 1.470 -

Time (A) 0.150 0.1986
Temperature (B) 0.200 0.0977
Volume of DMSO (C) 0.470 0.0009"
Concentration of NaOH (D) 0.670 0.0006"
A? —0.180 0.0189"
B? —0.012 0.8624
C? —0.065 0.3363
D’ —0.220 0.0054"
AB 0.067 0.4489
AC —0.086 0.3357
AD 0.041 0.6432
BC 0.092 0.3030
BD 0.200 0.0357"
CD 0.051 0.5646

*Significant at a P value less than 0.05

(p <0.05). Although variables with p >0.05 were not sta-
tistically significant, they were retained in the model
because of their potential relevance. Negative coefficient
values indicated negative effects on the reaction, whereas all
linear coefficients indicated positive effects on DS.

The interaction between the reaction temperature and
NaOH concentration was particularly influential. The
effects of reaction time, temperature, DMSO volume, and
NaOH concentration on DS are illustrated in the 3D
response surfaces and contour plots in Figs. 4 and 5, with
the other parameters held at their median levels.

Figure 4a shows the interaction of reaction time and
temperature, with the DMSO volume and NaOH con-
centration fixed at 15 mL and 3 M, respectively. A moderate
DS of 1.87 was obtained even at 50 °C, whereas DS values
above 2.5 were achieved at temperatures higher than
100 °C. The DS increased with increasing reaction time.
After 50 min, the DS reached 1.87-2.08 at 50-75 °C and
exceeded 2.5 at 100°C even at 20min. The increased
reaction rate at high temperature is attributed to reduced
water hydrolysis during transacylation[38].

Figures 4b and 4c illustrate the effects of DMSO volume
and NaOH concentration with time, respectively. A higher
DMSO volume (15mL) was essential for obtaining DS
values higher than 2.5, likely because of improved cellulose
solubility from reduced mixture viscosity [39]. In contrast,
low NaOH concentrations (< 1.25 M) resulted in low DS
values (approximately 1.11), as shown in Fig. 4c.

The DS of CL increased proportionally with increasing
NaOH concentration. NaOH acted as an intermediate to
disrupt the original chain packing of cellulose by forming
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Fig. 4 3D and contour response surface plots showing the dependence of a reaction time and temperature, b reaction time and volume of DMSO,

and c reaction time and concentration of NaOH on the DS of CLs

new hydrogen bonds between cellulose and NaOH
hydrates. The cellulose-NaOH complex is then enveloped
by DMSO, which reduces the aggregation of cellulose
molecules. As a result, the solubility of the polymer
improves, leading to more stable cellulose solutions [40].
Like the previous contour plot, the DS also increased as the
reaction time increased for these two plots. Either a high
volume of DMSO (>10mL) or a high temperature
(>75 °C) was required to produce CL with DS = 2.25.
The variations in the DS values of CL with respect to the
volume of DMSO and temperature are shown in Fig. 5a. At
low temperatures and low DMSO volumes, the DS values of

the CLs were less than 2. As discussed in the previous section,
the volume of DMSO and temperature were relatively sig-
nificant. A lower DS was observed at low NaOH concentra-
tions and low temperatures (Fig. 5b). The concentration of
NaOH was the most significant factor according to the model.
Therefore, low degrees of cellulose dissolution limit the rate of
transacylation. Strong inter- and intramolecular hydrogen
bonds of cellulose impeded the reaction from occurring.
Similar results are reported in Fig. 5c. The DS was very
minimal at lower concentrations of NaOH (below 2 M)
throughout the entire experimental DMSO volume range
(from 5 to 15 mL). Various DS values (from 0.53 to 2.39) can
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be attained by increasing the concentration of NaOH and
volume of DMSO. The contour plots reported in Fig. Sa—
suggest that the influence of the reaction temperature, con-
centration of NaOH, and volume of DMSO on the substitu-
tion rate of the lauryl group onto the cellulose backbone was
more significant than that of the reaction time.

Optimization and validation of the RSM

From the optimization process, the model generated an
equation that allowed the prediction of reaction conditions
for specific criteria. Because mechanochemical esterifica-
tion requires minimal amounts of DMSO, a low DMSO
content was set as the key parameter for achieving a high
DS. Based on this constraint, the software estimated the
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optimal reaction time, temperature, NaOH concentration,
and DMSO volume using the optimization results.

The second-order model describes how the response
varies with the experimental level of each factor, enabling
the identification of optimal conditions through response
surface and contour plots. Table 6 summarizes the predicted
optimal conditions for cellulose transacylation with vinyl
laurate under low DMSO volume conditions.

The optimal conditions for maximizing CL synthesis were
predicted as follows: a reaction time of 57 min, a temperature
of 125°C, a DMSO volume of 2mL, and an NaOH con-
centration of 4.4 M. An experiment was then conducted to
validate these predictions. The resulting DS was 2.15, dif-
fering from the model prediction by only 2.70%, confirming
the high accuracy and reliability of the optimization model.
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Table 6 Optimized reaction conditions for the transacylation process
with a minimal amount of DMSO (approximately 2 mL), along with
the percentage error between the predicted and experimental results

Sample CL

Reaction Time (min) 57.00
Temperature (°C) 125.00
Volume of DMSO (mL) 2.60
Concentration of NaOH (M) 4.40
DSiration (Predicted) 2.21
DSitration (Experimental) 2.15
Error (%) 2.70

Conclusions

In this study, mechanochemical transacylation of cellulose
with vinyl laurate was systematically investigated using a
five-level, four-factor CCRD combined with response sur-
face methodology (RSM). A broad range of DSs was suc-
cessfully achieved, and the predicted optimal conditions
showed excellent agreement with the experimental values,
with a deviation of only 2.7%. The ability to precisely
control DS through rational adjustment of reaction para-
meters provides a versatile strategy for tailoring the che-
mical structure of cellulose esters, which is directly linked
to their mechanical and physical properties. Importantly, the
present approach enables such structural tuning while
minimizing solvent usage, highlighting its potential for
solvent-efficient material synthesis.

Although alkali activation and acetaldehyde formation
are intrinsic to the current vinyl ester-based system, these
factors primarily define process boundaries rather than
limiting the applicability of the material concept itself. The
predictive framework established here offers clear guidance
for future refinement of reaction conditions and reagent
selection. Furthermore, the cellulose laurate produced in
this work represents a promising biobased modifier or
matrix component for bioplastic applications, including
melt blending with biodegradable polymers and reactive
blending strategies. Future work will explore alternative
activation systems and acyl donors that prevent acet-
aldehyde formation while maintaining high mechan-
ochemical efficiency. Coupling RSM with greener reagent
selection and structure—property evaluation will further
support the sustainable, application-driven development of
cellulose esters for bioplastic applications.
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