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A B S T R A C T

This work covers the production of cellulose esters with varying degrees of substitution (DS) using ultrasound 
(US) power input, leveraging free fatty acids as esterification agent (EA) as a bio-based alternative to traditional 
chlorides, anhydrides and vinyl esters. The best conditions without US were achieved with oleic acid, with an 
EA/cellulose molar ratio of 6 and a temperature of 80 ◦C for 24 h, producing esters with a DS of 1.44. Applying 
US at 20 kHz and 4.39 W at room temperature, required <30 min to produce cellulose esters with a DS of 0.38. 
Then, the effects of the US input power, reaction volume and properties of cellulose solutions on the cavitation 
activity were investigated by simulations in COMSOL. The density, viscosity and speed of sound in the cellulose 
esters solutions were measured and defined in the simulations as 936.2 kg m-3, 23.3⋅10–3 Pa.s, and 1495.8 m s-1 

for 25 g L-1. Simulations with conditions resulting in the highest DS with US were characterized by the smallest 
acoustic cavitation volume and the lowest u: 9.60⋅10–8 m3 and 40.06 m s-1. US-assisted esterification produced 
thermoplastic esters with an energy input of 18 W g-1 of cellulose against 93 W g-1 required by conventional 
esterification.

1. Introduction

Cellulose, the most abundant bio-based polymer, serves as the pri
mary structural component of plant cell walls. It is composed of anhy
droglucose units (AGUs) connected by glycosidic bonds. Due to its 
extensive hydrogen bonding network, cellulose exhibits poor solubility 
and is difficult to process in most organic solvents or in its molten state. 
Transforming waste cellulose into esters with thermoplastic properties 
presents a sustainable alternative to petroleum-based thermoplastics. 
Long-chain cellulose esters with a degree of substitution (DS) greater 
than 0.7 exhibit thermoplastic behavior and can be processed without 
the need for plasticizer (Edgar et al., 2001).

Traditional esterification reactions can be carried out in either ho
mogeneous or heterogeneous phases. Homogeneous reactions typically 
produce esters with a controlled DS (Tanaka et al., 2017) and a uniform 
distribution of functional groups along the cellulose chains (Zhang et al., 
2015). However, these esterification reactions use lithium chloride/N, 
N-dimethylacetamide (LiCl/DMAc) as a solvent, which is expensive, 

difficult to recycle (Willberg-Keyriläinen and Ropponen, 2019), 
non-volatile and toxic (Mikkola et al., 2007). In the case of heteroge
neous esterification, it involves an excess of esterification agent (EA) and 
pyridine or sulfuric acid as a catalyst (Zhang et al., 2015). However, it 
results several drawbacks, including uneven functionalization, low DS, 
long reaction times (5 h to 16 h) (Willberg-Keyriläinen and Ropponen, 
2019), side reactions (Zhang et al., 2015) and degradation of cellulose 
(Heinze et al., 2006).

Common esterification agents (EAs) include chlorides, anhydrides 
(Sejati et al., 2024b, 2024a), and vinyl esters (Willberg-Keyriläinen and 
Ropponen, 2019). Chlorides release hydrochloric acid (HCl), which is 
corrosive and degrades the cellulose and esters (Vaca-Garcia and Bor
redon, 1999; Willberg-Keyriläinen and Ropponen, 2019). Anhydrides 
produce cellulose esters with low DS in LiCl/DMAc. Vinyl esters require 
the removal of the vinyl alcohol formed (Willberg-Keyriläinen and 
Ropponen, 2019).

As an alternative, free fatty acids (FFA) offer several key advantages: 
they are derived from biomass, use mild reaction conditions and 
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generate limited by-products (Daulay et al., 2024; X. Huang et al., 2019; 
Kulomaa et al., 2015; Willberg-Keyriläinen and Ropponen, 2019). Un
like other esterification routes, FFA do not degrade cellulose chains but 
require an activating agent to increase their reactivity 
(Willberg-Keyriläinen and Ropponen, 2019). For instance, Will
berg-Keyriläinen and Ropponen (2019) esterified cellulose with various 
EA in LiCl/DMAc, achieving the highest DS (1.3) with octanoyl chloride. 
However, it generated HCl, requiring neutralization by N, 
N-dimethyl-4-aminopyridine (DMAP) to prevent cellulose from hydro
lysis (Duchatel-Crépy et al., 2020). Vinyl esters produced the lowest DS 
(below 0.1) and required the removal of the vinyl alcohol formed.

Using p-toluenesulfonyl chloride (p-Tos) as an activating agent 
alongside 3-(hydroxyphenylphosphinyl)-propanoic acid enabled to 
produce thermoplastic esters with a DS of 1.42 in LiCl/DMAc at 40 ◦C in 
24 h (Zheng et al., 2015). Similarly, Almasi et al. (2015) produced cel
lulose nanofibers esters in pyridine and p-Tos, achieving a DS of 1.82, 
with oleic acid at 50 ◦C for 4 h. Uschanov et al. (2011) esterified cotton 
linters cellulose with oleic acid for 4 h, resulting into a DS of 1.25, while 
Costa et al. (2023) obtained α-cellulose esters with a DS of 2.45 with 
stearic acid, at 80 ◦C for 5 h.

Process intensification (PI) csnenhance efficiency by reducing plant 
size, cutting costs and energy use by 20–80 %, and decreasing chemical 
consumption by factors of 10 to 1000 (Fernandez Rivas et al., 2020). 
Mechanochemistry such as ball milling, is an example of PI for cellulose 
esterification. Huang et al. (2019) obtained a DS of 0.041 after 150 min 
at 500 rpm, with acetic anhydride improving oleic acid reactivity. Hou 
et al. (2021) esterified MCC in DMAc with DMAP, EDCHCl, and oleic 
acid, reaching a DS of 2.55 after 4 h at 500 rpm. Lease et al. (2021)
produced esters with a DS of 0.21 from MCC, oleic acid and p-Tos in 
1‑butyl‑3-methylimidazolium acetate using a magnetic mortar at 100 ◦C 
for 12 h, preserving cellulose crystallinity. They attributed the low DS to 
surface modification rather than bulk esterification.

Ultrasound (US) is a PI technology that has proven to intensifiy 
processes via macro shear rates and acoustic cavitation. The implosion 
of cavitation bubbles creates extreme localized conditions, with tem
perature of ~5 000 K, pressure up to 500 atm, fluid microjets, and 
reactive radicals (Suslick, 1990). These conditions improve heat and 
mass transfer, and accelerate chemical reactions, especially esterifica
tion (Boffito et al., 2014). In liquid-liquid systems, US emulsifies phases, 
increasing interfacial surface area and reaction rates (Meroni et al., 
2022). In liquid-solid systems, cavitation bubbles collapse on solid sur
faces, producing high-speed jets, localized temperatures and pressures, 
and enhancing liquid-solid mass transfer (Mikkola et al., 2004).

US has been rarely used for cellulose dissolution and esterification, 
because extended sonication can reduce molecular weight by cleaving 
polymer linkages (Grönroos et al., 2004). At 525 kHz, high-frequency US 
selectively depolymerizes MCC into glucose at 60 ◦C by generating H•

and •OH radicals inside the cavitation bubbles, from the unmodified 
cellulose and solvent (Haouache et al., 2020). These radicals break 
glycosidic bonds on the cellulose surface. Bhaumik and Dhepe (2015)
noted that US irradiation disrupts hydrogen bonds and reduces cellulose 
crystallinity, as US energy exceeds the 21 kJ mol-1 required for hydrogen 
bond dissociation (Bochek, 2003).

Treating cellulose with US decreased the dissolution time by 68 % 
(Lan et al., 2011) to 92 % (Mikkola et al., 2007) compared to silent 
conditions. However, regenerated cellulose after US showed a 28 % drop 
in degree of polymerization (DP) compared to cellulose dissolved 
without US (Lan et al., 2011). In another study, US simultaneously 
degraded and esterified cellulose pulp into NCC at 40 kHz during 5 h at 
70 ◦C, increasing yield by 77 % and DS by 110 % compared to silent 
conditions (Tang et al., 2013). They attributed this behavior to selective 
degradation of the amorphous regions, improving reagent accessibility 
to the internal structure of cellulose, as US energy (10–100 kJ mol⁻¹) 
exceeds the hydrogen bond dissociation thresholds (Suslick, 1990).

Despite these benefits, US pretreatment can sometimes reduce 
esterification efficiency. Liu et al. (2008) pretreated sugarcane bagasse 
in pyridine at 30 ◦C using US at 40 kHz for 50 min, resulting in a 15 % 
decrease in ester yield compared to non-pretreated biomass, which was 
attributed to a reduction in molecular weight. US enhanced esterifica
tion in ionic liquids as Ma et al. (2012) reported an 82 % DS increase 
when extending US treatment from 20 to 120 min during cellulose 
esterification with glutaric anhydride in 1‑butyl‑3-methylimidazolium 
chloride ([Bmim]Cl) at 40 kHz and 85 ◦C. Similarly, DS increased by 46 
% compared to silent conditions with phthalic anhydride in [Bmim]Cl at 
105 ◦C, US at 40 kHz for 60 min, (Ma et al., 2013).

An US bath operating at 40 kHz and 35 ◦C was adopted to esterify 
MCC, in DMAc with DMAP, EDCHCl and oleic acid as EA (Hou et al., 
2023). DMAP acted the catalyst, and EDCHCl as the dehydrating agent 
to convert oleic acid into anhydride. They obtained the highest DS of 
1.55 in DMAc after 6 h of reaction, a molar ratio oleic acid/MCC of 6:1 
and a US intensity of 300 W m-2. US improved reactivity by enhancing 
cellulose dissolution, exposing hydroxyl groups, and breaking fiber ag
gregates, leading to a homogeneous reaction medium that promotes the 
reaction with oleic acid (Hou et al., 2023).

The present research explores the esterification of cellulose with long 
chain FFA (oleic acid and stearic acid) to make cellulose thermoplastics, 
enhanced by US, representing a combination not previously investigated 
in the literature. Unlike earlier studies, this work integrates the ap
proaches just mentioned to achieve reduced reaction time, lower con
sumption of possibly harmful chemicals and decreased energy 
requirements for producing thermoplastic materials or oligomers from 
cotton linters and cellulose fibers. Long chain FFA were selected as they 
act as an internal plasticizer. Additionally, COMSOL Multiphysics 
simulated the US activity – acoustic pressure, active cavitation volume 

Fig. 1. Cellulose dissolution and esterification steps, for conventional or US-assisted method. Precipitation in ethanol follows the esterification.

P. Dal et al.                                                                                                                                                                                                                                      Cleaner Chemical Engineering 12 (2025) 100209 

2 



and acoustic streaming velocity – to understand the phenomena occur
ring within the reactor. The proposed process offers a promising way for 
the conversion of renewable feedstocks into biodegradable and poten
tially compostable thermoplastic materials or depolymerized cellulose 
esters with biomass-derived FFA, an area documented in a limited 
extent.

2. Material and methods

2.1. Materials

All chemicals were used as received, i.e. N,N-dimethylacetamide 
(DMAc, 99 %, Thermoscientific), lithium chloride (LiCl, 99 %, Sigma), 
p-toluenesulfonyl chloride (p-Tos, 98 %, Thermoscientific), pyridine (99 
%, Sigma) oleic acid (90 %, Aldrich), stearic acid (Anachemia), oleoyl 
chloride (89 %, Sigma), anhydrous ethanol (Commercial Alcohols).

This study included two sources of cellulose: cotton linters cellulose 
(C1, DP = 138, Sigma), and cellulose fibers (C2, DP = 926, Recyc php). 
This latter is recycled from used diapers by Recyc php.

2.2. Esterification of cellulose

The esterification consisted of the following steps, including disso
lution: 10 mL of DMAc at 130 ◦C were added to activate 0.25 g of cel
lulose for 2 h at 1150 rpm, 0.75 g of LiCl were added (Heinze, 2015)). 
When the cellulose is fully dissolved and the mixture is transparent, 
p-Tos and oleic acid were added with a EA/cellulose/p-Tos of 1:6:6 
molar ratio (Fig. 1). Further reaction details are found in the Supple
mentary information (SI).

Three designs of experiments (DoE) were built, applying a fractional 
factorial layout to all. The first one included six experiments, the second 
ten, and the third nine. The first DoE aimed to confirm the effect of the 
molar ratio of EA/cellulose, temperature, cellulose source and FFA 
(saturated or not) on the esterification of cotton cellulose without US. 
The independent variables are: 

- Molar ratio of EA/cellulose, 3 and 6;
- Temperature, 40 ◦C, 60 ◦C and 80 ◦C;
- Cellulose, C1 and C2;
- FFA, oleic acid and stearic acid.

The second and third DoE investigated the US-assisted esterification 
of C1 with oleic acid, where the independent variables are: 

- Temperature, 20 ◦C, 40 ◦C, 60 ◦C and 80 ◦C;
- US power (P), 4.39 W, 6.70 W and 9.01 W;
- Total reaction volume (v), 32.2 mL, 21.5 mL and 10.7 mL.

The response variables are the DS determined by 1H NMR-HRMAS 
spectroscopy for the conventional esterification and by gravimetric 
analysis for the US-assisted esterification ( for US-assisted esterification 
exclusively as it provided a larger sample set and enabled a more reliable 
comparison with DS by 1H NMR analysis). For the sample obtained with 
oleoyl chloride in pyridine (Table 1), the DS was determined by 1H NMR 
analysis. Table 1 lists all the experiments and operating conditions. 
Gravimetric analysis tends to overestimate the DS because it cannot 
differentiate substitution from residual solvents and FFA or reaction by- 
products. It is emphasized as the esterification agent is a long-chain FFA 
like oleic acid, which persist into the cellulose structure after purifica
tion (Heinze et al., 2018). 1H NMR analysis provides a more selective 
determination of the DS. It distinguishes substituted and unsubstituted 
cellulose groups (Habibi, 2014). However it has limitations such as 
flawed DS determination in case of inadequate preparation (Abdul Hadi 
et al., 2020), or limited sample solubility and poor resolution in case of 
low DS (Ferro et al., 2017).

Statistical analysis identified significant dependent variables and the 
relationship within the data. Initially a predictor screening analysis with 
Bootstrap forest partitioning, identified the dependent variables 
contributing the most variance to the response variables. Then, the non- 
significant variables were eliminated to develop a linear regression 
model that predicted the response variables with a 95 % confidence 

Table 1 
Design of experiments.

# Experiment Cellulose EA EA/cellulose (mol-1) Temperature (◦C) Time (h) P (W) PD (W L-1) DS

1 C100 1 Oleoyl chloride 6 100 1 - - 2.62 ± 0.40
2 C40 1 Oleic Acid 6 40 24 – - 0.87 ± 0.15
3 C60 1 Oleic Acid 6 60 24 – - 0.61 ± 0.11
4 C80 1 Oleic Acid 6 80 24 – - 1.44 ± 0.25
5 C80_2 2 Oleic Acid 6 80 24 – - 0.37 ± 0.06
6 C80_S 1 Stearic Acid 6 80 24 – - 0.13 ± 0.02
7 C80_3 1 Oleic Acid 3 80 24 – - 0.33 ± 0.06
8 U40_1_4 1 Oleic Acid 6 40 0.5 4.39 409 0.21 ± 0.04
9 U60_1_4 1 Oleic Acid 6 60 0.5 4.39 409 0.14 ± 0.02
10 U80_1_4 1 Oleic Acid 6 80 0.5 4.39 409 0.14 ± 0.02
11 U40_2_5 1 Oleic Acid 6 40 0.5 6.70 624 0.17 ± 0.03
12 U40_3_6 1 Oleic Acid 6 40 0.5 9.01 839 0.029 ± 0.005
13 U40_1_2 1 Oleic Acid 6 40 0.5 4.39 204 0.15 ± 0.02
14 U40_1_1 1 Oleic Acid 6 40 0.5 4.39 136 0.18 ± 0.03
15 U20_1_1 1 Oleic Acid 6 20 0.5 4.39 136 0.38 ± 0.06
16 U20_2_2 1 Oleic Acid 6 20 0.5 6.70 208 0.32 ± 0.05
17 U20_3_3 1 Oleic Acid 6 20 0.5 9.01 280 0.30 ± 0.05
18 U40_1_1 1 Oleic Acid 6 40 0.5 4.39 136 0.59 ± 0.11
19 U60_1_1 1 Oleic Acid 6 60 0.5 4.39 136 0.67 ± 0.03
20 U80_1_1 1 Oleic Acid 6 80 0.5 4.39 136 0.48 ± 0.02
21 U40_2_2 1 Oleic Acid 6 40 0.5 6.70 208 0.74 ± 0.03
22 U40_3_3 1 Oleic Acid 6 40 0.5 9.01 280 0.42 ± 0.02
23 U40_1_2 1 Oleic Acid 6 40 0.5 4.39 204 0.30 ± 0.01
24 U20_1_1 1 Oleic Acid 6 20 0.5 4.39 136 1.79 ± 0.03
25 U20_2_2 1 Oleic Acid 6 20 0.5 6.70 208 1.58 ± 0.04
26 U20_3_3 1 Oleic Acid 6 20 0.5 9.01 280 1.20 ± 0.10

The first experiment (#1) corresponds to the experiment in pyridine with oleoyl chloride. The second part of the table (experiments #2-#7) corresponds to the DoE of 
conventionally stirred esterification (silent conditions). The third part (experiments #8-#17) corresponds to the DoE of US-assisted esterification with DS determined 
by 1H NMR as a response. The fourth part (experiments #18-#26) corresponds to the DoE of US-assisted esterification with DS determined by gravimetric analysis as a 
response.
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interval (CI) accuracy. The actual vs predicted responses were plotted, 
where the actual refers to the DS obtained experimentally, whereas 
predicted refers to the DS determined by the prediction regression.

The labeling of the sample names is detailed as follows, with all 
parameters provided in Table 1. The reference parameters for sample 
preparation involve using cellulose C1 and oleic acid as the EA, with an 
EA/cellulose ratio of 6. Samples prepared without US are labeled as C#, 
while those prepared with US are labeled as U#. The first number in the 
label represents the esterification temperature, ranging from 20 ◦C to 
100 ◦C. For samples prepared under silent conditions (without US), the 
second identifier denotes specific parameters. C80_2 was prepared using 
cellulose C2, C80_3 used a EA/cellulose ratio of 3:1, and C80_S used 
stearic acid as the EA instead of oleic acid.

C100 serves as a reference material, produced at 100 ◦C using oleoyl 
chloride as the EA.

For US-assisted esterification, the second digit in the label corre
sponds to the P, ranging from 1 (4.39 W) to 3 (9.01 W). The third digit 
indicates the power density (PD), ranging from 1 (139 W L⁻¹) to 6 (839 W 
L⁻¹). For example, U20_1_1 was prepared at 20 ◦C, with a P of 4.39 W and 
a PD of 139 W L⁻¹. In Table 1, the mentioned power is the US power 
delivered to the reaction medium, calculated by calorimetric calibration 
(Li et al., 2020).

2.3. FTIR attenuated total reflection (ATR) analysis

The functional groups of ester samples were identified by a Perkin 
Elmer Spectrum 65 Fourier-transform infrared (FTIR) spectrometer with 
an attenuated total reflectance Miracle ATR accessory. 32 scans were 
used, with a resolution of 2 cm-1 from 4000 cm-1 to 600 cm-1.

2.4. Determination of the DS

The DS was determined after high-resolution magic angle spinning 
(HRMAS) 1H NMR in dimethylsulfoxide (DMSO) with sodium trime
thylsilylpropanesulfonate (DSS) as a standard. The equipment was a 
Bruker AVANCE II operating at 400 MHz with a probe cross polarization 
magic angle spinning (CPMAS). The procedure is described in Section 
S3.

For these calculations, it is assumed that the molecular weight of the 
oleic acid chain was assumed at 265.5 g mol-1 by considering that during 
esterification a hydroxyl group is converted into ester. All the oleic acid 
in each sample was grafted onto the cellulose chains, which is confirmed 
by FTIR spectra (Fig. 3).

Additionally, the DS was verified by gravimetric analysis. After 
drying and weighing cellulose esters samples, the DS was calculated 
with the following equation: 

DS =
m1 − m0

(M − 1)⋅n0
(1) 

where m1 is the weight of the ester’s sample, m0 is the weight of un
modified cellulose, n0 is the number of moles of unmodified cellulose, M 
is the molecular weight of an oleoyl group (M = 265.5 g mol-1), and 162 
is the molecular weight of AGU in g mol-1.

2.5. X-ray diffraction (XRD)

A Bruker D8 Advance diffractometer was employed to scan unmod
ified cellulose, sample U20_1_1 (lowest power density and temperature, 
highest DS) and sample U80_1_1 (highest temperature) from 2◦ to 50◦ of 
2θ. It is essential to determine whether esterification preserves or dis
rupts the cellulose structure.

2.6. Thermal behavior

Prior to differential scanning calorimetry (DSC), a TA Instruments 

thermogravimetric analyzer (TGA) Q500 was used to determine the 
weight loss of the sample C80, which had the highest DS after conven
tional esterification. The sample was heated from 25 ◦C to 500 ◦C at 10 
◦C min-1 under a 40 mL min-1 nitrogen flow.

The transition temperatures of the ester samples were determined 
with a TA Instruments calorimeter Q200 with an RSC 90 cooling system 
using a heating ramp from − 70 ◦C to 180 ◦C at 20 ◦C min-1 and with a 
nitrogen flow of 50 mL min-1. The sample weight was around 3 mg. This 
analysis is essential to reveal the glass transition and melting tempera
tures of the esters to identify operating temperatures for further 
processing.

2.7. Viscosity and density measurements

The numerical simulations aimed to calculate the minimum acoustic 
pressure (pmin), maximum acoustic pressure (pmax), cavitation zones 
volume (V) and acoustic streaming velocity (u) in cellulose esters solu
tion at 25 g L-1. The fluid was approximated to Newtonian, and its 
density (ρ) and viscosity (μ) were measured as data to feed to COMSOL 
Multiphysics. ρ and μ were measured at various temperatures, after 2 h 
of cellulose esterification at 25 g L-1.

An Anton Paar DMA 4500 density meter instrument was used to 
determine ρ. μ was measure with a Thermo Scientific Haake Viscotester 
iQ. The rheometer has a coaxial cylinder configuration and holds 3 mL 
samples. The ramp was: 120 s at a shear rate of 1 s-1, followed by an 
increase in the shear rate to 500 s-1.

2.8. Speed of sound measurements

The speed of sound (c) in cellulose ester solutions was measured 
using an Olympus V306 immersion transducer. The transducer’s active 
element has a diameter of 13 mm. Operating at a frequency of 2.25 MHz, 
the transducer transmitted signals through a polystyrene container 
holding 50 mL of the cellulose ester solution. It was affixed to the con
tainer’s side, and the solution was introduced using a pipette to mini
mize movement during filling and emptying, ensuring the acoustic 
waves propagated perpendicularly to the opposite container wall. The 
transducer was connected to an Agilent Technologies 33220A 20 MHz 
waveform generator and a GW Instek GDS-1000A-U Series oscilloscope 
for monitoring.

Initially, a signal was transmitted through deionized water to mea
sure the round-trip distance of the sound wave within the fluid. It was 
assumed that the wave propagated solely through the water, with a 
speed of 1498 m s-1, since it was not feasible to determine the thickness 
of the gel and the polystyrene wall. The wave covered a total distance of 
44.67 mm. Seven measurements of the sound speed were taken via the 
oscilloscope, and an average value was calculated. These results were 
subsequently input into COMSOL Multiphysics (Table 2).

This assumption that the wave traveled exclusively through the 
liquid underestimated the actual speed of sound. In reality, the speed of 
sound in polystyrene is approximately twice that in water, oils, or 
ethanol (Olympus, n.d.), which overestimated the attenuation of the 
sound waves in the solutions.

3. Mathematical model and simulation

COMSOL Multiphysics 6.1 solved the Helmholtz equation, a steady 
state form of the wave equation, to determine pmin and pmax in the 
sonoreactor (Fig. 2). To determine V, the acoustic pressure above the 

Table 2 
Properties of cellulose esters solutions at 20 ◦C.

Cellulose concentration, g 
L-1

Speed of sound, m 
s-1

Density, kg m- 

3
Viscosity, 
Pa⋅s

25 1495.8 936.2 23.3⋅10–3
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cavitation pressure threshold was considered (Fig. 2). The turbulent 
flow module calculated u, solving the Navier-Stokes equation (Fig. 2).

It is assumed that the fluid is incompressible and Newtonian, the 
sound waves exhibit linear behavior, and the shear stress could be 
neglected. The bubble to liquid volume ratio is low so the system is 
computed as a single-phase fluid (Commander and Prosperetti, 1989). 
The properties of the sonicated fluid are independent of the temperature 
and bubble volume fraction.

US waves reflect with a deviation of acoustic impedance (Z). Z is 
product of the material’s density and speed of sound. The following 
boundary conditions were applied: 

1. At the boundary liquid-glass, Z = 2230 kg m-3⋅5640 m s-1, for steps 1 
and 2a. For step 2b, we applied a no-slip boundary condition.

2. At the boundary liquid-air Z = 1.2 kg m-3⋅343 m s-1, for steps 1 and 
2a. For step 2b, we applied a pressure outlet, with a pressure of 0 Pa.

3. At the boundary liquid-probe Z = 4470 kg m-3⋅4987 m s-1, for steps 1 
and 2a. For step 2b, we applied a slip boundary condition.

4. At the tip of the probe, a pressure amplitude pa was set for steps 1 and 
2a.

Section S4 details, the equations solved during the simulations, the 

assumptions, the geometry, the boundary conditions (Figure S2) and the 
mesh of the model (Goris et al., 2025; Joyce Tiong et al., 2025; 
Schieppati et al., 2024).

The independent variables for these simulations are: 

- P, 4.39 W, 6.70 W and 9.01 W;
- v, 32.2 mL, 21.5 mL and 10.7 mL;
- Temperature, 20 ◦C, 40 ◦C, 60 ◦C and 80 ◦C;

The response variables are pmin, pmax, V and u. A statistical analysis 
identified significant dependent variables and relationship within the 
data, as in Section 2.2.

4. Results and discussion

4.1. Cellulose sources and fatty acids effects

Before conducting US-assisted esterification, the use of long chain 
FFA was investigated instead of acyl chlorides and anhydrides to pro
duce cellulose esters, aiming for safer, less expensive and biomass- 
derived EA. During the synthesis process, the influence of parameters 
such as the EA/cellulose ratio, the source of cellulose, and the type of 

Fig. 2. Simulation steps for acoustic pressure, cavitation volume and acoustic streaming velocity determination.

Fig. 3. FTIR spectra of the unmodified cellulose C1, unmodified oleic acid and cellulose esters produced with various EA/cellulose ratios, 6:1 and 3:1.
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FFA, was investigated on the DS. The results are presented in Table 1. 
The DS was five times higher, with oleic acid at a molar ratio p-Tos/EA/ 
cellulose of 6:6:1 compared to 3:3:1 (1.44 against 0.33). Hou et al. 
(2023) observed the same trend due to an increased frequency of in
teractions between the OH groups of cellulose and the EA. Regarding the 
nature of EA, the use of stearic acid resulted in lower DS than oleic acid, 
with a DS of 0.13 against 1.44, respectively. In our case, the chain length 
remains unchanged, but the degree of saturation differs, with only one 
C=C unsaturation on the oleic acid chain. Crépy et al. (2009) produced 
cellulose stearate with a DS of 2.3 and cellulose oleate with a DS of 2.9. 
They mentioned that the unsaturation facilitates the reaction, but gave 
no further details. The double bond in oleic acid restricts chain mobility, 
but its cis-configuration makes it less thermodynamically stable than 
stearic acid, and thus more reactive (Rustan and Drevon, 2005). The 
double bond in the alkyl chain increases the electron density, making the 
carboxylic group of oleic acid more reactive toward attack from the 
hydroxyl group of cellulose than the carboxylic group of stearic acid. 

The unsaturation also reduces Van der Waals interactions among the 
oleic acid molecules, which increases the diffusion of oleic acid and 
reduces its melting point, increasing the contact with cellulose hydroxyl 
groups. The reduced Van der Waals interactions among the oleic acid 
molecules also decreases the viscosity of the reaction medium, facili
tating the mixing (Heinze et al., 2018).

Esters from two different sources of cellulose were synthetized, C1 
with a DP of 138, and C2 with a DP of 926 (Figure S1). C1 and C2’s esters 
had a DS of 1.44 and 0.37, respectively. Similarly, Willberg-Keyriläinen 
et al. (2016) and Uschanov et al. (2011) observed that reduction in 
cellulose molecular weight increased with the DS of esters produced. 
Willberg-Keyriläinen et al. (2016) increased the DS by a factor of 3 when 
molecular weights decreased from 520 kg mol-1 to 80 kg mol-1. They 
explained it by the increased accessibility of the cellulose surface for 
reaction.

In this study, the degree of substitution (DS) increases with the EA/ 
cellulose ratio when using C1 and decreases when using C2. The DS also 

Fig. 4. Weight loss of unmodified cellulose (C1) and esters treated at two different temperatures (C80 and C100) and exhibiting the best DS.

Fig. 5. Actual vs. predicted DS (〇) determined by 1H NMR for esters produced with conventional conditions. Regression, 95 % CI of prediction, RMSE = 0.445, 
R2 = 0.823, p-value = 0.0125, Mean of response (0.625), Prediction interval.
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increases with oleic acid and decreases with stearic acid. A possible 
explanation for the low DS obtained could be the precipitation of solid, 
forming heterogeneous phase, as noticed during the esterification re
action. This affects the mixing efficiency, as the reaction mixture had a 
stationary solid layer on top and a lower liquid layer (Barthel and 
Heinze, 2006).

The comparison of FTIR spectra of cellulose, FFA, and esters samples 
show the progress of esterification and the impact of our different steps 
used for washing and extraction. Following a rigorous washing and 
extraction method, all samples do not exhibit any traces of solvent nor 
FFA (Fig. 3). Esters samples (C80 and C80_3) have characteristic peaks at 
1740 cm-1 and 1150–1160 cm-1 (Fig. 3), which correspond to the vi
bration of C=O and C–O from ester groups, respectively, confirming the 
formation of ester bonds onto the cellulose backbone. This observation is 
supported by a decrease in the intensity of the peak at around 3340 cm-1, 
characteristic of -OH groups, shifting towards higher wavenumber 
(Fig. 3). This suggests the substitution of hydroxyl groups into esters 
(Duchatel-Crépy et al., 2020), reducing hydrogen bonding and enabling 
the dissolution of cellulose (Lindman et al., 2010; Wang et al., 2012).

In the TGA, the degradation took place in two stages for C1 and in 
three stages for C100 and C80 (Fig. 4). The initial weight loss is attrib
uted to the evaporation of adsorbed water (Jandura et al., 2000b). Esters 
samples started to decompose at lower temperatures (210 ◦C for C100, 
and 170 ◦C for C80) compared to unmodified cellulose (295 ◦C), as re
ported by Costa et al. (2023). Grafting long chains FFA to cellulose 
decreased the materials crystallinity, which lowers decomposition 
temperature of cellulose derivatives (Jandura et al., 2000b). The lower 
decomposition temperature of cellulose esters also occurs due to the fact 
that FFAs alone have a lower decomposition temperature than cellulose 
(Uschanov et al., 2011).

The primary degradation step of unmodified cellulose occurs at 340 

◦C, resulting in the breakdown of cellulose into carbon dioxide and 
water. In contrast, for cellulose esters (358 ◦C for C100 and 300 ◦C for 
C80), this step involves the degradation of the cellulose backbone, ester 
groups, and unsaturated bonds of oleic chains. The third degradation 
step of esters corresponds to the decomposition of oleic acid alkyl chains 
into volatiles (Hou et al., 2023). This step results from the crosslinking 
and crystallization of aliphatic chains of saturated free fatty acids (FFA) 
into ordered structures during heating. Jandura et al. (2000b) observed 
this last degradation in the range of 300 ◦C to 400 ◦C for oleic acid 
cellulose esters with a DS as low as 0.08.

4.2. Effect of temperature

The reaction temperature affects both the conventional and the US- 
assisted processes. In conventional esterification, the DS increases by 
66 % from 40 ◦C to 80 ◦C. For the DoE of conventional esterification, the 
regression (Fig. 5) resulted in the following equation: 

DS = − 0.499 + 0.285⋅
T − 60

20
+ 0.464⋅

EA
C − 4.5

1.5
+ C⋅

(
1→0.444

2→ − 0.444

)

+ EA⋅
(

Ol→0.564
St→ − 0.564

)

(2) 

All dependent variables have a significant effect on the DS, ac
counting for a percentage of the variance on the same order of magni
tude (Table 3). The DS increases with temperature (T) (Eq. (2)).

Lease et al. (2021) reported a similar behavior with DS increasing 
nearly 200 fold when the temperature was raised from 50 ◦C to 100 ◦C. 
Jebrane et al. (2017) quantified esterification by measuring the intensity 
of the FTIR peak corresponding to the C=O vibration, which increased 
from 0.2 to 0.6 as the temperature rose from 90 ◦C to 125 ◦C, confirming 
the increase in DS. Mikkola et al. (2007) also reported an increase in the 
DS from 0.01 at 60 ◦C to 0.31 at 100 ◦C.

The peaks at 2920 cm-1 and 2850 cm-1 (Fig. 6) are characteristic of 
the CH2 stretching of alkyl chains from FFA. The unsaturation of oleic 
acid is indicated by the peaks at 3005 cm-1 (C–H stretching) and 1630 
cm-1 (C=C stretching), respectively. Additionally, the peak at 1460 cm⁻¹ 
is characteristic of C–H scissoring in CH₂ and CH₃ (Jebrane et al., 2017), 
and the peak at 920 cm-1 corresponds to the C–H bending of -CH––CH- 
groups (Jandura et al. (2000a)). The carbonyl stretch vibration (C–O) is 
observed at 1235 cm-1 (Liang et al., 2013). Peaks at 720 cm-1 are 

Table 3 
Predictor screening analysis of DS determined by 
1H NMR for esters produced with conventional 
conditions.

Predictor Portion*

Temperature 31.6 %
EA 30.8 %
EA/Cellulose 23.1 %
Cellulose 14.5 %

* Portion of the variance from the prediction.

Fig. 6. FTIR spectra of reference cellulose C1, oleic acid and cellulose esters produced at various temperatures.
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characteristic of at least four CH2 groups linked (Duchatel-Crépy et al., 
2020). These peaks are present in all our samples spectra, however, they 
alone do not confirm esterification, as they could be attributed to 
unreacted FFA. Thus, the DS was determined by gravimetric and 1H 
NMR analyses.

Regarding samples prepared with US (with DS determined by 
gravimetric analysis) at a fixed PD of 136 W L-1, an increase in reaction 
temperature from 20 ◦C to 80 ◦C resulted in a decrease in the DS from 
1.79 to 0.48 (Table 1). However, Ma et al. (2013, 2012) showed the 
opposite trend by reporting that the increase of reaction temperature 
from 70 ◦C to 95 ◦C increased the DS by 124 % (with glutaric anhydride), 
and from 95 ◦C to 120 ◦C increased the DS by 48 % (with phthalic an
hydride). They attributed it to enhanced reaction rate with better 
diffusion of EA in the reaction media. The decrease of DS is attributed to 
the possible generation of H• and •OH radicals from the dissociation of 
water (formed during esterification) inside cavitation bubbles. These 
radicals can cleave the glycosidic bonds of cellulose or the ester links, 

decreasing the DS (Haouache et al., 2020).
At a fixed cellulose concentration, the increase in temperature affects 

the reaction mixture’s properties, such as μ and ρ, which in turn in
fluences acoustic cavitation. From 20 ◦C to 80 ◦C, μ dropped by 75 %, 
and ρ by 4 %. Simulation results show that the increase of the reaction 
temperature from 20 ◦C to 80 ◦C at 25 g L-1, is independent of pmax, pmin 
and u. However, it increases V by almost 10 times for a reaction volume 
of 32.2 mL. A predictor screening of V determined that, in a reaction 
volume of 32.2 mL, μ explains 57 % of the variance. Viscosity affects the 
acoustic attenuation, as more viscous liquids are prone to fewer shock 
waves and release less energy during cavitation, hence smaller V. This 
corroborates the abovementioned hypothesis about the decrease of DS 
with increasing temperature.

The thermal transitions of cellulose esters produced at different 
temperatures without US are presented in Figure S3. Similarly to the 
starting material C1, C80, C60 and C40 have a Tg close to 5 ◦C. Pure oleic 
acid undergoes a polymorphic transformation with a transition from γ to 

Fig. 7. DSC curves of cellulose esters produced with US at 136 W L-1 and various temperatures.

Fig. 8. XRD diffractogram of unmodified cellulose (C1), and esters treated at two different temperatures (U20_1_1 and U80_1_1).
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α-form at − 16 ◦C, followed by α-form melting at 13 ◦C (García-Zapateiro 
et al., 2013). The thermal behavior of the cellulose esters synthesized 
with US at a PD of 136 W L-1 and at four different temperatures is pre
sented in Fig. 7. The DS for US-produced cellulose esters varies with 
reaction temperatures, reaching 1.79 at 20 ◦C, 0.59 at 40 ◦C, 0.67 at 60 
◦C, and 0.48 at 80 ◦C (Table 1). A melting endotherm linked to alkyl side 
chains of FFA occurs around − 20 ◦C, with the melting temperature (Tm) 
decreasing from − 21 ◦C to − 23 ◦C as reaction temperature increases. 
From 40 to 80 ◦C, the low DS suggests that the alkyl side chains are more 
mobile and less densely packed, resulting in a decrease in Tm. This re
sults in a single broad melting peak with a slight shoulder at around − 10 
◦C, that indicates limited polymorphism (Morselli Ribeiro et al., 2012). 
However, at 20 ◦C, the higher DS hints at tightly packed alkyl chains. 
The melting region for the US-prepared ester exhibits two distinct 
melting endotherms at − 21 ◦C and 1 ◦C suggesting the presence of 
different crystal domains (Sealey et al., 1996).

This is reflected as well with the increase in Tg from 22 ◦C to 47 ◦C as 
the DS increases from 0.48 to 1.79 (Fig. 7). This is attributed to the in
crease of steric hindrance which increases the stiffness of the cellulose 
chains as more FFA are grafted onto cellulose backbone (Sealey et al., 
1996). However, it is not always the case. Depending on the structure 
and length of the chain, a decrease of Tg was observed with increased DS 
and was interpreted as a plasticizing effect of the long chain FFA 
(Duchatel-Crépy et al., 2020; Tanaka et al., 2017).

The Tg of cellulose esters increases with increasing DP, because the 
chains begin to entangle, limiting their mobility (Tarasova et al., 2024). 
Thus, it is suggested that the Tg obtained are lower than those mentioned 
in the literature due to the depolymerization of cellulose chains, which 
decreases the DP.

Alteration of the crystalline structure of cellulose due to dissolution, 
sonication and esterification is also confirmed by the decrease of in
tensity of crystalline reflexes (Fig. 8). Unmodified cellulose (C1) shows 
peaks of cellulose Iβ: 14.8◦, 16.0◦, 20.0◦, 22.0◦, 34.5◦, corresponding 
respectively to crystals planes 101, 110, 021, 200, 004 (Jandura et al., 
2000a). Ester cellulose produced with US at 20 and 80 ◦C exhibit a 
decrease in crystalline peak intensity and form amorphous peaks at 18◦

and 19.8◦ Moreover, a new peak at 5.0◦ in the diffractogram of ester 
celluloses, confirms the crystallization of grafted fatty chains (Sejati 
et al., 2023), with its intensity increasing with the DS.

4.3. Comparison of esterification under sonication and silent condition

The effect of process intensification compared to the conventional 
method (silent conditions) on esterification was investigated with 
different P ranging from 4.39 W to 9.01 W, in a fixed volume of 10.7 mL. 
After US-assisted esterification, sharp peaks are observed at 1740 cm-1 

and 1185 cm-1, characteristic of C=O and C–O esters bond stretching 
(Fig. 9). At 9.01 W (sample U40_3_6), both peaks have lower intensities, 
which suggests a small degree of esterification (Fig. 9).

Our US-produced cellulose esters exhibit intense hydroxyl peaks at 
3340 cm-1 and 685 cm-1, characteristics of OH covalent bonds and 
C–OH groups, respectively. These peaks are more pronounced 
compared to silent conditions, which reflect low level of oleic acid 
substitution (Fig. 9). The FTIR results are in accordance with the change 
in DS measured by 1H NMR analysis. As the increase of P from 0 W to 
4.39 W (3.31 W cm-2) to 9.01 W (6.79 W cm-2), the DS dramatically 
decrease from 0.87 to 0.21 to 0.029 (Fig. 10a), respectively. However, it 
is noteworthy that under US, cellulose was esterified within only 30 min 
against 24 h under conventional heating and stirring. This partial 
esterification of the cellulose surface results from insufficient amount of 
energy supplied to the reaction mixture and/or time. A 24 h US-assisted 
esterification was not performed due to the erosion of US probe and the 
excess energy supplied, which would negate the benefits of intensifica
tion, and degrade cellulose. Additionally, the DS was also determined at 
40 ◦C by gravimetric analysis. As P increased from 0 W to 4.39 W, so did 
the DS from 0.33 (predicted by Eq. (4)) to 0.59. A further increase of P to 
9.01 W decreased the DS to 0.42, with a peak of 0.74 at 6.70 W 
(Fig. 10b).

At 80 ◦C, the increase in P from 0 W to 4.39 W, decreased the DS from 
1.44 to 0.14. A further increase of P to 9.01 W increased the DS to 0.87 
(predicted by Eq. (3)). The maximum DS was obtained at 20 ◦C, indeed, 
the DS increased from 1.29 at 0 W (predicted by Eq. (4)) to 1.79 at 4.39 
W (the peak), than decreased to 1.20 at 9.01 W (Fig. 10b).

The DS of US-produced ester determined by 1H NMR analysis, 
resulted in the regression in Fig. 11 and the following equation: 

Fig. 9. FTIR spectra of cellulose esters produced at different ultrasonic powers, and esters produced in silent conditions after 30 min.
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DS = − 0.335 + 6.43⋅10− 2⋅P + 4.96⋅10− 4⋅PD + 3.80⋅10− 2⋅
(

T − 60
20

)

(P − 5.78) + 6.30⋅10− 4⋅
(

T − 60
20

)

(PD − 365)

− 1.37⋅10− 4⋅(P − 5.78)(PD − 365)
(3) 

All dependent variables have a significant effect on the DS, ac
counting for a percentage of the variance in the same order of magnitude 
(Table 4). The DS increases with P, up to 560 W L-1, then it decreases 
with the increase of P (Eq. (3)). As P increases, US generates more 
cavitation bubbles, which increases V (Schieppati et al., 2024). It sug
gests that above a certain pressure threshold, cavitation promotes rad
icals’ formation, thus glycosidic bonds and/or esters cleavage, 
decreasing the DS (Liu et al., 2022; Stefanovic et al., 2013).

For esters produced with US and for which the DS was determined by 
gravimetric analysis, the regression (Fig. 12) resulted in the following 
equation: 

DS = 0.437 − 0.108⋅
T − 60

20
+ 0.249⋅

(
T − 60

20

)2

− 0.179⋅(P − 5.93)2
+ 1.86⋅10− 2⋅

(
T − 60

20

)

(P − 5.93) + 5.02⋅10− 3⋅(P − 5.93)(PD − 192)

(4) 

The effect of US on the DS is similar to that of the previous DoE. All 
dependent variables have a significant effect on the DS, accounting for a 
percentage of the variance in the same order of magnitude (Table 5). The 
DS increases with P, up to 5.93 W, then decreases with the increase of P 
(Eq. (4)). However, the DS values are substantially higher when deter
mined by the gravimetric analysis than by 1H NMR HRMAS analysis 
(Table 1). This discrepancy can be attributed to an underestimation of 
DS by 1H NMR, as the quantification heavily depends on the surface 
being analyzed and the dissolution extent of the sample. During sample 
preparation, incomplete dissolution suggests that primarily the surface’s 
groups were quantified (Crépy et al., 2009; Niu et al., 2019). The limi
tation of solubility as the DS increases is attributed to partial cross
linking of sugar rings depolymerized, as evidenced by the formation of a 

Fig. 10. DS determined by (a) 1H NMR and (b) gravimetric analysis vs. power density at various temperatures.
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gel during precipitation (Liu et al., 2022; Stefanovic et al., 2013).
Hou et al. (2023) increased US intensity from 0 to 300 W m-2 

resulting in a 281 % raise in the DS from 0.38 to 1.42. However, MCC 
had to be regenerated because its crystalline structure and intra and 
intermolecular hydrogen bonds reduced reactivity. Pretreatment liber
ated hydroxyl groups, but cellulose fibers still aggregated. Acoustic 
cavitation broke aggregates, with higher US intensity enhancing the 
effect.

Lease et al. (2021) esterified cellulose with oleic acid under ball 
milling for 4 h and 24 h, decreasing the DS, from 0.030 to 0.001. The 
drop in DS arises from simultaneous competing reaction, that are 
esterification and ester hydrolysis by water produced during esterifica
tion (Freire et al. (2006)). The hypothesis that the DS decreases due to 
hydrolysis of esters formed is less conceivable in our case, as it is usually 
promoted in basic medium (Ahmed et al., 2017). In this study, it is 
assumed that above a certain pressure threshold, cavitation promotes 

Fig. 11. Actual vs. predicted DS (〇) determined by 1H NMR analysis for esters produced with US. Prediction interval.

Table 4 
Predictor screening analysis of DS determined by 
1H NMR analysis for esters produced with US.

Predictor Portion*

Temperature 63.4 %
PD 23.7 %
P 12.9 %

* Portion of the variance from the prediction.

Fig. 12. Actual vs. predicted DS (〇) determined by gravimetric analysis for esters produced with US. Regression, 95 % CI of prediction, RMSE = 0.200, R2 =

0.947, p-value < 0.0001, Mean of response (0.863), Prediction interval.

Table 5 
Predictor screening analysis of DS determined by 
gravimetric analysis for esters produced with US.

Predictor Portion*

Temperature 82.8 %
PD 10.0 %
P 7.20 %

* Portion of the variance from the prediction.
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radicals’ formation, thus glycosidic bonds and/or esters cleavage, 
decreasing the DS (Liu et al., 2022; Stefanovic et al., 2013).

4.4. Effect of ultrasound power and power density

Equations (3) and (4), predicting the DS from 1H NMR and gravi
metric analysis, follow the same trend, indicating a correlation between 
P and PD. DS determined by 1H NMR analysis increases with PD up to 
4.80 W and P up to 560 W L-1, then it decreases (Eq. (3)). Whereas DS 
determined by gravimetric analysis increases with P up to 5.93 W, then 
it decreases, too (Eq. (4)).

The decrease in DS suggests the hydrolysis (de-esterification) and 
reformation of hydroxyl groups of cellulose. In our process, above 5.93 
W, which correspond to 4.47 W cm-2, the locally high temperature and 
pressure generated by US promote the cleavage of glucose rings and its 
conversion into pyrazines (Zhang et al., 2022).

Cavitation bubbles grow under positive pressure, collapse and 
release energy under negative pressure. Simulations determined that at 
25 g L-1 of cellulose and 20 ◦C, pmin decreases with the increase of P (for 
instance by 43 % from 4.39 W to 9.01 W at 32.2 mL) and rises as v 
decreases (e.g. by 99 % from 32.2 mL to 10.7 mL at 9.01 W). A statistical 
analysis revealed that pmin decreases with the increase of PD below 19.4 
mL and increases above the threshold: 

pmin = 1.59⋅105 − 8.89⋅103⋅v + 94.9⋅PD − 3.32⋅103⋅(P − 6.70)(v − 21.5)

+ 46.5⋅(v − 21.5)(PD − 382)
(5) 

pmax is located directly under the tip of the US probe and increases as 
P increases. pmax increases as PD increases, up to 7.84 W and then de
creases (Eq.(6)). The reaction volume does not have a significant effect 
on pmax with only 4 % of the variance. As P increases, the energy 
transferred to the fluid increases, as does the amplitude of the sound 
waves, then the acoustic pressure. 

pmax = 1.84⋅105 + 2.78⋅104⋅P + 13.1⋅PD − 208⋅(P − 6.70)(v − 21.5)

− 12.2⋅(P − 6.70)(PD − 382)
(6) 

Cavitation bubbles accumulate at the vicinity of the probe emitting 
surface, which attenuates the propagation of sound waves. When the 
attenuation due to cavitation bubbles is included into the model, this 
reduces the volume of cavitation zones by 86 % to 99 %. V increases as P 
increases up to a reaction volume of 21.5 mL, and then decreases. 
Instead, V decreases as the PD increases up to a reaction volume of 16.6 
mL, and then increases. The increase of input US power generates more 
and larger cavitation bubbles, which collapse more frequently and 
intensely, which increases V. On the other hand, as the fluid’s volume 
decreases, so does the fluid’s height between the tip of the probe and the 
bottom wall (keeping the immersion depth constant). The fluid’s height 
is three times less than the wavelength; thus, bubbles have less time to 
collapse, which reduces cavitation zones volume (Rashwan et al., 2020). 
Sivakumar and Pandit (2001) observed the same trend, with the increase 
of cavitation activity up to a maximum, followed by a decrease because 
of the lower fluid’s volume, hence fluid’s height. Above 16.6 mL, the 
increase in V is dependent on the increase of PD, whereas below 16.6 
mL, the decrease in V is dependent on the decrease of fluid’s volume.

u increases with PD (20 % increase from 136 W L-1 to 280 W L-1 at 
32.2 mL), and with the decrease of v (22 % drop from 32.2 mL to 10.5 mL 
at 9.01 W) (Fig. 13). The increase of input US power increases the 
acoustic pressure amplitude, which in turn increases the volumetric 
force (Eq.(11) in section S4), resulting in higher u. The interaction of 
acoustic waves with the acoustic streaming also increases u. u increases 
with the decrease of v (which decreases the fluid’s height). Xu et al. 
(2013) and Laajimi et al. (2022) observed a different effect, with the 
maximum acoustic streaming velocity increasing with the fluid’s height, 
reaching a peak, and decreasing. They attributed the decrease of velocity 
to the attenuation due to the liquid height (Xu et al., 2013).

The simulation with the lowest V and u corresponds to the experi
mental parameters that produced the highest DS values. In contrast, the 
simulation resulting in the second highest u produced the lowest DS. The 
lowest DS obtained is in 10.5 mL of reaction mixture. As the probe is 
located near the bottom of the vessel, the bottom wall reflects the US 
waves, possibly resulting in a lower mixing efficiency than in 32.2 mL 
(although simulations gave a higher u) (Laajimi et al. (2022)). The 
cavitation intensity (number and size of bubbles) increases with the PD 

Fig. 13. u of cellulose esters’ reaction at 25 g L-1 at 9.01 W. u decreases with the increase of reaction’s volume.

P. Dal et al.                                                                                                                                                                                                                                      Cleaner Chemical Engineering 12 (2025) 100209 

12 



but becomes too high above 255 W L-1: at the tip of the probe, the 
bubbles collapse generate less radicals (Fattahi et al., 2022). It is also 
hypothesized that excessive high velocities generate bubbles in the 
reactor that form between the reagent molecules, preventing their 
contact and hindering the reaction.

At a reaction temperature of 20 ◦C and in a volume of 32.2 mL, two 
endothermic peaks between − 25 ◦C to − 21 ◦C and between − 9 ◦C to 1 
◦C are present, followed by a subtle change in Tg (Fig. 14). The first 
endothermic peak is attributed to the melting of crystals formed by alkyl 
side chains of FFA. The first peak Tm decreases by 4 ◦C with the US 
power. The second endothermic peak is ascribed to the melting of a 
highly viscous liquid crystalline phase formed during the cooling 
(Yamagishi et al., 1991). The area of this second melting peak decreases 
by 77 % with the increase of US power and decrease of DS, suggesting a 
decrease in the amount and/or size of liquid crystals. The two endo
thermic peaks suggest a polymorphic behaviour with various crystals 
sizes and arrangements. The Tg increases from 22 ◦C to 47 ◦C as the US 
power decreases from 9.01 W to 4.39 W and as the DS increases from 
1.20 to 1.79 (Fig. 14). It is attributed to the increase of steric hindrance. 
However, there is no clear evidence of the trend of Tg with the DS (Hou 
et al., 2023). Thus, the conclusion is that the PD does not have a clear 
effect on the Tg and fusion peak (Figure S6).

5. Conclusion

This work aimed at producing cellulose esters using long chain fatty 
acids as a green esterification agent and ultrasound (US) as an alterna
tive energy vector to decrease the reaction’s energy requirements. Prior 
to US-assisted esterification, oleic acid and stearic acid were used to 
esterify two sources of cellulose in silent conditions, at various tem
peratures. Among conventional esterification samples, the reaction at 80 
◦C for 24 h resulted in the highest DS of 1.44. Among US-assisted 
esterification samples, the reaction at 20 ◦C and 136 W L-1 for 30 min 
resulted in the highest DS of 0.38 (1.79 determined by gravimetric 
analysis). The conventionally esterified sample required 93 W g-1 of 
cellulose whereas the US-esterified sample required 18 W g-1 of cellulose 
to achieve the same DS. The sample prepared with US displayed a 
thermoplastic behavior, as confirmed by DSC, with a Tg at 47 ◦C.

The cavitation activity was characterized with COMSOL Multi
physics 6.1 in cellulose esters solution in a horn-type cylindrical ultra
sonic reactor. A temperature of 20 ◦C, a cellulose concentration of 25 g L- 

1, an US power of 4.39 W in 32.2 mL were the conditions resulting in the 
highest DS in US-assisted esterification. However, the simulation with 
these parameters resulted in the smallest active cavitation volume (V) 
and the lowest acoustic streaming velocity (u): 9.60⋅10–8 m3 and 40.06 
m s-1. This shows the critical role of localized cavitation and nonlinear 
phenomena in driving esterification, underscoring the importance of 
refining multiphysics models for US-assisted reactions. Overall, these 
findings provide a clear proof that US significantly reduces energy input, 
enables room temperature processing and produces functional thermo
plastic cellulose esters. This work paves the way for new process 
development, integrating ionic liquids as solvent and catalyst systems, 
and kinetic modeling of ester formation. The demonstrated energy ef
ficiency and material performance support US as an intensification 
strategy for cellulose functionalization, directly addressing 
sustainability.
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