DOCTORAL THESIS

Cellulose Dissolution and
Transesterification in
Superbase lonic Liquid
IMTBNH]JOACc] with Green
Co-solvents

Nutan Bharat Savale

TALLINNA TEHNIKAULIKOOL
TALLINN UNIVERSITY OF TECHNOLOGY
TALLINN 2025



TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
13/2025

Cellulose Dissolution and
Transesterification in Superbase
lonic Liquid [MTBNH][OAc] with

Green Co-solvents

NUTAN BHARAT SAVALE



TALLINN UNIVERSITY OF TECHNOLOGY

School of Engineering

Department of Materials and Environmental Technology

This dissertation was accepted for the defence of the degree 12/02/2025

Supervisor: Professor Dr. Andres Krumme
School of Engineering
Tallinn University of Technology
Tallinn, Estonia

Co-supervisor: Senior Lecturer Dr. Elvira Tarasova
School of Engineering
Tallinn University of Technology
Tallinn, Estonia

Opponents: Senior University Lecturer Dr. Sami Heikki Olavi Hietala
Department of Chemistry
University of Helsinki
Helsinki, Finland

Professor Dr. Timo Kikas

Institute of Forestry and Engineering
Estonian University of Life Sciences
Tartu, Estonia

Defence of the thesis: 24/03/2025, Tallinn

Declaration:

Hereby, | declare that this doctoral thesis, my original investigation and achievement,
submitted for the doctoral degree at Tallinn University of Technology has not been submitted
for a doctoral or equivalent academic degree.

Nutan Bharat Savale

signature
* X % b
* *
* *
* *
* 5k

European Union Investing
European Regional in your future
Development Fund

Copyright: Nutan Bharat Savale, 2025

ISSN 2585-6898 (publication)

ISBN 978-9916-80-267-0 (publication)

ISSN 2585-6901 (PDF)

ISBN 978-9916-80-268-7 (PDF)

DOI https://doi.org/10.23658/taltech.13/2025
Printed by Koopia Niini & Rauam

Savale, N. (2025). Cellulose Dissolution and Transesterification in Superbase lonic Liquid
[MTBNH][OAc] with Green Co-solvents [TalTech Press]. https://doi.org/10.23658/taltech.13/2025


https://digikogu.taltech.ee/et/Item/85b4caf4-fab7-44a7-96a6-d7f5861795f6

TALLINNA TEHNIKAULIKOOL
DOKTORITOO
13/2025

Tselluloosi lahustamine ja
umberesterdamine superaluselises
ioonvedelikus [N\TBNH][OACc] koos

roheliste kaaslahustitega

NUTAN BHARAT SAVALE






Contents

List OF PUBIICATIONS «..eourieiieiiieee e e e e 7
Author’s Contribution to the Publications ..........cccoouiiiiiiiiiiiiieeee e 8
INEFOTUCTION et e sreen e 9
Abbreviations and SYMDBOIS.........ceii i 11

1 LIiterature REVIEW ...cciiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeseeeeeeeseeesereeeses e st s e s esesesereseresesereseseserenen 13
1.1 Background
1.2 Cellulose........
1.2.1 Sources and isolation ...
1.2.2 Structure .....cuvvevevevenenens
1.3 Cellulose DiSSOIULION ..eceieiiiiiieee ettt et e e et e e e e e e e eaaeaeeeaaeean
1.3.1 Solvents for cellulose dissolution and modifications........cccccceeeviiieerieiniiiiiieennennn.
NS 70 T o Yol 1o [0 1o LSRR
1.3.3 Role of co-solvents in cellulose disSOIULION........cueeeecieieiiiiee e
1.4 Chemical Modifications of CellUIOSE .........euiiviiiieeiiieeceee e
1.4.1 Esterification vs Transesterification ........ccoccuveeeeciieeeceee e
1.4.2 Homogeneous transesterification of cellulose in ionic liquid
1.4.3 Applications of celluloSe ESters.........uuiiiiiiiieiiieeiee e e
1.5 Summary of the Literature Review and Aim of the Study........ccecccviverieeiiciiiieennenn.

2 Experimental
2.1 Materials .......

2.2 MEENOAS ..ceiiieeeee et
2.2.1 Cellulose dissolution in [nTBNH][OAc]/co-solvent solutions
2.2.2 Homogeneous transesterification of cellulose in [NTBNH][OAc]/co-solvent with

VMY BSTEIS Lottt e ee e e e e e et e e e e e e e e e s abbeseeeaeeessrbaaeeaeeeeantaaaeaaaeeannnses 27
2.2.3 CharaCterization .....eoie e 28
3 RESUILS aNd DISCUSSION ...uviiiiiiiieiiiiie ettt e esiiee et e sttt e e s tte e e s sata e e s sabaeessbeeeesaeaeesnreeeas 31
3.1 Dissolution of Cellulose in [nTBNH][OAc]/green co-solvents (Publication Ill) ......... 31
3.2 Homogeneous Transesterification of Cellulose in [MTBNH][OAc]/DMSO with Vinyl

Esters (PUBCations 1 and 1) .......ococuiie ettt e et et e e et 38
3.2.1 Optimization of reaction conditions via synthesis of cellulose palmitates............ 39
3.2.2 Structural determination of cellulose esters with *H and 3C NMR.............c.c......... 41

3.3 Homogeneous Transesterification of Cellulose in [WTBNH][OAc]/green co-solvents
with Vinyl Esters (Publication IV) .......ccccceeeiiiiiiiieeecieeees
3.3.1 Structural and physical properties of CEs

CONCIUSIONS .ttt st sttt et ettt e r e b e e nessnesieesreesneenneenes 50
REFEIENCES ...ttt sttt sttt s b e st e sbe e sae e e sareenaeees 51
ACKNOWIBAGMENTS....eiiiiiiie ettt e e e et e e s rte e e e s ta e e e eaeeeesnsaeeesnsaeeeanes 60
ADSEIACT ...ttt ettt sane e ane e nnee s 61
LUNTKOKKUVBEE ...ttt 63
PN o] 01T e | PP URPPRN 65
CUITICUIUM VI3 .ttt st st esaee s 143

01T To ] {1 g =] Lo LU SRR 145






List of Publications

Tarasova, E., Savale, N., Krasnou, |., Kudrjasova, M., Rjabovs, V., Reile, I., Vares, L.,
Kallakas, H., Kers, J. and Krumme, A. (2023). Preparation of thermoplastic cellulose esters
in [MTBNH][OAC] ionic liquid by transesterification reaction. Polymers, 15(19), p. 3979.

Savale, N., Tarasova, E., Krasnou, I., Kudrjasova, M., Rjabovs, V., Reile, |., Heinmaa, I. and
Krumme, A. (2024). Optimization and degradation studies of cellulose transesterification
to palmitate esters in superbase ionic liquid. Carbohydrate Research, 537, p. 109047.

Tarasova, E., Savale, N., Ausmaa, P.M., Krasnou, |. and Krumme, A. (2024). Rheology and
dissolution capacity of cellulose in novel [MTBNH][OAC] ionic liquid mixed with green
co-solvents. Rheologica Acta, 63(2), pp. 167-178.

Tarasova, E., Savale, N., Trifonova, L., Krasnou, I., Reile, I., Kudrjasova, M., Mere, A.,
Kaljuvee, T., Mikli, V., Sedrik, R. and Krumme, A. (2024). Effect of green co-solvents on
properties and synthesis of cellulose esters in superbase ionic liquid. Cellulose, 31(8),
pp. 4911-4927.



Author’s Contribution to the Publications

Contribution to the papers in this thesis are:

The author synthesized cellulose esters (CEs), carried out 1D and 2D Nuclear Magnetic
Resonance Spectroscopy (NMR) characterization, analyzed results, and wrote the major
draft of the paper.

The author synthesized cellulose palmitates (CPs) and performed detailed optimization
of reaction parameters, along with 1D and 2D NMR characterization and intrinsic
viscosity measurements. The author also studied the stability of the solvent system and
the compatibility between the reactants involved and the solvent system by employing
methods like Fourier Transform infrared spectroscopy (FT-IR) and NMR, analyzed the
results, and wrote the research article.

The author was involved in preparing cellulose/superbase ionic liquid/green co-solvent
samples preparation and studied the dissolution behavior using rheology and optical
microscopy. The author was involved in the data analysis and the writing of the major
draft of a paper.

The author synthesized CEs, carried out detailed NMR characterization of all the samples,
analyzed the results, and wrote the major draft of the research paper.



Introduction

Non-renewable resources (NRRs), particularly crude oil utilized in polymer production,
are being depleted at a rate that exceeds their natural replenishment. Thus, developing
alternatives from renewable resources (RRs) is critically important. Cellulose, the most
abundant natural polymer on Earth and a renewable resource derived from plants boasts
remarkable properties such as biodegradability, non-toxicity, biocompatibility, mechanical
strength, heat resistance, and solvent resilience (Feng, 2008). Cellulose has three
hydroxy groups (-OH) per anhydroglucose unit (AGU) which undergo various chemical
reactions typical of hydroxy groups, including acylation, etherification, oxidation,
silylation, and polymer grafting. Despite these advantages, its semi-rigid chain structure
poses significant challenges for dissolution in conventional organic and inorganic
solvents, creating major barriers to its processing and practical applications (Qiu, 2013).
Previous research has focused on developing innovative solvent systems for cellulose
dissolution. However, many of these approaches are associated with high costs or
require harsh operating conditions, leading to notable environmental and economic
challenges.

lonic liquids (ILs) present sustainable alternatives for cellulose dissolution and
derivatization due to their superior properties like high polarity, low vapour pressure,
non-volatility, and low toxicity (though this remains under investigation) (Pinkert, 2009;
Han, 2009). Superbase ionic liquids (SB-IL), 5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-
enium acetate ([MTBNH][OAc]) has shown particular promise for cellulose dissolution
and regeneration (Martins, 2022; Parviainen, 2015). The superbase 5-methyl-1,5,7-
triazabicyclo[4.3.0]non-6-enium (mTBNH) shows excellent water stability and
[MTBNH][OACc] remains liquid at room temperature, simplifying processing and reducing
labour intensity, making it an ideal candidate for industrial applications.

Despite their remarkable properties, ILs also present some drawbacks, including a
prolonged dissolution time for cellulose and the high viscosity of the resulting solution,
which hinder subsequent cellulose modification. One approach to addressing these
drawbacks is by adding low-viscosity co-solvents to ILs, creating binary solvent systems
for cellulose dissolution. Polar aprotic solvents such as dimethyl sulfoxide (DMSO),
N,N-Dimethylacetamide (DMAc), and N,N-Dimethylformamide (DMF) are commonly
used with ILs for cellulose dissolution and modification. Adding low-cost co-solvents
can reduce the reliance on expensive ILs, lowering processing costs. However, these
co-solvents pose environmental and health risks due to toxicity and high energy
demands, highlighting the need for alternatives in green chemistry. Greener solvents
like y-Valerolactone (GVL), dimethyl isosorbide (DMI), sulfolane (SLF), and
N,N-Dimethylpropyleneurea (DMPU) are promising replacements for traditional polar
aprotic co-solvents (Constable, 2007; Bryan, 2018).

To the best of our knowledge, there has been no research on using mixtures of green
co-solvents with the novel [mMTBNH][OAc] as dissolution and modification media for
cellulose. This study aims to address this gap by investigating novel solvent systems
composed of the SB-IL, [nTBNH][OAc] combined with green co-solvents such as GVL,
DM, SLF, and DMPU for cellulose dissolution and transesterification. The novelty of this
research lies in the comprehensive examination of cellulose dissolution behavior in
[MTBNH][OAc]/green co-solvent mixtures. The potential of these [nTBNH][OAc]/green
co-solvent systems for synthesizing cellulose esters (CEs) through transesterification was



also assessed, with the resulting CEs analyzed for their chemical, structural, thermal, and
mechanical properties.

The findings of this research could offer valuable insights into the impact of green
co-solvents on the properties of CEs and contribute to the development of innovative
solvent systems for cellulose-based functional materials.
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Abbreviations and Symbols

AGU
CAM
CEs

CL

C™M

CcpP

(&)
DMAc
DMF
DMI
DMPU
DMSO
DP

DS
DTG
GPC
GVL
ILs

Mn
[MTBNH]
[mTBNH][OACc]
Mw
NMR
NRRs
RRs
SB-IL
SEC
SEM
SLF
TGA
TMS
VEs
VL
VM
VP

VS
XRD
Eq

w

Anhydroglucose unit
Contact angle measurement
Cellulose esters

Cellulose laurate

Cellulose myristate
Cellulose palmitate
Cellulose stearate
N,N-Dimethylacetamide
N,N-Dimethylformamide
Dimethyl isosorbide
N,N-Dimethylpropyleneurea
Dimethyl sulfoxide

Degree of polymerization
Degree of substitution

Differential thermogravimetric analysis
Gel permeation chromatography

y-Valerolactone
lonic liquids
Number average molar mass

5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-enium
5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-enium acetate

Weight average molar mass
Nuclear magnetic resonance
Non-renewable resources
Renewable resources

Superbase ionic liquid

Size exclusion chromatography

Scanning electron microscopy
Sulfolane
Thermogravimetric analysis
Tetramethylsilane

Vinyl esters

Vinyl laurate

Vinyl myristate

Vinyl palmitate

Vinyl stearate

X-ray diffraction

Activation energy

Angular frequency
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Complex viscosity
Crossover point
Dispersity of molar mass
Intrinsic viscosity

Loss modulus

Relaxation time

Shear rate

Storage modulus
Wavelength
Zero-shear-rate viscosity
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1 Literature Review

1.1 Background

Polymeric materials have become crucial across a wide range of applications, from
packaging to high-performance uses such as lithium-ion batteries (Pham, 2022; Haag,
2006; Lopez-Rubio, 2004). These materials are widely valued for their versatility,
attractive properties, and generally low cost. In 2021, global polymer production reached
390.7 million tons and is projected to continue growing (Plastics Europe). However, over
90% of these polymers were derived from non-renewable resources (NRRs), raising
significant concerns due to the non-renewable and unsustainable nature of petroleum
(Plastics Europe). NRRs, particularly crude oil used for producing polymeric materials,
are being depleted rapidly, with current consumption rates outpacing natural
replenishment by a factor of 100,000 (Pinkert, 2009). To tackle environmental challenges
such as pollution and the depletion of NRRs, it is crucial to adopt more sustainable
strategies that utilize renewable resources and improve production processes, ensuring
a stable long-term supply and societal well-being.

1.2 Cellulose

Cellulose is the most abundant organic polymer in nature, was first isolated in 1837 by
French chemist Anselm Payen (Klemm, 2005; Payen, 1838). He treated various plant
tissues with acids and ammonia, followed by extraction with ether, water, and alcohol,
leaving behind a fibrous solid. Using elemental analysis, Payen determined cellulose’s
molecular formula as C¢H100s. In 1839, Dumas and colleagues confirmed its structure and
named it “cellulose” because it is the primary component of wood cells (French: cellules)
(Brongniart, 1839). Later, in 1920, Hermann Staudinger discovered that cellulose is not
merely an aggregation of glucose units, but a polymer made of glucose molecules
covalently bonded into long molecular chains (Staudinger, 1968). This insight came from
his studies on cellulose acetylation and deacetylation.

The following sections of the literature review focus on the sources, structure, and
isolation processes of cellulose and its dissolution in various solvents. Additionally,
attention is given to the methods for modifying cellulose, with particular emphasis on
cellulose transesterification.

1.2.1 Sources and isolation

Lignocellulose serves as the primary source of cellulose. It is present not only in wood
but also in other biomass types like cotton and agricultural waste. The proportion of
cellulose relative to hemicellulose, lignin, and extractives in different biomass sources is
described in Table 1. Cellulose content varies both across different biomass types and
within similar wood families. For example, hardwoods like poplar contain 51-53%
cellulose, while eucalyptus has about 54% (Isikgor, 2015). In softwoods, pine ranges from
42-50%, and spruce is around 45% (Isikgor, 2015). Apart from plants, cellulose is also
produced by bacteria like Acetobacter xylinum (now called Gluconacetobacter xylinus)
and green algae (Valonia species) in a purer form, free from lignin (Cannon, 1991; Rainer
1998; Vandamme, 1998).

13



Table 1. Different biomass sources and their lignocellulose composition (adapted from Isikgor, 2015)

Biomass Source Composition (%)

Cellulose Hemicellulose Lignin
Hardwood 40-54 18-36 16-24
Softwood 42-50 11-27 20-28
Grasses 25-40 25-50 10-30
Wheat Straw 35-39 23-30 12-16
Barley Hull 34 36 14-19
Barley Straw 36-43 24-33 6-10
Rice Straw 29-35 23-26 17-19
Rice Husk 29-36 12-29 15-20
Corn Cobs 34-41 32-36 6-16
Corn Stalks 35-40 17-35 7-18
Sugarcane Bagasse 25-45 28-32 15-25

The extraction of cellulose fibers from wood is known as pulping, which can be carried
out using either mechanical or chemical methods. Mechanical pulping breaks down
wood using mechanical energy, typically through grinding with a rotating stone or
pressing between metal discs. This method yields over 90% and produces mechanical
pulp (MP) or thermomechanical pulp (TMP) (Stevens, 2004). Chemothermomechanical
pulping (CTMP), uses chemicals like sodium sulfite/sodium carbonate (Na,SOs/Na,COs)
or sodium hydroxide (NaOH) to lower the energy required for wood disintegration
(Stevens, 2004). Chemical pulping, such as Kraft or sulfate pulping, is the primary method
for producing paper-grade and textile-grade cellulose fibers. It uses “white liquor”
(sodium sulfide Na,S and NaOH), where OH~ and HS™ ions break the aryl linkages
between lignin and cellulose, enabling lignin removal through washing (Stevens, 2004).
In Pre-Hydrolysis Kraft (PHK), used for dissolving pulp, wood chips are pre-treated with
steam or dilute acids reducing wood mass by about 20% by removing extractives,
hemicellulose, and some lignin (Stevens, 2004). Sulphite pulping utilizes sulfurous acid
(H2SO3) and hydrogen sulfite (HSOs™) ions for delignification (Ek, 2009). The newer
organosolv method employs organic solvents like methanol or ethanol for lignin removal
(Ek, 2009; Sjostrom, 1993; Botello, 1999).

1.2.2 Structure

Cellulose is a homopolymer made of B-D-glucopyranose units or anhydroglucose units
(AGU) linked together by 1,4-glycosidic bonds, forming a linear, unbranched chain.
In crystalline cellulose, each AGU unit is rotated 180° relative to the next, giving the
molecule a flat, ribbon-like shape. The smallest repeating unit in cellulose, known as
cellobiose, consists of two AGU units. The molecular structure of cellulose polymer can
be represented by Figure 1.
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Cellobiose

AL | Primary hydroxy group
OH OH
OH
(9) (o)
OH OH Reducing end
Non-reducing end Secondary hydroxy group-J n

Anhydroglucose Unit
(AGU)

Figure 1. The molecular structure of cellulose (adapted from Pinkert, 2009).

Each AGU unit in cellulose has three hydroxy groups: one at C6 (primary) and two at
C2 and C3 (secondary). These hydroxy groups form a strong hydrogen-bonding network,
giving crystalline cellulose rigidity, strength, and reactivity. Intramolecular hydrogen
bonds occur within the same chain, while intermolecular bonds link different chains. Van
der Waals forces and hydrophobic interactions hold the planar structures together,
forming microfibrils parallel to each other. The intra- and intermolecular hydrogen
bonding in cellulose polymer can be represented in Figure 2.

mem

|Intermo|ecular Hydrogen Bonding

OH

[Intramolecular Hydrogen Bonding]

Figure 2. Intra- and intermolecular hydrogen bonding in cellulose (adapted from Pinkert, 2009).

The degree of polymerization (DP) refers to the number of AGUs in the cellulose chain
and varies from 300 to 15,000, depending on the source (Klemm, 2005; Moon, 2011) and
the raw biomass pretreatment conditions. Native cellulose typically has a higher DP than
pulped or regenerated cellulose. DP affects the polymer's physical, mechanical, and
solution properties. Cellulose is insoluble in water and most organic solvents, even at low
DP, due to its hydrogen-bonding network. A high DP can further reduce reactivity due to
hydroxy groups’ inaccessibility to the reagents.

The properties of cellulose-based materials are significantly influenced by the degree
DP of the starting cellulose. Additionally, the degree of crystallinity is crucial in determining
their physical, mechanical, and chemical characteristics. For instance, crystallinity directly
impacts the material's accessibility to chemical derivatization processes and its swelling
behavior. The degree of crystallinity is a critical factor to consider when evaluating the
applications of cellulose and cellulose-based materials (Schenzel, 2005; Agarwal, 2018).
Cellulose chains aggregate into elementary fibrils composed of highly ordered crystalline
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and less ordered amorphous regions. In the crystalline areas, strong interchain hydrogen
bonds contribute to the fiber’s high strength, superior axial stiffness, resistance to
dissolution in most solvents, and the inability of cellulose to melt. The crystallinity index
(Cl) describes the proportion of crystalline material in cellulose. Its value typically falls
between 40% and 70%, influenced by the source of the cellulose and the separation
methods used. Reported Cl values can also differ based on the measurement techniques
employed (Park, 2010; Bernardinelli, 2015; Zhao, 2006; Thygesen, 2005; Engstrom, 2006).

1.3 Cellulose Dissolution

Why is the dissolution of cellulose so important? It allows for the development of
regenerated materials, such as fibers for textile applications and films for packaging
purposes. Additionally, it facilitates the production of valuable cellulose derivatives in a
homogenous environment. Finally, efficient cellulose dissolution is crucial for
depolymerization and controlled degradation, which is particularly important for
biorefinery purposes.

The dissolution of cellulose in different dissolution media facilitates its regeneration
into various polymorphs (Figure 3). The process involves the complete dissolution of
cellulose in a solvent system, followed by precipitation or regeneration, typically achieved
by adding a non-solvent such as water or alcohol. The regenerated cellulose often
exhibits altered structural, morphological, and thermal properties compared to its native
form, depending on the specific solvent system, dissolution environment, and regeneration
conditions used. The study by Hindi (2017) thoroughly discusses the formation of different
cellulose polymorphs. Native untreated cellulose with a Cellulose | crystalline structure
can be converted into Cellulose Il by either chemical regeneration or mercerization.
Cellulose Il and Cellulose Illi can be produced from Cellulose | and Cellulose Il respectively
by exposure to gaseous or liquefied ammonia or certain amine reagents. The Cellulose
IVi and Cellulose 1V polymorphs are formed irreversibly by heating Cellulose Il or iy,
respectively, up to 260 °C in a glycerol medium.

Mercerization

or
— Regeneration -
Liquid NH Liquid NH3
Cellulose I, | - *| Cellulose | | —— [Cellulose ll| — ™" [Cellulose llly

Glycerol Glycerol
A A

Cellulose IV, Cellulose IV

Figure 3. Various polymorphs in cellulose.

1.3.1 Solvents for cellulose dissolution and modifications

Cellulose dissolution methods are classified into derivatizing and non-derivatizing
solvents. Historically, derivatizing approaches dominated, with one of the earliest
examples being cellulose solubilization using “Schweizer’s reagent” ([Cu(NHs)a](OH)2)
(Schweizer, 1857). Solubilized cellulose can be regenerated by adding an acid, enabling
the extraction of cellulose from sources like wood pulp and cotton for producing
regenerated fibers such as rayon. Another widely adopted derivatizing method is the
viscose process, where cellulose reacts with carbon disulfide, CSz in an alkaline solution
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to form xanthogenate moiety which disrupts hydrogen bonds and allows dissolution.
Similar to “Schweizer’'s reagent,” cellulose precipitates upon acid treatment,
regenerating CS2. However, the viscose process has significant drawbacks, including CS2
toxicity and high waste production. To address these issues, the CarbaCell process,
introduced in the year 2000, uses urea in alkaline conditions to form soluble cellulose
carbamate, offering a less toxic alternative (Weil3l, 2019; Fink, 2014).

Non-derivatizing solvents form the second category for cellulose solubilization.
These solvents are typically polar enough to disrupt intra- and intermolecular
hydrogen bonds between cellulose chains. Common examples include dimethyl
sulfoxide-tetrabutylammonium fluoride (DMSO-TBAF) (Heinze, 2000; Ciacco, 2003),
N,N-Dimethylacetamide-lithium chloride (DMAc-LiCI) (McCormick, 1987; Chrapava,
2003; Dawsey, 1990; Potthast, 2002), and N-methylmorpholine N-oxide (NMMO)
(Fink, 2001). Among these, NMMO has gained significant attention for its use in the
Lyocell process, developed in the 1980s and later scaled for industrial application. Similar
to the viscose process, it produces regenerated cellulose fibers but is favored for its
simplicity and near-complete solvent recovery, making it almost emission-free (Klemm,
2005).

lonic liquids (ILs) and deep eutectic solvents (DESs) are relatively new classes of
solvents, with ILs being highly effective for cellulose dissolution and modification, while
DESs are comparatively less effective. The following section explores the role of ILs in
cellulose dissolution.

1.3.2 lonic liquids
lonic liquids (ILs) are molten salts consisting of cations and anions with melting points
below 100 °C (Wilkes, 2002; Marsh 2004). The first generation of ILs, such as the mixture
of 1-butylpyridinium chloride ([BPy]Cl) and aluminum chloride (AlCl3), faced significant
limitations, including high sensitivity to moisture and susceptibility to hydrolysis and
electrochemical reduction (Pinkert, 2009; Hapiot, 2008). These issues were resolved in
the 1990s with the development of second-generation ILs that are stable in air and water
(Plechkova, 2008; de Maria, 2011; Buzzeo, 2004).

lonic liquids exhibit versatile physicochemical properties, making them suitable for a
wide range of applications. Many ILs share common characteristics; for instance, those
containing quaternary ammonium cations typically exhibit negligible vapor pressure and
non-flammable behavior. Despite this, they can be distilled under reduced pressure and
high temperatures without decomposing, enhancing their recyclability (Ostonen, 2016).
This attribute contributes to their designation as “green chemicals” or “green solvents”
(Anastas, 2010). Some common examples of cations and anions used in ILs are given in
Figure 4.
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Figure 4. Typical ions of ionic liquids (ILs) (adapted from Silva, 2020).

1-Ethyl-3-methylimidazolium acetate ([EMIM][OAc]) has been recognized as one of
the most effective ILs for cellulose dissolution and modifications (Kéhler, 2007). However,
first-generation imidazolium-based ILs pose challenges in recycling, with questionable
stability (Xu, 2021; Kostag, 2019) and difficulty in distillation due to their very low
vapor pressure. In contrast, superbases, particularly di- or triazabicyclo compounds
derived from protonic ILs, are emerging as promising alternatives for cellulose
dissolution, modification, and upscaling. These solvents can dissolve cellulose at high
concentrations (up to 25 wt% for cellulose with a degree of polymerization around
200-300), exhibit low moisture sensitivity and toxicity, and can be repeatedly recycled
without degradation (King, 2011; Hellsten, 2020; Ostonen, 2016). Recently, 5-methyl-1,5,7-
triazabicyclo[4.3.0]non-6-enium acetate ([mMTBNH][OAc]) has emerged as a promising
candidate for cellulose dissolution and regeneration (Martins, 2022; Parviainen, 2015).
The superbase 5-methyl-1,5,7-triazabicyclo[4.3.0]lnon-6-enium (MTBN) exhibits greater
water stability compared to 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-enium (mTBD)
(Martins, 2022) and 1,5-diazabicyclo[4.3.0]-non-5-ene (DBN) (Ostonen, 2016). Unlike the
highly crystalline 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-enium acetate [MTBDH][OAc],
[MTBNH][OAC] is liquid at room temperature (Hellsten, 2020), simplifying processing and
reducing labour intensity. These features make this newly developed IL a strong candidate
for industrial applications.

The effectiveness of cellulose dissolution in ILs depends on the nature and balance of
cations and anions. Research shows that a slightly higher concentration of anion in the IL
significantly improves carbohydrate dissolution (Wang, 2012; Badgujar, 2015; Freire,
2011). lonic liquids with more electronegative anions exhibit greater dissolving power;
for example, 1-butyl-3-methylimidazolium chloride, [BMIM][CI] dissolves cellulose
effectively, whereas 1-butyl-3-methylimidazolium bromide, [BMIM][Br] and 1-butyl-3-
methylimidazolium, iodide, [BMIM][I] show limited solubility. Additionally, shorter alkyl
chains on the cation significantly improve the solubility of imidazolium-based ionic
liquids (Holm, 2011). Similarly, the introduction of an allyl group in the imidazolium
cation further enhances their dissolving capability (Holm, 2011).

Cellulose dissolves in ionic liquids through strong interactions between the polar
hydroxy (-OH) functional group and the ions (cations and anions) of the ionic liquids
via hydrogen bonding. Holm and Lassi (2011) studied cellulose dissolution in ionic liquids
with various cations and anions, demonstrating that the anion acts as a hydrogen
acceptor, while the cation interacts with the electronegative oxygen of the hydroxy group.
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These interactions disrupt the inter- and intramolecular hydrogen bonds in cellulose
chains, leading to their dissolution. A proposed mechanism for this dissolution process has
been illustrated in Figure 5.
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Figure 5. Cellulose dissolution mechanism in ionic liquid (IL) (adapted from Villalta, 2022).

1.3.3 Role of co-solvents in cellulose dissolution

ILs are typically highly viscous, and adding polymers like cellulose further increases
viscosity, posing challenges for practical use. High viscosity hinders mass transfer and
requires significant energy for mixing cellulose into the solution. To address this, adding
polar aprotic co-solvents has enhanced cellulose dissolution. As discussed in the previous
section, the solubility of cellulose in ILs primarily depends on the hydrogen bond-accepting
ability of IL anion. Co-solvents aid in cellulose dissolution by indirectly interacting with
cellulose, facilitating the dissociation of cation-anion pairs in the IL. This process allows
the IL cation to be solvated, freeing the anion to form hydrogen-bonded complexes with
the cellulose (Lv, 2012; Li, 2016). The mechanism of cellulose in the IL/co-solvent system
can be illustrated in Figure 6.

Co-solvents also improve mass transfer between cellulose and ILs and reduce the
monomer friction coefficient by lowering solution viscosity (Lv, 2012; Andanson, 2014).
Additionally, co-solvents reduce the reliance on costly ILs, lowering overall
processing costs. The commonly used co-solvents for cellulose dissolution and
modifications are dimethyl sulfoxide (DMSO), N,N-Dimethylacetamide (DMAc), and
N,N-Dimethylformamide (DMF) (Phadagi, 2021; Mohan, 2016). IL/DMSO co-solvent
solution was more effective in dissolving cellulose than pure ILs (Rinaldi, 2011).

However, the extensive use of stated co-solvents, which are mainly derived from
fossil-based sources, raises environmental and health problems due to their toxicity and
large energy inputs. Reducing reliance on these solvents and finding greener alternatives
to them is vital in green chemistry research (Constable, 2007; Bryan, 2018). Greener
alternatives should ideally come from renewable sources, be safer to handle, less toxic,
and provide equal or superior solubilization compared to fossil-based options. Recently,
green, bio-based solvents from biomass resources have shown the potential to curb the
depletion of fossil fuels (Gu, 2013; Clark, 2015). Some examples of important green
solvents are- y-Valerolactone (GVL) (Horvath, 2008), dimethyl isosorbide (DMI) (Tundo,
2010), p-cymene (Clark, 2012), dihydrolevoglucosenone (Cyrene) (Sherwood, 2014;
Camp, 2018), and diformylxylose (Komarova, 2021). GVL, a polar aprotic solvent derived
from lignocellulosic biomass, is an excellent bio-based substitute for conventional
polar aprotic solvents owing to its renewability, biodegradability, and non-toxicity
(Strappaveccia, 2015; Duereh, 2015). Furthermore, its wide temperature range, with a
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low melting point of -31 °C and a high boiling point of 207 °C, guarantees its safety for
large-scale solvent usage. DMI, derived from glucose via sorbitol, distinguishes itself
through its chiral structure and high polarity, making it a promising substitute for
traditional polar aprotic solvents (Bryan, 2018; Wilson, 2018). Sulfolane (SLF) is a
promising sustainable reaction medium (Tilstam, 2012; Henderson, 2011). Although it
ranks lower on the sustainability scale, it proves invaluable in numerous applications,
such as biomass valorization (Asakawa, 2019). N,N-Dimethylpropyleneurea (DMPU),
a “green solvent” with a high boiling point, low melting point, and low toxicity, also offers

an environmentally friendly option (Géren, 2016).

lonic Liquid (IL)

Dissolution

Figure 6. Cellulose dissolution mechanism in ionic liquid/co-solvent (adapted from Li, 2016; Seoud,
2019).

1.4 Chemical Modifications of Cellulose

Cellulose’s three hydroxy (-OH) groups enable chemical transformations like esterification,
etherification, silylation, polymer grafting, etc. Among various chemical modifications,
the esterification of cellulose is one of the most versatile transformations, offering easy
access to a wide range of functional cellulose-based materials. This modification
transforms the hydroxy group of cellulose to the ester functional group, making the
material thermoplastic. Key thermoplastic cellulose derivatives, commonly used in
plastics, films, fibers, membranes, and coatings, include cellulose acetate, cellulose
acetate butyrate, and cellulose acetate propionate (Rubin, 1990).
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Cellulose esterification can be performed using two methods: heterogeneous and
homogeneous. The heterogeneous method is favored at the industrial scale because it
does not require complete dissolution of cellulose in the solvent system. However, since
cellulose is not fully dissolved, its hydroxy groups are not entirely accessible to the
chemical reagents, resulting in non-uniform esterification. In contrast, the homogeneous
method involves the complete dissolution of cellulose in the solvent, allowing all hydroxy
groups to be fully exposed to the chemical reagents, leading to uniform esterification
along the entire cellulose polymer chain.

The degree of substitution (DS) refers to the number of hydroxy groups in a cellulose
monomer that are replaced by ester groups during esterification. The maximum DS value
is 3, while the minimum is 0. DS plays a crucial role in determining the properties of the
final cellulose ester product. It can be controlled by optimizing reaction parameters such
as temperature, time, and the molar ratios of reactants, which is feasible in the
homogeneous method but not in the heterogeneous method. Considering the above
reasons, homogeneous esterification is considered more effective for synthesizing
cellulose esters than heterogeneous esterification.

1.4.1 Esterification vs Transesterification

Cellulose esterification typically involves the reaction between the hydroxy (-OH) group
of cellulose with carboxylic acids with acid catalysts or activated derivatives like
anhydrides or acid chlorides. Fatty acids are preferred for cellulose esterification over
other carboxylic acids as their long hydrocarbon chains enhance the hydrophobicity of
cellulose esters (CEs), improving water resistance and compatibility with nonpolar
solvents. Their tunable chain length allows tailoring the properties of CEs, such as
solubility, mechanical strength, and flexibility. CEs obtained from fatty acids offer
enhanced thermal stability for heat-resistant applications. Moreover, fatty acid-based
cellulose esters are biodegradable and environmentally friendly, aligning with sustainable
and green chemistry goals. However, fatty acids are non-degradative to cellulose but
have low reactivity due to the carboxylic acid group. To improve the reactivity, they are
converted into more reactive forms like fatty acid anhydrides. When used with catalysts,
they are more effective esterification agents for cellulose ester synthesis. However,
reactivity decreases with longer carbon chains, making esterification with long-chain
anhydrides challenging. Fatty acid chlorides are also important esterification agents for
producing long-chain cellulose esters, but the reaction generates corrosive HCl as a
by-product (Figure 7). HCl is neutralized using bases like pyridine, trimethylamine, or
N,N-Dimethyl-4-aminopyridine (DMAP) to minimize cellulose degradation.

Synthesizing cellulose esters via transesterification with vinyl esters (VEs) is a greener
alternative to traditional esterification methods. Using vinyl esters as acylating agents
offers advantages over acid anhydrides and acid chlorides: the byproduct, vinyl alcohol,
rapidly tautomerizes to low boiling point acetaldehyde (b.p. 20°C), which can be easily
removed from the reaction system driving the reaction equilibrium toward the product
(Figure 7). Additionally, this method operates under mild conditions without requiring
hazardous substances and external catalysts.
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Figure 7. Synthesis of cellulose ester via esterification and transesterification routes.

1.4.2 Homogeneous transesterification of cellulose in ionic liquid
Over the past decade, various ionic liquids (ILs) have been successfully utilized for the
homogeneous transesterification of cellulose.

Schenzel et al. (2014) reported a catalytic transesterification of cellulose was
investigated under homogeneous conditions using IL, 1-butyl-3-methylimidazolium
chloride ([BMIM][CI]) as the solvent. This method effectively converted cellulose into
cellulose esters using various methyl esters and 10 mol% of 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD) as the catalyst. Through the optimization of reaction conditions, the degree
of substitution (DS) of the resulting cellulose esters could be selectively controlled,
yielding a maximum DS of 0.69 which was determined by the *H NMR method.

Cellulose fatty esters with various fatty acids, including lauric, myristic, palmitic,
stearic, and oleic acid, all having the same degree of substitution (DS = 2.0), were
synthesized via homogeneous transesterification using ([BMIM][CI]) were reported by
(Singh, 2014). Tribological studies revealed promising antifriction properties for all the
synthesized cellulose esters, highlighting their potential as bio-based lubricants.

Chen et al. (2017) successfully reported the homogeneous transesterification of
sugarcane bagasse (SCB) using 1-ethyl-3-methylimidazolium chloride ([EMIM][CI]) as the
solvent using vinyl esters. The SCB ester films exhibited performance similar to that of
cellulose derivatives obtained from commercial cellulose. This study introduced an
alternative method for converting lignocellulosic biomass into bioplastics without the
need for lignocellulose pretreatment.

The synthesis of cellulose laurate was studied through transesterification in a 1-allyl-
3-methylimidazolium chloride [AMIM][CI]/DMSO co-solvent system, using vinyl laurate
as the acylation reagent and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) as a catalyst by
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Wen et al. (2017). DS varied from 1.47 to 2.74 by adjusting the reaction time, temperature,
and the molar ratio of AGU to vinyl laurate. The chemical structure of the synthesized
cellulose laurate was analyzed using FT-IR, *H NMR, 3C NMR, HSQC, and XRD to confirm
successful transesterification. The attachment of long aliphatic side chains enhanced the
thermal stability of cellulose. The films demonstrated ductile mechanical properties and
contact angle measurements confirmed their hydrophobic nature. With their
combination of ductility and hydrophobicity, cellulose laurate films hold significant
promise for applications in sustainable packaging.

Hanabusa et al. (2018) reported the synthesis of cellulose acetates using a range of
protic ionic liquids (PILs), including 1,8-diazabicyclo[5.4.0Jundec-7-enium acetate
(IDBUH][OAC]) and 1,5-diazabicyclo[4.3.0]Jnon-5-enium acetate ([DBNH][OAc]) with vinyl
acetate as an acetylation agent.

Hirose et al. (2019) investigated the role of EMIM carboxylate-type ILs as both the
solvent and organocatalyst in the transesterification reaction of cellulose. The study
found that using [EMIM][OACc] and vinyl ester led to an undesired side reaction, where
the acetate anion from [EMIM][OAc] was incorporated into the cellulose ester. The newly
synthesized [EMIM][p-anisate] successfully facilitated the transesterification of cellulose,
achieving a high DS value (> 2.9) from the vinyl esters and minimal side reactions
(selectivity > 99%).

Yuan et al. (2019) studied the dissolution behavior of cellulose and its transesterification
in a system combining [EMIM][OAc] with GVL as a co-solvent. The cellulose solubility in
[EMIM][OAC]/GVL surpassed that in pure [EMIM][OAc], as evidenced by its relatively
lower dissolution activation energy. The enhanced performance was further confirmed
through rheological studies. The solution’s potential for homogeneous derivatization was
explored through the transesterification of a-cellulose with vinyl esters at 80 °C for
4 hours, using a low vinyl ester-to-anhydroglucose unit (AGU) molar ratio of 3. This
process yielded cellulose laurate and cellulose pivalate esters with a DS of 3.0, as well as
cellulose chloroacetate ester with a DS of 1.43.

Gao et al. (2023) reported the synthesis of a novel IL derived from 1,8-
diazabicyclo[5.4.0]Jundec-7-enium (DBU), namely [DBUCg][CI]. This IL offers several
advantages, including ease of synthesis, availability of raw materials, and good solubility
for cellulose. Notably, the excellent cellulose solubility and the inherent catalytic activity
of [DBUCs][CI] enable efficient homogeneous esterification of cellulose into cellulose
acetate (CA) without the need for additional catalysts.

Todorov et al. (2023) reported the development of a sustainable homogeneous
transesterification method using the superbase ionic liquid (SB-IL), 5-methyl-1,5,7-triaza-
bicyclo-[4.3.0]non-6-enium acetate, [MTBNH][OAc] and unactivated methyl esters.
This protocol enables the preparation of cellulose esters with a controllable DS.

1.4.3 Applications of cellulose esters

Cellulose esters (CEs) have long been used in coatings as additives, binders, lubricants,
and film formers. They offer benefits like viscosity control, enhanced UV stability,
improved sprayability, and reduced drying time in coating applications (Edgar, 2001;
Amim, 2008). Over the last few decades, research has increasingly focused on developing
cellulose ester-based packaging films as sustainable alternatives to non-renewable
materials. These films are transparent, and rigid, and offer excellent barrier and
antimicrobial properties, making them potential materials for packaging applications
(Bras, 2007; Gouvéa, 2015; Gemili, 2009; Quintero, 2013). CEs exhibit thermoplastic
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properties and can be processed using conventional methods like film extrusion and
injection molding (Hooshmand, 2014; Wang, 2018; Law 2004; Krasnou, 2015). CEs are
suitable for industrial-scale fiber production through melt spinning (Franko, 2001;
Glasser, 1999). CEs are also effective as membranes for ultrafiltration applications,
known for their good salt rejection and film-forming properties (Arthanareeswaran,
2010). Additionally, they are emerging as promising materials for 3D printing, providing
a sustainable option for creating structures (Tenhunen, 2018; Dai, 2019; Pattinson,
2017). CEs are widely used in pharmaceutical controlled-release formulations, including
osmotic and enteric-coated drug delivery systems, due to their low toxicity. Thin films of
CEs have proven effective for selective adsorption of proteins and biomolecules (Wu,
2010; Shokri, 2013; Kosaka, 2007).

1.5 Summary of the Literature Review and Aim of the Study

Traditional polymeric materials derived from non-renewable resources (NRRs) contribute
significantly to severe environmental challenges, including soil, water, and air pollution,
as well as the depletion of fossil fuel reserves. Hence, identifying sustainable and
eco-friendly alternatives to conventional polymers has become a critical priority.
Cellulose, a natural polymer, is the most abundant renewable resource on Earth.

As a primary constituent of biomass, it consists of numerous monomeric units, referred

to as anhydroglucose units (AGU), interconnected through B-glycosidic bonds. The three

hydroxyl (-OH) groups in AGU enable its modification into various derivatives with
potential applications as bio-based functional polymeric materials.

Homogeneous transesterification offers a sustainable approach to synthesizing
cellulose esters (CEs) by reacting cellulose with fatty acid esters, thereby imparting
thermoplastic properties to native cellulose. Cellulose must first be dissolved in an
appropriate solvent to enable homogeneous modification. lonic liquids (ILs) have proven
to be effective for cellulose dissolution and modification, offering advantages such as low
toxicity, superior solubility compared to traditional solvents, low vapor pressure, and
recyclability.

ILs are typically highly viscous, and adding cellulose further increases viscosity,
complicating practical use. This high viscosity restricts mass transfer and demands
considerable energy for mixing. Adding polar aprotic co-solvents like dimethyl sulfoxide
(DMSO0), N,N-Dimethylacetamide (DMAc), and N,N-Dimethylformamide (DMF) has
improved cellulose dissolution — being significantly lower in viscosity compared to ILs,
these co-solvents reduce the overall viscosity of the cellulose/IL mixtures, enhancing the
mass transfer ratio and thereby improving cellulose dissolution in IL. Co-solvents, being
more cost-effective than ILs, also reduce the overall processing cost.

The aim of this study was to develop novel, sustainable solvent systems for cellulose
dissolution and transesterification and examine the properties of the resulting CEs.

The following objectives were set to achieve this aim:

e To evaluate the dissolution behavior of cellulose in superbase ionic liquid (SB-IL)
combined with various green co-solvents, identifying the most effective SB-IL/
co-solvent combination and their optimal ratios for cellulose dissolution.

e To examine the structural and morphological changes in cellulose during dissolution
and transesterification in various SB-IL/co-solvent combinations.

e Toinvestigate the influence of green co-solvents on cellulose transesterification and
the chemical, physical, and mechanical properties of the synthesized CEs.
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The following activities were performed to achieve these objectives:
Rheological analysis of cellulose/SB-IL solutions with various green co-solvents at
different ratios was conducted to investigate cellulose dissolution behavior.
Optimization experiments were first conducted via homogeneous transesterification
of cellulose with vinyl esters (VEs) in SB-IL/DMSO to determine the reaction
parameters for achieving the highest degree of substitution (DS) in the resulting CEs.
Using these optimized reaction conditions, the influence of green co-solvents on the
DS of CEs was further investigated by conducting homogeneous transesterification
of cellulose with VEs in solvent systems containing SB-IL combined with various
green co-solvents.
Structural, thermal, rheological, mechanical (tensile testing), and surface properties
of CEs were studied.
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2 Experimental

Fibrous cellulose was selected as the starting material for the synthesis of cellulose esters
(CEs). Superbase ionic liquid (SB-IL), [mTBNH][OAc] was chosen as the solvent for
cellulose dissolution and transesterification. Different polar aprotic solvents like
dimethyl sulfoxide (DMSO), y-Valerolactone (GVL), dimethyl isosorbide (DMI), sulfolane
(SLF), and N,N-Dimethylpropyleneurea (DMPU) were mixed with SB-IL in different ratios
to make the binary solvent systems. Vinyl esters (VEs) namely vinyl laurate (VL), vinyl
myristate (VM), vinyl palmitate (VP), and vinyl stearate (VS) were selected as acylating
agents. A more detailed explanation of the materials and techniques used in this PhD
thesis is given in the following chapter.

2.1 Materials

The cellulose used in this work has a fiber length of 0.02—0.1 mm and was purchased from
Carl Roth GmbH (Karlsruhe, Germany). SB-IL, 5-methyl-1,5,7 triazabicyclo[4.3.0]non-6-
enium acetate, [NMTBNH][OAc] is not commercially available and was synthesized at the
University of Helsinki by a stoichiometric mixture (1:1) of acetic acid and superbase,
5-methyl-1,5,7-triazabicyclo[4.3.0]lnon-6-enium (MTBNH) at room temperature with
purity > 97% [Martins, 2022; Sosa, 2023] and supplied by Liuotin Group Oy (Porvoo,
Finland). The melting point of SB-IL is 15 °C; density is 1.16 g/ml; viscosity is 205 mPa-s
(25 °C); flash point more than 220 °C. DMSO with purity > 99% was purchased from Fisher
Chemical (Pittsburgh, PA, USA). GVL, DMI, and SLF with purity > 99% were purchased
from Sigma Aldrich (St. Louis, MO, USA). DMPU with purity > 99% was purchased from
Acros Organics (Geel, Belgium). Vinyl esters (VEs)- VL, VM, VP, and VS with purity
> 98% were purchased from Tokyo Chemical Industry Co (Tokyo, Japan). Chloroform-d
(purity = 99.8 atom % D. contains 1 v/v% tetramethylsilane, TMS) for nuclear magnetic
resonance (NMR) analysis was purchased from Acros Organics (Geel, Belgium). All other
chemicals and solvents were used without further purification: Ethanol 98%; Acetone
95% (Keemiakaubandus AS, Maardu, Harju County, Estonia); and n-hexane > 95% (Sigma
Aldrich, St. Louis, MO, USA).

Figure 8 illustrates the chemical structures of the SB-IL [nTBNH][OAc] and the green
co-solvents used to prepare the binary solvent systems for cellulose dissolution and
modification, whereas Figure 9 depicts the chemical structures of all the acylating agents
utilized in this study.
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Figure 8. Chemical structures of SB-IL, [NTBNH][OAc], and co-solvents used in this study.
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Figure 9. Chemical structures of acylating agents (vinyl esters) used in this study.

2.2 Methods

2.2.1 Cellulose dissolution in [mMTBNH][OAc]/co-solvent solutions

Cellulose was dried under vacuum at 105°C for 24 hours before use. The concentration
of cellulose in all studied solutions was 2 wt%. Cellulose was dissolved in mixtures of
SB-IL, [mTBNH][OACc] with co-solvents (DMSO, GVL, DMI, SLF, DMPU) with 2:1, 1:1, and 1:2
SB-IL:co-solvent weight ratios at 60°C until the clear, transparent solution was obtained.

2.2.2 Homogeneous transesterification of cellulose in [nTBNH][OAc]/
co-solvent with vinyl esters

To determine the optimized reaction conditions (temperature, time, and molar
ratios), cellulose transesterification with vinyl esters (VEs) was performed in a
1:1 [mTBNH][OAc]/DMSO binary solvent system, without the use of an external
catalyst. After the complete dissolution of 2 wt% of pre-dried cellulose in the solvent
system, the chosen VE acylating agent (3—12 eq./anhydroglucose unit, AGU) was
carefully added to the cellulose solution at the desired reaction temperature (60-120 °C)
and duration (1-5 hours) under a nitrogen atmosphere. After the reaction was
completed, the mixture was added to 250 mL of warm distilled water and vacuum
filtered. The solid product was thoroughly washed with ethanol, acetone, and n-hexane
to remove residual solvents and unreacted VE. The product was dried under a vacuum at
55 °C overnight.

To study the effect of the green co-solvents on the properties of cellulose esters, the
cellulose transesterification with VEs was performed in a 2:1 [mTBNH][OAc]/green
co-solvent binary system. The green co-solvents were mainly GVL, DMI, SLF, and DMPU.
A calculated amount of VE (5 eq./AGU) was added to a 2 wt% cellulose solution in a
2:1 SB-IL: green co-solvent mixture within a chemical reactor equipped with a mechanical
stirrer and nitrogen flow. The reaction proceeded at 70 °C for 2 hours under a nitrogen
atmosphere with vigorous stirring. These reaction conditions were selected because
temperatures exceeding 80 °C or reaction times longer than 3 hours led to the degradation
of the reaction components and/or the final cellulose esters (CEs) (Savale, 2024). Upon
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completion, the resulting cellulose ester was precipitated into 500 mL of warm distilled
water. To eliminate solvents, the product was washed several times with 100—200 mL of
ethanol, acetone, and hexane to remove any unreacted VE. The final product was dried
overnight under vacuum at 55 °C.

2.2.3 Characterization

Molar mass determination

The molar mass of pure cellulose was determined at 25 °C using the intrinsic viscosity [n]
(= 5 dL/g) of a cellulose solution in cupriethylenediamine hydroxide (Cuene), following
the standard procedure ASTM D1795 - 13. The molar mass was then calculated using the
Mark-Houwink equation with parameters K = 1.01 x 10~* dL/g and a = 0.9 (Brandrup,
1999). The resulting molar mass was 163,000 g/mol (DP = 1000).

The size exclusion chromatography (SEC) profiles of CEs were obtained using gel
permeation chromatography (GPC) on a Shimadzu Prominence system, equipped with a
Shodex KF-804 column and a refractive index detector (RID-20A). The GPC system was
calibrated with three polystyrene standards (74,800 Da, 230,900 Da, and 473,600 Da).
CE samples (10 mg) were dissolved in 1-2 mL of pyridine, and the GPC analysis was
conducted at 60 °C, using pyridine as the mobile phase with a flow rate of 0.5 mL/min.
The molecular weights (number-average M, weight-average Mw, and dispersity
b = Mw/M) of the CEs were calculated. Multiple samples were tested 2—3 times, and
the molecular weight measurements’ standard deviation was 3—8%.

Rheology

The rheological properties of cellulose/[mTBNH][OAc]/co-solvent solutions as well as
cellulose ester (CE) films were analyzed using an Anton Paar Physica MCR501 rheometer
with a cone-plate geometry (25 mm plate diameter, 2° cone angle). The CE films were
prepared via solvent casting on a glass petri dish. CEs were dissolved in pyridine at a
concentration of 5 wt% and stirred for 16 hours at 40-60 °C until fully dissolved. Once
dissolved, the solution was poured into a glass petri dish, and the solvent was allowed to
evaporate at room temperature for 24 hours. For rheological measurements, ~ 100 um
thick films were cut into 25 mm @ discs.

Flow curves were measured over a shear rate (y) range of 0.01 to 100-500 s
Complex viscosity (n*) was determined across angular frequencies (w) ranging from
0.01 to 500 rad/s (for cellulose/[mTBNH][OAc]/co-solvent solutions) and 0.1 to
100-500 rad/s (for CE films). A constant strain of 1% (for CE films) and 5% (for
cellulose/[mTBNH][OAc]/co-solvent solutions) was applied to define the linear
viscoelastic region (LVR), which was confirmed using an amplitude sweep test at 1 Hz.

For the rheological studies of cellulose/[mTBNH][OAc]/co-solvent solutions,
measurements were conducted at 25°C, except for temperature-dependent zero-shear
viscosity, which was evaluated over a 25-100°C range. While for the studies of CE films,
all measurements were performed at 190°C. Standard equations were used to calculate
rheological parameters (Malkin, 1994), and each curve was obtained 2—4 times to ensure
reproducibility and accuracy of the results.

Nuclear magnetic resonance spectroscopy (NMR)

Since most CEs synthesized via the homogeneous transesterification process are soluble
in organic solvents such as chloroform, DMSO, and pyridine, their structures can be
analyzed using solution NMR. The CEs were examined with NMR techniques, including
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'H NMR and 3C NMR, performed on an Agilent Technologies DD2 500 MHz spectrometer
equipped with 5 mm broadband inverse (*H) or broadband observe (*3C) probes.

Before acquiring the NMR spectra, a 15-minute temperature equilibration period was
observed after sample insertion, with the sample temperature set at 20 °C below the
boiling point of the chosen NMR solvent. For 'H spectra, 64 scans were performed with
a 25-second relaxation delay, while 13C spectra required 20,000-45,000 scans with a
2.5-second recycle delay to achieve the desired signal-to-noise ratio.

NMR samples were prepared by dissolving 15-20 mg of the CE in 0.8-1.0 mL of
deuterated solvent and heating the mixture at 40—45 °C for 30 minutes until a clear
solution formed. The solution was prepared in a small, pre-dried glass bottle sealed with
parafilm. Ultrasonic treatment was applied to ensure transparency. Tetramethylsilane
(TMS) was used as an internal standard for the NMR experiments.

The degree of substitution (DS) represents the number of hydroxyl groups in AGU of
the cellulose monomer that is replaced by the ester group. The DS of CEs was calculated
from the *H NMR spectrum by analyzing the intensity of the corresponding resonances,
as outlined in the method described by (Lowman, 1998):

10 X Icy,/ 3

DS = Eqg. 1

lagu+IcH;/3
where I¢y,is the integral of terminal methyl protons of the aliphatic fatty acid chain
region and I,y is the integral of all protons of AGU.
Dual or triple DS measurements were performed for each sample, and the average DS
value was calculated. Deviations in DS between two or three measurements were within
10.1.

X-ray diffraction (XRD) analysis

XRD analysis of the native cellulose and powdered samples of CE was performed using a
Rigaku Ultima IV diffractometer equipped with a silicon detector and a Cu Ka radiation
source (A=0.1540 nm). Measurements were conducted over a 26 range of 5° to 40°, with
an anode voltage of 40 kV, an anode current of 40 mA, and a 6-8 scan mode at a step
size of 0.02°.

Scanning electron microscopy (SEM)

The morphology of the CE films was examined using a Gemini Zeiss Ultra 55 scanning
electron microscope (SEM) (Carl Zeiss, Germany). All specimens were then carbon-glued
to the stud and vacuum-coated with Au/Pt before observation.

Thermogravimetric analysis (TGA)

The thermal stability and degradation behavior of CEs samples were investigated using a
Setaram Labsys Evo 1600 thermoanalyzer. The experiments were conducted under non-
isothermal conditions up to 600 °C at a heating rate of 10 °C/min in an argon atmosphere.
Standard 100 pL alumina crucibles were employed, with sample masses of 6 1.0 mg,
and a gas flow rate of 20 mL/min. The peak degradation temperatures were determined
from the derivative thermograms (DTG).

Mechanical properties of cellulose ester films

Tensile tests were conducted using an Instron 5866 machine at 22 °C and 45% relative
humidity for all samples. The cast films of CEs were cut into ribbons measuring
20 x 10 x ~ 0.1 mm. For each sample, 7-10 ribbon specimens were tested, and the average
values of elastic modulus, strain at break, and stress at break were recorded. A pulling
rate of 20 mm/min was applied during the measurements.
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Contact angle measurements (CAM)

The hydrophobicity of the prepared CE film surfaces was assessed by measuring the
equilibrium contact angle using a DataPhysics OCA 20 device and SCA 20 software
(Riverside, CA, USA). Experiments were conducted on both sides of the films, and average
values were calculated. Distilled water was used as the liquid agent to form a drop on
the surface. A total of five measurements were taken for each variable and averaged. All
contact angle measurements were performed at room temperature and 40% relative
humidity.
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3 Results and Discussion

3.1 Dissolution of Cellulose in [nTBNH][OAc]/green co-solvents
(Publication 111)

Superbase lonic Liquids (SB-ILs) are effective for cellulose dissolution and modification,
their high viscosity and cost can be mitigated by using lower-viscosity, inexpensive
co-solvents like dimethyl sulfoxide (DMSO) (Tarasova, 2023). However, greener
alternatives such as y-Valerolactone (GVL), dimethyl isosorbide (DMI), and
N,N-Dimethylpropyleneurea (DMPU) should be investigated for sustainable cellulose
processing. It is still unclear how much these green co-solvents can reduce the viscosity
of SB-IL/cellulose solutions and the optimal amount to add without negatively impacting
cellulose solubility in SB-IL, which is necessary for their effective use as DMSO
replacements, leaving room for further investigation in this area.

In this study, the effect of green co-solvent content on the rheological properties of
cellulose/SB-IL/co-solvent solutions was investigated. SB-IL, [nTBNH][OAc] was combined
with selected green co-solvent (GVL, DMI, or DMPU) in ratios of 2:1, 1:1, and 1:2
(by weight). As a reference, the impact of DMSO content on the rheological properties
of cellulose/SB-IL/DMSO solutions was also assessed. To investigate the quality of the
cellulose solutions, the dependences of the complex viscosity (n*), and the storage (G’)
and loss (G”) moduli of the cellulose/SB-IL/co-solvent solutions on angular frequency (w)
were evaluated. The rheological tests were conducted at a temperature of 25 °C and all
rheological plots are presented on double logarithmic scales. These measurements
provided insights into gel formation caused by the reduced polymer solubility in the
selected solvent system (Heinze, 2000). The dissolution behavior of cellulose in the
chosen weight ratios of SB-IL/co-solvent was compared to its dissolution behavior in pure
SB-IL.

Figure 10a shows the angular frequency dependence of complex viscosity of 2 wt%
cellulose (DP = 1000) in pure SB-IL and SB-IL/DMSO binary mixtures with varying ratios
of DMSO. All solutions exhibit non-Newtonian, shear-thinning behavior, indicating that
all the solutions are located in the entanglement region. The viscosity of the cellulose
solution in SB-IL decreases with the addition of DMSO while maintaining a constant
cellulose concentration. This decrease in viscosity may be attributed to the lower
viscosity of DMSO (2.0 mPa-s) compared to the [nMTBNH][OAc] (200 mPa-s). Lv et al.
(2012) reported a similar decrease in the viscosity of the cellulose solutions in
imidazolium-based ILs when DMSO was used as a co-solvent. Additionally, the critical
angular frequency, which is associated with the transition from Newtonian to shear-
thinning behavior of the solutions shifts to a higher value as the DMSO content in the
binary solvent system increases. However, when a 1:2 SB-IL/DMSO binary solvent system
is used, the cellulose solution shows more pronounced shear-thinning behavior
compared to 2:1 and 1:1 SB-IL/DMSO mixtures. This can be attributed to the solution
entering a weakly structured pre-gel state. A similar gelation process was reported by
llyin et al. (2023) in cellulose/[EMIM][OAc]/DMSO when higher DMSO content (75%) was
used in a binary system.

The viscoelastic behaviour of cellulose/SB-IL/DMSO mixtures with different DMSO
concentrations can be explained by Figure 10b via frequency sweep measurements. All
the cellulose/SB-IL mixtures with DMSO as a co-solvent have their G’ smaller than the G”
at low frequencies while at higher frequencies, the G’ becomes larger than G”. At this
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stage, two key parameters should be considered: the crossover frequency (wc), where
G’ = G”, which describes the material's viscoelastic behavior and indicates the transition
from viscous to elastic behavior, and the relaxation time, which is the reciprocal of the
crossover frequency and is denoted by = 1/wc. Compared to the cellulose solution in
pure SB-IL, the crossover points shift to higher frequencies as the DMSO content
increases. This suggests that the relaxation time of the cellulose chains decreases with
higher DMSO content, due to fewer entanglements from neighbouring polymer chains.
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Figure 10. Dependences of a) complex viscosity n* and b) storage G’ (triangle) and loss G” (square)
moduli on angular frequency w for cellulose solutions in pure [MTBNH][OAc] and in
[mTBNH][OAc]/DMSO binary solvent. The ratio of [nTBNH][OAc]/DMSO is given in the legend. The
central part demonstrates the appearance of cellulose solutions in [nTBNH][OAc]/DMSO mixtures.

It can be concluded that although DMSO is not a solvent for cellulose, unlike SB-IL
[MTBNH][OAC], the cellulose’s miscibility remains high across all studied compositions.
This is evident from the photographs in Figure 10, which show that the cellulose solutions
are transparent in all SB-IL/DMSO mixtures, with no visible phase separation.

The behavior of the cellulose/SB-IL/GVL solutions is almost identical to that of the
DMSO-based solutions. Figure 11 shows the angular frequency dependence of a) n*, and
b) G’ and G” of 2 wt% cellulose in pure SB-IL and SB-IL/GVL binary mixtures with
varying ratios of GVL. Similar to DMSO, the studied cellulose/SB-IL/GVL solutions are
non-Newtonian and show shear-thinning behaviour at higher shear rates when SB-IL:GVL
ratios were 2:1 and 1:1. The viscosity of the cellulose solution in SB-IL decreases with the
addition of GVL while maintaining a constant cellulose concentration at SB-IL:GVL ratios
2:1 and 1:1. Additionally, the 1:1 SB-IL/GVL solution exhibits a lower viscosity than the
2:1 solution. This can be explained similarly to DMSO, where the cellulose solution is
diluted with a solvent of lower viscosity (GVL has a viscosity of 1.9 mPa-s) compared to
the [mTBNH][OAC]. A similar behavior was previously reported by Yuan et al. (2019) for
cellulose (18%) in [EMIM][OAc]/GVL mixtures with different ratios.
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Figure 11. Dependences of a) complex viscosity n* and b) storage G’ (triangle) and loss G” (square)
moduli on angular frequency w for cellulose solutions in pure [MTBNH][OAc] and in
[MTBNH][OAc]/GVL binary solvent. The ratio of [nTBNH][OAc]/GVL is given in the legend. The
central part demonstrates the appearance of cellulose solutions in [NMTBNH][OAc]/GVL mixtures.

However, at an SB-IL/GVL solvent composition of 1:2, the cellulose solution’s viscosity
increases significantly. It begins to display pronounced shear-thinning behavior as shown
in Figure 11a. Both the G’ and G” show minimal dependence on frequency, with G’
remaining greater than G” across the entire measurable frequency range. as shown in
Figure 11b. This behavior is characteristic of a gel, where elastic or solid-like properties
primarily govern the material’s rheological response. According to data from the
literature by Gandhi and Williams (1972), thermodynamically poor solvents, when added
to a solution, result in significantly higher viscosities at high concentrations than good
solvents. However, poor solvents reduce viscosity at lower concentrations due to
coil shrinkage. A high GVL content appears to degrade the thermodynamic quality of
the solution, leading to the formation of macromolecular aggregates. In contrast,
systems with lower GVL content (2:1 and 1:1) behave as typical polymer solutions:
at low frequencies, the loss modulus exceeds the storage modulus, and the crossover
frequency of cellulose/SB-IL/GVL solutions shifts to lower w as the GVL content
decreases.

GVL is not a solvent for cellulose dissolution and induces gelation by promoting
stronger macromolecular aggregate formation in the solution, which can eventually
result in phase separation, as seen in the photos of the cellulose solutions in the middle
section of Figure 11. Therefore, diluting [MTBNH][OAc] with GVL at compositions
exceeding 1:1 does not effectively reduce the viscosity of the cellulose solution, unlike
DMSO.
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Figure 12. Dependences of a) complex viscosity n* and b) storage G’ (triangle) and loss G” (square)
moduli on angular frequency w for cellulose solutions in pure [MTBNH][OAc] and in
[mTBNH][OAc]/DMI binary solvent. The ratio of [nTBNH][OAc]/DMI is given in the legend. The
central part demonstrates the appearance of cellulose solutions in [INTBNH][OAc]/DMI mixtures.

The viscoelastic behavior of cellulose solutions in SB-IL with DMI and DMPU is nearly
identical. Hence, only the angular frequency dependencies of n*, G’, and G” for cellulose
solutions in SB-IL/DMI binary solvents with different ratios are shown in Figure 12. When
cellulose is dissolved in 2:1 SB-IL/DMI and 2:1 SB-IL/DMPU mixtures, the viscosity of the
resulting solutions is lower than that of cellulose in pure SB-IL due to the dilution effect.
The absence of gelation can be seen from the frequency dependencies of the G’and G”
moduli in Figure 12b, which exhibit typical concentrated polymer solution behavior: the
G’ is lower than the G” at low frequencies but becomes dominant at higher frequencies.

However, as the content of these green co-solvents in the binary mixtures increases
to a 1:1 SB-IL/co-solvent ratio, the viscosity of the cellulose solutions increases as shown
in Figure 3a. Further addition of DMI or DMPU, up to a 1:2 ratio, leads to an even greater
increase in cellulose viscosity. This increase suggests higher possibilities of strong
macromolecular aggregation. The solution's appearance also changes from transparent
to opaque, as seen in the photos of cellulose solutions in the middle of Figure 12. Both
G’ and G” show only slight dependence on angular frequency, with G’ > G” throughout
the entire measurable range, which is characteristic of a gel or a viscoelastic solid.
Additionally, the values of G’ and G” for cellulose in 1:1 and 1:2 SB-IL/DMI (and
SB-IL/DMPU) are 1 and 2 orders of magnitude higher, respectively, compared to the
values for cellulose in pure SB-IL.

The further viscoelastic behavior of the cellulose/SB-IL/co-solvent mixtures and the
gel formation at higher co-solvent concentrations can also be explained by considering
interdependencies of storage (G’) and loss (G”) moduli using Cole-Cole plots.
The experimental data for all cellulose/SB-IL/DMSO-based solutions closely follow the
same straight line as shown in Figure 13a and overlap with the data for the cellulose
solution in pure SB-IL. The consistent Cole-Cole plots indicate that DMSO does not alter
the microstructure of the cellulose solution. The pre-gel state of the cellulose solution in
1:2 SB-IL/DMSO can be observed as a low-frequency deviation in the Cole-Cole plots.
In Figure 13b, the Cole-Cole plots for cellulose solutions in SB-IL/GVL solvents are shown.
The data for the cellulose solutions in 2:1 and 1:1 SB-IL/GVL mixtures align along the
same straight line. However, in the 1:2 SB-IL/GVL system, the microstructure of the
system changes, and the Cole-Cole plots no longer overlap with others.
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Figure 13. Cole-Cole plots for cellulose solution in (a) [NTBNH][OAc]/DMSO, (b) [mTBNH][OAc]/GVL,
and (c) [InTBNH][OAc]/DMI binary solvents. The ratio of SB-IL/co-solvent is given in the legend.

It has been observed that the addition of DMI does not lead to new interactions
between the cellulose macromolecules until they lose their solubility, resulting in gel
formation. The experimental data for the cellulose solution in pure SB-IL and the
SB-IL/DMI 2:1 solution overlap, suggesting that the microstructure remains unchanged.
However, when a higher concentration of DMl is added, gel formation is initiated through
microphase separation, as indicated by the shift in the Cole-Cole dependencies in Figure
13c.

The 2:1 SB-IL/co-solvent composition was selected for comparative analysis among
the co-solvents because it is the only common composition that forms typical polymer
solutions for all the co-solvents studied.

Figure 14 illustrates that the cellulose solution in 2:1 SB-IL/DMSO shows the lowest
viscosity among all the other cellulose solutions. DMSO exhibits the highest dilution
capacity, likely due to the comparatively low viscosity of the 2:1 SB-IL/DMSO solvent
(30 mPa's) among all binary solvents tested. The viscosity of the cellulose solution with
DMI added to SB-IL is almost identical to those of DMPU, being five and 10 times higher
than those for GVL and DMSO, respectively. However, the viscosity of DMPU- and
DMlI-based cellulose solutions is five times lower than that in pure SB-IL. It should be
noted that the viscosities of 2:1 SB-IL/ DMI and SB-IL/DMPU binary solvents are also
rather close to each other (58 and 60 mPa s, respectively) and higher than SB-IL/DMSO
(30 mPa s) and SB-IL/GVL (50 mPa s).
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Figure 14. Shear rate dependence of shear viscosity for cellulose solutions in 2:1 [mTBNH][OAc]/
co-solvent. Inset demonstrates the shear rate dependence of the relative viscosity of cellulose
solutions. Used co-solvents are listed in the legend.

The relative viscosity is used to account for the impact of binary solvent viscosity
(SB-IL/co-solvent) on cellulose/SB-IL/co-solvent solutions. Defined as the ratio of the
solution’s viscosity (n for the cellulose/SB-IL/co-solvent solution) to the viscosity of the
pure solvent (ns for the SB-IL/co-solvent), the relative viscosity reflects the extent to
which the solution’s viscosity increases compared to the solvent.

The inset of Figure 14 depicts the relative viscosity of all the 2:1 cellulose/SB-IL/
co-solvent solutions examined. The curves for cellulose in SB-IL/DMPU and SB-IL/DMI are
nearly identical to those for pure IL, indicating that DMPU and DMI primarily act as
diluents, reducing the viscosity of the cellulose solution. Conversely, the relative viscosity
at zero shear for GVL- and DMSO-based solutions is approximately two and five times
lower, respectively, than that of pure SB-IL solutions. This suggests that GVL, like DMSO,
enhances the solvation of SB-IL cation by promoting the dissociation of SB-IL anion and
cation. A similar solvation effect of [BMIM][OAc] by DMSO has been reported by Zhao
et al. (2013) and (Xu et al. (2013).

The relaxation time, (1) exhibited a clear variation with changes in the co-solvent.
Table 2 represents the relaxation times determined from the crossing points for all
2:1 cellulose solutions. The cellulose solution in pure IL showed the highest t, which
decreased in the order of SB-IL/DMPU > SB-IL/DMI > SB-IL/GVL > SB-IL/DMSO.

The concentrated polymer solutions consist of partially disrupted structures of the
polymers themselves. In concentrated solutions, cellulose can form such structures due
to its strong potential for intra- and intermolecular hydrogen bonding and a high degree
of entanglement. The ability to break these structures depends on the balance between
the structural energy and the energy of polymer-solvent interactions. Poor solvents are
unable to disrupt these robust structures, while a good solvent can penetrate and break
them down. As a result, the structures tend to be looser in good solvents, while in poor
solvents, they remain larger and less mobile. As a result, the relaxation time t of a
polymer solution in a poor solvent is longer than that in a good solvent (Tager, 1975;
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Cravotto, 2008). Based on the 1 values for the systems studied, it can be concluded
that SB-IL/DMPU and SB-IL/DMI act as “poorer” solvent systems for cellulose dissolution
compared to SB-IL/GVL and SB-IL/DMSO. A similar effect was reported for
tetraalkylphosphonium IL combined with DMPU and DMI by Xia et al. (2021).

Table 2. Relaxation time t and activation energy E, for cellulose solutions in 2:1 [mnTBNH][OAc]/
Co-solvent mixtures.

Cellulose in... TS Ea, kJ/mol
SB-IL Pure 3.17 453
2:1 SB-IL: DMPU 0.53 41.3
2:1 SB-IL: DMI 0.50 40.7
2:1 SB-IL: GVL 0.020 36.9
2:1 SB-IL: DMSO 0.017 33.7

The thermodynamic quality of a solvent can be efficiently analyzed through the
viscosity-temperature dependence of fluids. Accordingly, the influence of temperature
(7T) on the viscosity properties of 2:1 cellulose/SB-IL/co-solvent solutions was examined.
As reported previously by Lefroy et al. (2021) and Yuan et al. (2019), a widely used
approach for analyzing viscosity-temperature dependence is the Arrhenius equation
(Eq. 2).

Ny = AeFa/RT Eq. 2

Here, E, represents the activation energy, no denotes the zero-shear-rate viscosity
measured at low shear rates, A is a constant, R is the universal gas constant, and T is the
absolute temperature.

The activation energy (Ea) values can be determined from the slope of In noversus 1/T
in Figure 15 and are provided in Table 2.

In polymer solutions, Eqreflects the challenge of transitioning a polymer chain from
one position or state to another as presented in the literature by Budtova and Navard
(2015), and is influenced by the strength of interactions between polymer chains of
identical molar mass, chemical composition, and microstructure. Table 2 shows that the
E, for cellulose solution in pure [mTBNH][OAc] is 45.3 kJ/mol, which is similar to the
reported Eq values of 46 kJ/mol and 49 kJ/mol for MCC (DP 300) and spruce sulfite
pulp (DP 1000) in [EMIM][OACc], respectively (Gericke, 2009). The E, obtained for
2:1 [mTBNH][OAc]/GVL (36.9 kJ/mol) aligns closely with Es = 35.1 kJ/mol for
3:2 [EMIM][OACc]/GVL, as reported by Yuan et al. (2019). To our knowledge, activation
energy data are unavailable for cellulose solutions in IL/DMPU and IL/DMI, making
direct comparisons impossible. The activation energy of cellulose/SB-IL/co-solvent
systems decreases progressively based on the type of co-solvent in the order of
DMPU > DMI > GVL > DMSO. Differences in activation energies suggest that the co-solvent
affects the energy barrier for flow, with slightly more energy required for flow in
DMPU- and DMI-based solutions than in GVL and DMSO. The lower Eqvalues align with
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the observation that dissolution rates for SB-IL/co-solvent mixtures are faster than those
of pure IL. This further indicates that co-solvents may enhance the efficiency of cellulose
chemical modifications, such as transesterification.
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Figure 15. Arrhenius equation plots for cellulose in 2:1 [MTBNH][OAc]/Co-solvent. Used co-solvents
are listed in the legend.

It can be concluded that DMSO is effective as a co-solvent with [mTBNH][OAc] for
cellulose dissolution up to a 1:2 SB-IL/co-solvent ratio. GVL works at a 1:1 ratio, while
DMI and DMPU require 2:1 for homogeneity. Although [mTBNH][OAc]/green co-solvent
mixtures exhibit lower viscosity than pure [nTBNH][OAc], the co-solvent concentrations
for forming homogeneous solutions are limited. These green co-solvents offer
alternatives to DMSO but should be used moderately, keeping co-solvent content below
50% by weight.

3.2 Homogeneous Transesterification of Cellulose in
[MTBNH][OAc]/DMSO with Vinyl Esters (Publications | and I1)

After exploring the application of SB-IL/co-solvent-based solvent systems for cellulose
dissolution and regeneration, this research aims to broaden the understanding of SB-IL’s
applications in cellulose modification. This work focuses on the catalyst-free synthesis of
cellulose esters (CEs) via homogeneous transesterification of cellulose with vinyl esters
(VEs) in the 1:1 [MTBNH][OAc]/DMSO under mild reaction conditions via sustainable and
environmentally friendly process. The 1:1 [nTBNH][OAc]/DMSO ratio was chosen for this
research due to its optimal balance between cellulose dissolution and reaction efficiency,
providing better accessibility for acylating agents and improved reaction control.
Additionally, this ratio uses a lower amount of SB-IL, which helps reduce the cost, as
SB-IL is more expensive than DMSO, making it more cost-effective for extensive
optimization experiments.
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As shown in Table 3, cellulose transesterification in [MTBNH][OAc] with long-chain VEs
achieved a DS of up to 1.8. The DS of the CEs is calculated by *H NMR according to Eq. 1.
Comparable DS values were reported by Kakko et al. (2017) for cellulose acetate and
propionate in [DBNH][OAc] and long-chain CEs in DMACc/LICl by Samaranayake and
Glasser (1993), though the latter is less favourable for sustainable applications.

Table 3. Synthesis of cellulose esters via transesterification with vinyl esters in a 1:1
[MmTBNH][OAc]/DMSO solvent system.

Sample Reaction conditions DS M., kDa 0]
Time, Temperature, °C | Molar ratio
h VE:AGU
CL-a 3 70 3:1 1.55 532.7 1.14
CM-a 3 70 3:1 1.31 393.6 1.74
CP-a 3 70 3:1 1.08 370.2 1.50
CP-b 3 70 5:1 1.30 404.3 1.55
CP-c 3 80 3:1 1.80 222.1 1.77
CS-a 3 70 3:1 0.67 insoluble
Cs-b 3 70 6:1 1.40 4712|141

The DS and M of CEs decrease with increasing fatty acid chain length due to higher
steric hindrance. While cellulose laurate (CL), myristate (CM), and palmitates (CP) (DS > 1)
are soluble in many organic solvents, cellulose stearate (CS-a) exhibits much lower DS
and is insoluble.

DS is crucial for the thermoplastic behavior of CEs, ideally needing a value of > 1.5.
While CL and CM reached DS ~ 1.3, higher DS for palmitate and stearate requires
modified reaction conditions. For example, increasing the reaction temperature to 80 °C
improved DS for cellulose palmitate to 1.8, though M, decreased due to cellulose
backbone cleavage. Degradation of cellulose backbone during transesterification at
>80 °C is evident from intrinsic viscosity [n] measurements, which directly correlate with
molar mass. The higher the [n], the higher the MOLAR MASS. While CP-a and CP-b show
[n] of 2.5 and 2.8 dL/g, respectively, CP-c has a significantly lower value of 1.1 dL/g,
confirming cellulose backbone cleavage.

According to Le Chatelier’s Principle, using excess vinyl esters (AGU:VE = 1:5 and 1:6)
drives the reaction toward higher cellulose ester yield. As seen in Table 3, increasing the
molar ratio improved the DS of CS-b to 1.4 and CP-b to 1.3, though further increases may
complicate purification and SB-IL recycling due to unreacted VEs.

3.2.1 Optimization of reaction conditions via synthesis of cellulose palmitates
After successful cellulose transesterification in SB-IL/DMSO, this chapter focuses on the
detailed optimization of reaction conditions for cellulose transesterification. Given the
better performance of the cellulose palmitates (CPs) in the previous study, the synthesis
of CPsina 1:1 [mTBNH][OAc]/DMSO using vinyl palmitate (VP) as the acylating agent was
selected for the optimization study. It provides details on how various reaction
parameters like reaction temperature, reaction time, and the molar ratio (VP:AGU) affect
the DS of CPs (Table 4).
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To investigate the effect of reaction temperature on DS, CPs were synthesized
between 60 °C and 120 °C, with a constant molar ratio (3 eq. VP/AGU) and a 2-hour
reaction time. As shown in Table 4, DS initially increased with temperature which became
the highest at 2.3 (CP-5) before dropping to 0.5 (CP-8). A significant increase in DS from
0.7 (CP-1) to 1.5 (CP-3) occurred as the temperature rose from 60 °C to 70 °C. However,
after reaching 80 °C, DS decreased sharply to 1.0 (CP-6) and declined gradually across the
studied temperature range. CP yield followed a similar trend, rising gradually from 60 °C
to 75 °C before declining rapidly until 90 °C. Beyond 75 °C, the reaction mixture’s color
changed from orange to dark brown, suggesting potential degradation of the solvent
system, reactants, or CPs. Similar trends were reported by Hinner et al. (2016) for
cellulose laurate and by Zhou et al. (2014) for cellulose octanoate, which showed
decreased DS and yield at elevated temperatures respectively.

Table 4. DS of CPs synthesized by transesterification of cellulose with VP in a 1:1
[MTBNH][OAc]/DMSO.

Sample Reaction parameters DS (+0.1) | Yield (%)
Temperature Time Molar ratio
(°C) (h) (VP:AGU)
(mol/mol)
CP-1 60 2 3:1 0.7 42
CP-2 65 2 3:1 1.2 60
CP-3 70 2 3:1 1.5 79
CP-4 75 2 3:1 1.8 85
CP-5 80 2 3:1 2.3 71
CP-6 90 2 3:1 1.0 36
CP-7 100 2 3:1 0.9 33
CP-8 120 2 3:1 0.5 31
CP-9 70 1 3:1 0.7 38
CP-10 70 1.5 3:1 1.3 60
CP-11 70 2.5 3:1 1.2 80
CP-12 70 3 3:1 1.1 52
CP-13 70 4 3:1 1.0 38
CP-14 70 5 3:1 1.0 35
CP-15 70 2 4:1 1.6 81
CP-16 70 2 5:1 1.6 82
CpP-17 70 2 6:1 1.6 83
CP-18 70 2 7:1 1.6 83
CP-19 70 2 9:1 1.6 83
CP-20 70 2 12:1 1.6 83

To examine the effect of reaction time on the DS of CPs, we periodically sampled the
reaction mixture at intervals between 1 and 5 hours, keeping the temperature constant
at 70 °C and using a molar ratio of 3 eq. VP/AGU. Table 4 shows the relationship between
DS and percent yield OF CPs over time. In the initial one hour, transesterification
progressed rapidly, increasing DS from 0.7 (CP-9) to 1.5 (CP-3), a 2.1-fold rise. However,
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after 2 hours, DS began to decline along with the discoloration of reaction mixtures which
suggests possible degradation. The percent yield of CPs increased gradually until
2.5 hours, then decreased, further indicating degradation of the reaction components.
The drop in yield over extended reaction times likely results from cellulose degradation,
similar to findings by Huang et al. (2011) during prolonged cellulose esterification.
The decline in DS over time may be due to competition between transesterification and
partial hydrolysis of ester groups by moisture in the reaction medium (Freire, 2006).

To explore how the molar ratio affects the DS, we varied the VP/AGU ratio from
3:1 to 12:1, keeping the temperature at 70 °C and the reaction time at 2 hours.
The DS increased steadily with the molar ratio, stabilizing at ratios above 5:1 (Table 4).
The absence of discoloration of the reaction mixtures indicated no degradation.
However, the large aliphatic chain of VP caused steric hindrance, leading to the
stabilization of DS and yield beyond the 5:1 ratio, a trend also observed by Hinner et al.
(2016) and Zhou et al. (2014). While a higher VP amount enhances DS, excess unreacted
VP can complicate post-reaction work-up and hinder the recycling of the SB-IL.

3.2.2 Structural determination of cellulose esters with 'H and 3C NMR

In the '"H NMR spectra of all CPs, peaks between 5.30-3.00 ppm correspond to H-1 to
H-6" of the AGU in cellulose. Signals at 2.393-2.223, 1.695-1.460, and 1.424-1.125 ppm
are attributed to methylene protons (H-8 to H-21), while signals at 0.955-0.794 ppm
correspond to the terminal methyl protons (H-22). The *H NMR of CP-5 (DS = 2.3) is
shown in Figure 16.
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Figure 16. 1H NMR spectrum of CP-5 (DS = 2.3) in Chloroform-d at 40 °C.
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In the *C NMR spectrum of CP (Figure 17), signals at 34.08, 31.96, 24.90, 22.71, and
14.09 ppm correspond to C-8, C-20, C-9, C-21, and C-22 in the aliphatic side chain.
Carbons C(10-19) appear between 30.85-28.77 ppm, while AGU carbons C-1, C-1’, C-4,
C-2,3,5, and C-6 are observed at 104.29, 101.58, 82.20, 74.68—72.24, and 62.52 ppm,
respectively. Carbonyl carbons at 173.09—-170.16 ppm confirm the attachment of the
fatty acid chain, with three peaks indicating substitution at OH groups on positions 2, 3,
and 6, following the order C6—OH > C2—OH > C3—OH.
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Figure 17. 33C NMR spectrum of CP-5 (DS = 2.3) in Chloroform-d at 40 °C.

It can be concluded that CPs degrade at a reaction temperature of 75 °C and a reaction
time of 2.5 hours. Beyond a molar ratio (VP:AGU) of 5:1, the DS of the CPs remains
constant. Considering all the above observations, the reaction temperature of 70 °C;
reaction time of 2 hours, and molar ratio of 5 equivalents of vinyl ester to an
anhydroglucose unit will be used for the transesterification of cellulose in the solvent
systems containing SB-IL, [nTBNH][OAc]. Although these optimized reaction parameters
are obtained for CPs, these conditions were generally applicable to all cellulose esters
and were used for further experiments.

3.3 Homogeneous Transesterification of Cellulose in
[MTBNH][OAc]/green co-solvents with Vinyl Esters (Publication IV)

To investigate the impact of green co-solvents on the transesterification of cellulose
and the properties of the resulting cellulose esters (CEs), a detailed synthesis of CEs
was conducted via homogeneous transesterification. A 2 wt% cellulose solution in a
2:1 [mTBNH][OAc]/green co-solvent with vinyl esters (VEs) was used, under conditions
of 70 °C reaction temperature, 2 hours reaction time, and a molar ratio (VE:AGU) of 5:1.
The weight ratios of SB-IL and co-solvents, cellulose concentration, and the dissolution
and reaction parameters were selected based on previous studies outlined in Sections
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3.1 and 3.2. The green co-solvents employed included GVL, DMI, SLF, and DMPU, while
the acylating agents were predominantly vinyl laurate (VL), myristate (VM), and
palmitate (VP).

Although cellulose laurates (CLs), cellulose myristates (CMs), and cellulose palmitates
(CPs) were synthesized, the analysis of the structural, thermal, rheological, mechanical,
and surface properties primarily focuses on the cellulose myristates (CMs) in the
following chapters, due to their similar overall behavior.

The DS of cellulose myristates (CMs) was calculated using *H NMR spectroscopy
with Eq. 1 and described in Table 5. The DS increases in the order of CM-GVL > CM-DMI
> CM-SLF > CM-DMPU.

Table 5. Reaction parameters in 2:1 [nTBNH][OAc]/green co-solvent mixtures, and the DS of the
synthesized CEs.

Sample Reaction conditions Green co-solvent | DS
Time, h | Temperature, °C | Molar ratio
VE:AGU

CM- 2 70 5:1 DMPU 1.23
DMPU

CM-SLF 2 70 5:1 SLF 1.32
CM-DMI 2 70 5:1 DMI 1.42
CM-GVL-1 | 2 70 5:1 GVL 1.51
CM-GVL-2 | 2.5 70 3:1 GVL 1.41
CM-GVL-3 | 1.5 70 3:1 GVL 1.27
CL-DMPU 2 70 5:1 DMPU 1.37
CL-GVL 2 70 5:1 GVL 1.55
CP-DMPU | 2 70 5:1 DMPU 1.16

3.3.1 Structural and physical properties of CEs

The XRD patterns of CMs confirm a highly amorphous structure, indicating the loss of
native cellulose | crystallinity after transesterification. The peak intensity at 26 = 20°
decreases in the order: CM-DMPU > CM-SLF > CM-DMI > CM-GVL (Figure 18). This trend
in amorphization may correspond to the DS of the samples: the higher the DS, the greater
the amorphization.

43



Cellulose
====CM-DMPU
= - CM-SLF
= = CM-DMI
= = -CM-GVL-1

Intensity (a.u.)

™
T \\\‘\
Mm
'ﬁ
5 10 15 20 25 30 35 40
20(deg)

Figure 18. XRD patterns of native cellulose and CMs synthesized in different [InTBNH][OAc]/green
co-solvent mixtures.

The thermal stability of CMs in powder form was analyzed using TGA/DTG from 30 °C
to 600 °C. As shown in Figure 19, all samples exhibited high thermal stability and started
to decompose around 320 °C. At 50% weight loss, the decomposition temperatures were
approximately 355 °C for CM-GVL and CM-DMI, 361 °C for CM-SLF, and 367 °C for
CM-DMPU. These temperatures are comparable to those of cellulose laurates reported
by Wen et al. (2017). Above 400 °C, samples undergo pyrolysis.
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Figure 19. TGA/DTG curves of CMs prepared in different [INTBNH][OAc]/green co-solvents. Samples
are tested in powder form.
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The DTG curves (see Figure 19 inset) showed the maximum degradation rate at
around 353 °C for CM-GVL and CM-SLF, and 355 °C for CM-DMI and CM-DMPU, indicating
nearly identical decomposition temperatures.

The melt flow behavior of CMs was analyzed to assess the thermoplastic properties of
the materials. Figure 20 illustrates the angular frequency dependence of the complex
viscosity (n*) and storage (G’) and loss (G”) moduli of CMs in various green co-solvents,
using double-logarithmic scales. As shown in Figure 20a, all CMs exhibit shear-thinning
behavior across the angular frequency range, with no linear viscosity observed. Among
them, CM-DMPU has the highest viscosity, while CM-GVL shows the lowest. The viscosity
reduction in CM samples from various co-solvents cannot be explained by their molar
mass alone. CM-DMPU, CM-SLF, CM-DMI, and CM-GVL have weight-average molar
masses of 202 kg/mol, 302 kg/mol, 311 kg/mol, and 591 kg/mol, respectively. Despite
CM-GVL having the highest molar mass, it shows the lowest viscosity. Figure 20b
indicates that both storage (G') and loss (G”) moduli have minimal frequency
dependence, with G’ consistently exceeding G”. This indicates that the rheological
behavior of CMs is primarily governed by an elastic or solid-like response. The dominance
of the elastic response can be attributed to the deformation and movement of the
cellulose backbone in the CM macromolecule. Interestingly, the magnitude of the
complex moduli of CMs follows the order DMPU > SLF > DMI > GVL, aligning with the
viscosity data but is in the reverse order of the DS values for the samples. Melt elasticity
is the key factor that dictates the behavior of a molten material. This elasticity leads to
effects like die swell during processing. A higher G’ value results in greater die swell and
thicker products.
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Figure 20. Dependences of (a) complex viscosity n* and (b) storage G’ (circle) and loss G” (square)
moduli on angular frequency w for CM films prepared in various green co-solvents, taken at 190 °C.

Similar angular dependencies of complex viscosity and moduli were observed for
cellulose laurates (CL-DMPU, CL-GVL) and cellulose palmitate (CP-DMPU) samples, as
shown in Figure 21. Variations in viscosity and moduli can be attributed to the type of
green co-solvent used, and its indirect influence on the properties of the cellulose esters,
or to the DS of the synthesized CEs.
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Figure 21. Dependences of (a) complex viscosity n* and (b) storage G’ (circle) and loss G” (square)
moduli on angular frequency w for CL and CP films prepared in various green co-solvents, taken at
190 °C.

The Cole-Cole plots in Figure 22 show that the G’ and G values for all CMs, regardless
of co-solvent type, follow the same straight line, indicating consistent microstructure
(llyin, 2020). Interestingly, the experimental points for CL and CP samples align with the
same CM line, suggesting that the behavior of these materials is primarily influenced by
the DS of the cellulose esters.
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Figure 22. Cole-Cole plots for CMs, CLs, and CP films obtained in [N TBNH][OAc]/green co-solvent
systems.

To examine the impact of DS on the complex moduli and complex viscosities of CMs,
two additional CMs with lower DS, CM-GVL-2, and CM-GVL-3, were synthesized as
detailed in Table 5. These CMs were prepared using the same SB-IL/GVL systems to
eliminate any influence from the co-solvent nature. As shown in Figure 23a, the complex
modulus data for CM-GVL-1, -2, and -3 all lie on the same straight line. However, there is
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a translational shift based on DS: higher DS results in lower complex modulus values.
Additionally, complex viscosity decreases with increasing DS, as seen in Figure 23b.
Therefore, it can be concluded that the degree of substitution significantly affects both
the viscosities and complex moduli of CMs.
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Figure 23. (a) Cole-Cole plots for CMs with different DS obtained in [INnTBNH][OAc]/green co-solvent
systems. The values of DS are listed over the line; (b) Dependence of complex viscosities n* on
angular frequency w for CMs with various DS.

The G-moduli reflect sample stiffness which further affects polymer chain structure
and interchain interactions. (Mead, 2011) found through stress-optical analysis that
esterification does not affect cellulose backbone stiffness, but fatty acid side chains act
as plasticizers, reducing contour length concentration. This explains the decrease in
G-moduli for CM films with increasing DS: higher DS enhances thermoplasticity. This
aligns with XRD data, indicating that higher DS results in more amorphous, and therefore
less rigid, CMs.

The rigidity of the samples can be influenced by the dissolution of CMs in pyridine,
which is affected by their DS. The low solubility capacity of SB-IL/DMPU, for example,
results in lower DS of CM-DMPU and may cause crystalline regions in cellulose that add
rigidity to the samples. In contrast, more homogeneous dissolution in solvents like
SB-IL/GVL leads to higher DS in the synthesized CMs, reducing rigidity further.

The mechanical properties of CMs were evaluated by tensile testing, with DS playing
a key role in all characteristics. Three CM samples with varying DS namely CM-GVL-1,
CM-GVL-2, and CM-GVL-3, prepared in the same SB-IL/GVL solvent at different reaction
times as explained in Table 5, were tested using tensile tests. Stress-strain curves for
these CMs at room temperature are shown in Figure 24a.
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Figure 24. Stress-stain curves of CM films with different DS prepared in (a) 2:1 [nTBNH][OAc]/GVL
and (b) 2:1 [nTBNH][OAc]/green co-solvents. DS for the samples are listed in Table 5.

As DS increases, the samples exhibit more thermoplastic behavior, leading to higher
strain at break. Meanwhile, Young’s modulus (initial slope of the stress-strain curve) and
the yield point decrease. This is likely due to the increased plasticizing effect of the
myristate chains at higher DS, as seen in the rheological behavior section. Young's
modulus correlates with storage modulus: higher DS reduces sample rigidity. Similar
trends were observed in cellulose laurates by Duchatel-Crépy et al. (2020) and other
cellulose esters by Katsuhara et al. (2023) and Crépy et al. (2009).

Hydrophobicity is a key characteristic of films, making them ideal for food packaging
by providing resistance to liquids and extending shelf life (Asim, 2022). A higher DS is
expected to increase the contact angle (Willberg-Keyrilainen, 2017; Crépy, 2009).
Contact angle measurements (CAM) assessed CM films for surface wettability. Figure 25a
shows the average contact angles of different CMs, which decrease from 104.8° to 84.9°
in the order CM-DMPU > CM-SLF > CM-DMI > CM-GVL, even though the DS increases.
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Figure 25. (a) Average contact angles of CMs (in film form), and (b) SEM images of CMs (in film
form) synthesized different [nTBNH][OAc]/green co-solvents.
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This unexpected trend contrasts with that reported by Wen et al. (2017), who suggest
that esterifying cellulose with a hydrophobic aliphatic chain reduces its hydrophilic
properties, especially when all OH groups are substituted.

SEM was used to analyze surface properties to investigate the unusual wettability
behavior of CM films. The unexpected decrease in contact angles may be linked to the
films’ surface roughness. SEM images (Figure 25b) suggest that crystallites (aggregates)
on the film surface contribute to this roughness. CM-DMPU has the roughest surface,
followed by CM-SLF and CM-DMI, with CM-GVL being the smoothest. According to
Wenzel (1936), increased surface roughness enhances contact angle and thus
hydrophobicity. Thus, the higher contact angles in CM-DMPU and CM-SLF, both above
90°, are likely due to their rougher surfaces.

All the above results demonstrate the following order - CM-DMPU, CM-SLF, CM-DMI,
and CM-GVL - results in a) an increase in DS; b) the amorphization of cellulose esters; and
c) improved mechanical properties and processing performance due to enhanced
internal plasticization. The degradation temperatures of CMs prepared using different
green co-solvents were observed to remain consistent. Moreover, contact angle
measurements confirmed the hydrophobic nature of the films. Surface roughness plays
a critical role in determining the hydrophobicity of the CM films. Greater surface
roughness was noted in CM-DMPU and CM-SLF, attributed to the presence of aggregates,
which increased the contact angle of the cellulose myristate films despite their lower DS
compared to others.
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Conclusions

This study aimed to develop novel and sustainable solvent systems for cellulose
dissolution and transesterification while exploring the properties of the resulting CEs.
To achieve this, cellulose dissolution behavior in SB-IL combined with various green
co-solvents was assessed using rheology, identifying the most effective SB-IL/co-solvent
combinations and their optimal ratios. Transesterification processes were optimized to
get optimal reaction conditions and to achieve the highest DS in CEs, with a focus on the
influence of green co-solvents on DS and the chemical, physical, and mechanical
properties of the synthesized CEs using XRD, TGA, rheology, tensile strength testing,
CAM, and SEM. Based on the study the following conclusions can be drawn:

This study concludes that DMSO is an effective co-solvent with [MmTBNH][OAc] for
cellulose dissolution at ratios 2:1, 1:1, and 1:2, while GVL works well at 1:1, and DMI and
DMPU at 2:1. Co-solvent content should not exceed 50% for effective cellulose
dissolution. GVL and DMSO enhance solvation by aiding SB-IL dissociation by solvating
the ions, and the activation energies of flow for cellulose in SB-IL/co-solvent decreases
in the order of DMPU > DMI > GVL > DMSO. This suggests that co-solvents not only
facilitate cellulose dissolution but also enhance the efficiency of chemical modifications
such as transesterification.

Optimal reaction conditions for CE synthesis were determined to be a temperature of
70°C, a reaction time of 2 hours, and a molar ratio of 5:1 (VE:AGU) in SB-IL/[mMTBNH][OAc]
solvent systems. While initially optimized for cellulose palmitates, these conditions were
found to be broadly applicable to all cellulose esters and were adopted for subsequent
experiments.

It was revealed that the order DMPU - SLF - DMI - GVL reflects increasing DS,
amorphization, and improved mechanical and processing performance due to enhanced
plasticization. Degradation temperatures remained consistent, while contact angle
measurements confirmed film hydrophobicity, influenced by surface roughness.
Aggregates in CM-DMPU and CM-SLF, caused by lower solubility and incomplete
substitution, contributed to higher rigidity, viscosities, G-moduli, stress levels, and
Young’s modulus.

The investigated solvent systems have the potential for future use in the sustainable
synthesis of CEs through reactive extrusion, supporting eco-friendly manufacturing
practices. However, further investigation is warranted to elucidate the complex
interactions between SB-IL, co-solvents, and the cellulose polymer. A critical area of focus
lies in understanding the specific roles and interactions of the cation and anion
components of the SB-IL with co-solvents and cellulose. Additionally, exploring the
potential interactions between vinyl esters and the SB-IL/co-solvent-based systems could
yield insights into enhancing system efficacy.
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Abstract

Cellulose Dissolution and Transesterification in Superbase
lonic Liquid [mMTBNH][OACc] with Green Co-solvents

The thesis explores the potential of various green co-solvents such as y-Valerolactone
(GVL), dimethyl isosorbide (DMI), sulfolane (SLF), and N,N-Dimethylpropyleneurea
(DMPU) when mixed with distillable superbase ionic liquid (SB-IL), 5-methyl-1,5,7-triaza-
bicyclo-[4.3.0]non-6-enium acetate ([MTBNH][OAc]) to improve cellulose dissolution and
transesterification efficiency. This SB-IL demonstrates high dissolving power for cellulose
and chemical durability for recycling. However, its high viscosity limits the cellulose
concentration in the solution, and its cost poses a barrier to commercialization.
To address these challenges, bio-based, low-cost, and low-viscosity co-solvents were
introduced to reduce the cost and viscosity of the SB-IL.

Several studies have been carried out to study cellulose dissolution and
transesterification using different ILs in combination with different polar aprotic
co-solvents. Limited studies explore cellulose's dissolution behavior in ionic liquids (ILs)
combined with green co-solvents. [MTBNH][OAc] mixed with green co-solvents
mentioned above as a dissolution or modification medium for cellulose has not been
studied. Therefore, this study evaluates the dissolution of cellulose in a mixture of
[MTBNH][OACc] with green co-solvents, focusing on their impacts on the structure and
properties of cellulose esters (CEs) produced in these solvent systems.

The rheological behavior of cellulose/SB-IL/co-solvent solutions was studied as a
foundation for cellulose transesterification in these SB-IL/co-solvents. The impact of
green co-solvent type and content on rheological properties was assessed under steady
and oscillatory shear conditions. Cellulose dissolution and activation energies in the
SB-IL with co-solvents GVL, DMPU, and DMI, were compared to those using dimethyl
sulfoxide (DMSO) as a co-solvent. Rheology revealed that low co-solvent concentrations
(< 50 wt%) reduce viscosity, while high concentrations (= 50 wt%) induce gelation or
phase separation. Flow activation energy in SB-IL/co-solvent systems is lower than in
pure SB-IL, decreasing in the order of DMPU > DMI > GVL > DMSO. GVL and DMSO
enhance solvation by promoting SB-IL dissociation through ion solvation. Overall, lower
activation energies in co-solvent mixtures lead to higher dissolution rates, indicating that
co-solvents aid cellulose dissolution and boost the efficiency of chemical modifications
like transesterification.

Following successful cellulose dissolution in SB-IL [MTBNH][OAc], its role as a medium
for cellulose transesterification was with DMSO as a co-solvent. The effects of reaction
temperature, time, and vinyl ester to anhydroglucose unit (VE:AGU) molar ratio on the
degree of substitution (DS) were evaluated by nuclear magnetic resonance spectroscopy
(NMR). CEs with varying DS (0.5-2.3) were synthesized. Higher temperatures (= 75 °C)
and longer reaction times (> 2.5 hours) reduced the DS of CEs, likely due to cellulose
degradation. A reaction temperature of 70 °C, a reaction time of 2 hours, and a 5:1 molar
ratio were identified as optimal for cellulose transesterification in the SB-IL/DMSO
solvent system.

Finally, the study investigated the impact of green co-solvents on the chemical and
physical properties of CEs. CEs with DS up to 1.6 were synthesized via transesterification
under optimal reaction conditions using a solvent system containing SB-IL and various
green co-solvents. The choice of co-solvent influences the DS in the CEs in the following
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order: DMPU < SLF < DMI < GVL. Rheological study showed that the internal plasticization
efficiency of the esters increased with higher DS. Thermogravimetric analysis (TGA)
revealed that all cellulose esters exhibited nearly identical degradation temperatures,
Strain at break of CEs increase as DS increases, while

Young’s modulus and yield point decrease due to the plasticizing effect of ester chains,
reducing overall rigidity. Additionally, the contact angle measurements revealed the
hydrophobic character of CE films.

The findings of this study pave the way for significant advancements in the development
of sustainable solvent systems tailored for cellulose dissolution and transesterification.
These advancements promise to improve the functional properties of CEs, especially in
their utilization for eco-friendly packaging applications.
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Lihikokkuvote

Tselluloosi lahustamine ja imberesterdamine superaluselises
ioonvedelikus [NMTBNH][OACc] koos roheliste kaaslahustitega

Doktoritd0s uuritakse erinevate roheliste kaaslahustite, nagu y-valerolaktooni (GVL),
dimettilisosorbiidi (DMI), sulfolaani (SLF) ja N,N-dimetiilpropilleenuureai (DMPU)
potentsiaali, kui need on segatud destilleeritava superaluselise ioonse vedelikuga
(SB-IL), 5-metiitil-1,5,7-triasabitsiiklo-[4.3.0]non-6-eeniumatsetaadiga ([mTBNH][OAC]),
et parandada tselluloosi lahustumist ja imberesterdamise efektiivsust. Sellel SB-IL-il on
korge tselluloosi lahustumisvdime ja keemiline vastupidavus taaskasutusel. Selle kérge
viskoossus piirab aga tselluloosi kontsentratsiooni lahuses ja selle kdrge maksumus
takistab kommertsialiseerimist. Nende probleemide lahendamiseks véeti kasutusele
biopGhised, odavad ja madala viskoossusega kaaslahustid, et vdhendada SB-IL hinda ja
viskoossust.

Tselluloosi lahustumise ja imberesterdamise uurimiseks on ldbi viidud mitmeid
uuringuid, kasutades erinevaid IL-sid koos erinevate polaarsete aprotoonsete
kaaslahustitega. Moningad uuringud on kasitlenud ka tselluloosi lahustumiskaitumist
ioonsetes vedelikes (IL) kombineerituna roheliste kaaslahustitega. [MTBNH][OAc]-i
segatuna ulalnimetatud roheliste kaaslahustitega ei ole tselluloosi lahustamis- voi
modifikatsioonikeskkonnana uuritud. Seetdttu hinnatakse kaesolevas uuringus
tselluloosi lahustumist [MTBNH][OAc] segus roheliste kaaslahustitega, keskendudes
nende mdGjule antud lahustislisteemides slnteesitud tselluloosi estrite (CE-de)
struktuurile ja omadustele.

Tselluloosi/SB-IL/kaaslahusti lahuste reoloogilist k&itumist uuriti tselluloosi
Umberesterdamise alusena nendes SB-IL/kaaslahustites. Rohelise kaaslahusti tltbi ja
sisalduse mdju reoloogilistele omadustele hinnati pisiva ja vBnkuva nihkekiiruse korral.
Tselluloosi lahustumis- ja aktiveerimisenergiat SB-IL-is koos kaaslahustitega GVL-s,
DMPU-s ja DMl-s, vorreldi tulemustega, mis saadi dimetiilsulfoksiidi (DMSO)
kasutamisel kaaslahustina. Reoloogia uuring néitas, et madal kaaslahusti kontsentratsioon
(£ 50 massiprotsenti) vahendas viskoossust, samas kui kdrge kontsentratsioon
(= 50 massiprotsenti) kutsus esile geelistumise voi faaside eraldumise. Voolamise
aktivatsioonienergia oli SB-IL/kaaslahusti siisteemides madalam kui puhta SB-IL korral,
vahenedes kaaslahusti liikide jarjekorras DMPU > DMI > GVL > DMSO. GVL ja DMSO
suurendavad solvatatsiooni, soodustades SB-IL dissotsiatsiooni ioonide solvatatsiooni
kaudu. Uldiselt p&hjustavad kaaslahusti segude madalamad aktivatsioonienergiad
kiirema lahustumise, mis naitab, et kaaslahustid soodustavad tselluloosi lahustumist ja
suurendavad keemiliste modifikatsioonide, naiteks imberesterdamise, tdhusust.

Parast tselluloosi edukat lahustumist SB-IL-s [mTBNH][OAc] uuriti selle rolli tselluloosi
Umberesterdamise keskkonnana, kasutades kaaslahustina DMSO-d. Reaktsiooni
temperatuuri, aja ja vinldlestri ning anhiidroglikoositihiku molaarsuhte (VE:AGU) mdju
asendusastmele (DS) hinnati tuumamagnetresonantsspektroskoopia (NMR) abil.
Silinteesiti erinevate asendusastmetega (0,5-2,3) CE-d. K&rgemad temperatuurid
(= 75 °C) ja pikemad reaktsiooniajad (= 2,5 tundi) vahendasid CE-de DS-i, toenaoliselt
tselluloosi lagunemise tottu. Reaktsioonitemperatuur 70 °C, reaktsiooniaeg 2 tundi ja
molaarsuhe 5:1 leiti olevat optimaalsed tselluloosi (imberesterdamiseks SB-IL/DMSO
lahustisusteemis.
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Viimaks uuriti roheliste kaaslahustite mdju CE-de keemilistele ja fuisikalistele
omadustele. Umberesterdamise teel siinteesiti optimaalsetes reaktsioonitingimustes
CE-d, mille DS oli kuni 1,6, kasutades SB-IL-i ja erinevaid rohelisi kaaslahusteid
sisaldavat lahustisiisteemi. Kaaslahusti valik mdjutas DS-i CE-des jargmises jarjekorras:
DMPU < SLF < DMI < GVL. Reoloogiline uuring néitas, et estrite sisemise plastifitseerimise
efektiivsus suurenes DS-i kasvades. Termogravimeetriline anallis (TGA) néitas, et kdigi
tselluloosi estrite lagunemistemperatuurid olid peaaegu identsed. DS-i kasvuga kasvas
CE-de deformatsioon purunemisel, samal ajal kui Youngi moodul ja voolavuspunkt
vahenesid estri ahelate plastifitseeriva toime tottu, vdhendades uldist jaikust. Lisaks
naitasid kontaktnurga mootmised CE kilede hiidrofoobset iseloomu.

Selle uuringu tulemused sillutavad teed olulistele edusammudele jatkusuutlike
lahustististeemide viljaté6tamisel, mis on kohandatud tselluloosi lahustamiseks ja
imberesterdamiseks. Need edusammud lubavad parandada CE-de funktsionaalseid
omadusi, eriti nende kasutamisel keskkonnasdbralike pakkematerjalidena.
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Abstract: The transesterification of cellulose with vinyl esters in ionic liquid media is suggested as a
prospective environmentally friendly alternative to conventional esterification. In this study, various
long-chain cellulose esters (laurate, myristate, palmitate, and stearate) with a degree of substitution
(DS) up to 1.8 have been synthesized in novel distillable ionic liquid, [nMTBNH][OAC]. This IL
has high dissolving power towards cellulose, which can improve homogeneous transesterification.
Additionally, [nTBNH][OAC] has durability towards recycling and can be regenerated and re-used
again for the next cycles of esterification. DMSO is used as a co-solvent because of its ability to speed
up mass transport due to lower solvent viscosity. The optimization of the reaction parameters, such
as co-solvent content, temperature (20-80 °C), reaction time (1-5 h), and a molar ratio of reactants
(1-5 eq. AGU) is reported. It was found that within studied reaction conditions, DS increases
with increasing reaction time, temperature, and added vinyl esters. Structure analysis using FTIR,
H, and '3C NMR after acylation revealed the introduction of the alkyl chains into cellulose for
all studied samples. The results also suggested that the substitution order of the OH group is
C7-06 > C7-O2 > C7-03. Unique, complex thermal and rheological investigation of the cellulose
esters shows the growth of an amorphous phase upon the degree of substitution. At the same time,
the homogeneous substitution of cellulose with acyl chains increases the melt viscosity of a material.
Internal plasticization in cellulose esters was found to be the mechanism for the melt processing of
the material. Long-chain cellulose esters show the potential to replace commonly used externally
plasticized cellulose derivatives.

Keywords: transesterification; cellulose esters; mTBN superbase; ionic liquids; rheology; FACE

1. Introduction

Cellulose is the most important biopolymer from renewable resources to produce
polymeric materials and composites. Cellulose has several beneficial properties, such as
biodegradability, nontoxicity, and biocompatibility, as well as great mechanical strength,
heat stability, and resistance to many solvents [1]. Some of these benefits are also drawbacks
for processing: it is hard to dissolve cellulose and cellulose is not thermoplastic in its
natural state [2].

Acylation of the cellulose macromolecules and substitution of hydroxyl groups of the
anhydroglucose repeating units (AGU) by ester groups allows for solving the issue of ma-
terial thermoplasticity. Such derivatives lose hydrogen bonding between macromolecules
and obtain thermoplastic behavior [3,4]. The most important thermoplastic derivative
of cellulose, widely used in plastics, films, fibers, membranes, and coatings, is cellulose
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acetate [5]. However, the melt viscosity of conventional thermoplastic derivatives of cellu-
lose is still high (10*~106 Pa-s compared to 10?~10% Pa-s for polyolefin thermoplastics) and
decomposition during melt processing may be a problem.

The cellulose esters (CEs) substituted with long chains (laurate, myristate, palmitate,
and stearate) have lower melting temperatures (require less energy in processing) and better
solubility in common solvents of lower polarity [6]. Such CEs exhibit plasticized polymer
behavior [3]. Long-chain ester branches also have an internal plasticizing effect, which
reduces or eliminates the need for added plasticizers, which are common for cellulose
acetate, propionate, butyrate, or their mixed esters [7]. Thus, long-chain esters show
potential as packaging and coating material with effective barrier properties.

CEs are usually prepared by esterification or transesterification procedures with differ-
ent acyl donors, such as: (a) acid anhydrides; (b) acid chlorides; and (c) carboxylic acids.
Long-chain fatty acids are among the most promising types of acyl donors; however, it is
difficult to obtain long-chain fatty acid cellulose esters (FACEs), because of poor solubility
of fatty acid compounds in polar solvent systems [8]. Strong acids as catalysts are needed
as well [9].

The obstacle to acylation with acid anhydrides or acid chlorides is the formation
of strongly acidic by-products, which are corrosive [10] and can reduce the degree of
polymerization of cellulose. To overcome these problems, it has been recommended to use
a tertiary base, such as harmful pyridine and trimethylamine [11].

In transesterification reactions, either (a) carboxylic esters [12] or (b) vinyl esters are
used as acyl donors [13,14]; in this case, a large excess of the reagents and high temperature
are required, and usually a low degree of substitution (DS) is obtained. The by-products of
transesterification using vinyl esters as acylating agents are relatively simple compounds
like alcohols, aldehydes, and ketones, which can be easily separated and recycled. Transes-
terification reactions have mostly been performed under heterogeneous conditions, which
usually need a long reaction time (from hours to days). Furthermore, in transesterification,
a catalyst is necessary to initiate the reaction [4,15], for example, sulfuric acid. In these
reactions, the cellulose is not fully solubilized. Therefore, such technologies can be used
mostly for the synthesis of short-chain fatty acids (with acyl chains C2-C4) [15].

Homogeneous esterification fully solubilizes cellulose and could synthesize cellulose
esters of a high degree of substitution (DS) with even longer acyl chains [16]. During past
decades, a large number of solvent systems were developed to dissolve and transesterify
cellulose, for example, N-methylmorpholine N-oxide (NMO) [17], N,N-dimethylacetamide—
lithium chloride (DMAc-LiCl) [18], dimethylsulfoxide-tetrabutylammonium fluoride
(DMSO-TBAF) [19], and DMSO/KOH [15]. However, long pretreatment, long reaction
times (more than 40 h), or high temperatures (>100 °C) were required, leading to relatively
low DS (<2).

Those commercialized solvent systems have environmental problems; they are toxic
or have low stability. Fortunately, a relatively “green” group of solvents for cellulose, ionic
liquids, have been recently introduced and are under continuous development [20].

Ionic liquids (ILs) are polar substances and, therefore, can break the hydrogen bonds
between macromolecules of cellulose. In addition, ILs are not volatile, they do not enter the
atmosphere, harming humans and animals, and do not cause ozone depletion or climate
change [2,21]. From this point of view, ILs can be considered green solvents, unlike DMAc-
LiCl and NMO, whose broad industrial utilization is limited by instability. The number
of different ILs is also nearly unlimited due to the high number of anions and cations that
can be combined. Cellulose can be efficiently dissolved in many ILs and turned into a
thermoplastic material by acylation in homogeneous conditions [22].

Processing in homogeneous conditions is one of the prospective solutions, considering
commercial production of long-chain FACEs. The recent developments in IL synthesis
address the durability of ILs in repeated recycling [23], combined with high dissolving
power towards cellulose. Up to now, 1-ethyl-3-metyl-imidazolium acetate ([Emim][OAc])
ionic liquid was considered good for laboratory research—it has a sufficient cellulose
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dissolution power and can act as an in situ catalyst for the transesterification of cellulose
with vinyl esters [24]. Several different CEs were prepared in [Emim][OAc] under relatively
mild conditions, but an unwanted side reaction between the acetate anion of IL and the
cellulose backbone has been found [25,26]. Furthermore, it is difficult to recycle the first-
generation imidazolium-based ILs due to their questionable stability [27,28]. Therefore, the
imidazolium-based ILs have not been used for industrial upscaling, and intensive research
is going on to develop a new generation of ILs for cellulose dissolution.

Superbases (mostly di- or triazabicyclo compounds) originating from protonic ILs
are the most novel and promising solvents for cellulose dissolution and modification, for
several reasons. They can dissolve cellulose to a high extent (up to 25%), have low moisture
sensitivity, low toxicity, and can be recycled without degradation [29,30]. Additionally, they
behave as ionic compounds with a low vapor pressure at temperatures typical for acylation
reactions but can be dissociated to their superbase and acid at higher temperatures. This
allows for the purification of the components by distillation [23].

More recently, 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-enium acetate ((mTBDH][OAc]),
and 5-methyl-1,5,7-triaza-bicyclo[4.3.0]non-6-enium acetate ([mTBNH][OAC]), were pro-
posed to be good candidates for cellulose dissolution and regeneration [31]. The superbase
mTBD demonstrates lower hydrolysis compared to DBN and the superbase mTBN shows
better stability in the presence of water [23]. [mMTBNH][OAC] can be recycled to either
pure IL or to its starting compounds [32]. Moreover, [NTBNH][OAC] is a liquid at room
temperature [33] which makes processing with this IL less labor intensive.

In this study, we focus on one of these newly developed ILs, namely [nTBNH][OAC].
We use dimethyl sulfoxide (DMSO) as a co-solvent to improve the solubility, reduce the
viscosity of the reaction media, and decrease the total cost of the solvents used in synthesis.
DMSO was used because it is widely available, relatively sustainable regarding production
methods, recyclable, and has low toxicity [2,20].

Working with ILs as functionalization media allows precise control over DS by adjust-
ing the reaction time, temperature, and molar ratio of reagents [12]. Control over DS also
provides control over the viscoelastic properties of the produced thermoplastic materials.
The degree of polymerization (DP) of cellulose, DS of the derivative, and the type of acy-
lating agent determines the melt viscosity of the thermoplastic material and also affects
elasticity, glass transition temperature [34], and thermal stability.

CEs with aliphatic moieties C8-C18 appear thermoplastic in the DS range from 0.56
to 3. According to the literature, there is no need to produce fully substituted CEs. A
DS > 1.5 is high enough since CEs with a DS between 1.5 and 3 show similar mechanical
and thermoplastic properties [35,36].

The plasticizing effect of aliphatic chains was found to be dependent more on the DS
than on the fatty chain length, but no clear influence of the DS on thermal transitions was
observed [36]. No glass transition Ty in cellulose palmitate is reported in the paper [37].
Jinlei Li in his work discovered a correlation between Ty increase and the formation of
materials with solid-like behavior in a molten state. At the same time, in contradiction to
previous research, it is stated that Ty is influenced more by acyl side chain length than the
DS [38]. Additionally, CEs with short alkyl chains were found to exhibit a narrow thermo-
plastic window between melt flow and thermal degradation [39]. Recent developments
show that long-chain FACEs are promising but underdeveloped thermoplastic materials
with complex relationships between properties and structure.

In this work, we investigate the optimization of the homogenous transesterification of
cellulose with long-chain fatty vinyl esters (VEs) in distillable IL, [n\TBNH][OAC], without
any additional catalysts and under mild conditions, to produce thermoplastic FACEs by
a sustainable and green procedure. This will complete the picture of [nTBNH][OAC]
application for cellulose modification, as far as it has mostly been studied for cellulose
regeneration [29], and for preparation of cellulose acetate [40].

Another goal of this study is to disclose the melt flow behavior and the rheology
of long-chain FACEs, which are not widely presented in the literature. Melt properties
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and behavior are important for understanding the proper processing conditions for blow
molding, injection molding, sheet forming, extrusion, fiber spinning, etc. Herein, we further
develop the main concepts of our previous rheological studies discussed [41,42].

2. Experimental Section
2.1. Materials

Microcrystalline cellulose (MCC) by Carl Roth GMBH (Karlsruhe, Germany). Vinyl
laurate, vinyl myristate, vinyl palmitate, and vinyl stearate with purity > 98% were pur-
chased from Tokyo Chemical Industry Co. (Tokyo, Japan). Ionic liquid 5-Methyl-1,5,7-
triaza-bicyclo-[4.3.0]non-6-enium acetate, [N\TBNH][OAC], was not commercially available
and was synthesized by Liuotin Group Oy (Porvoo, Finland). The melting point of IL is
15 °C; the flash point is more than 220 °C. DMSO with a purity of 99.9% was purchased
from Fisher Chemical (Pittsburgh, PA, USA). Low-density polyethylene (LDPE), Petrothene
NA960000 supplied by LyondellBasell (Rotterdam, Netherlands). Diethyl phthalate plasti-
cized (24% DEP) cellulose acetate (Mazzucchelli PCA) supplied via S. e P. Mazzucchelli
(Castiglione Olona, Italy). Pyridine-ds (purity = 99.5 atom % D. contains 0.03 v/7v% TMS)
and Chloroform-d (purity = 99.8 atom % D. contains 1 v/v% TMS) for NMR were purchased
from Acros Organics (Geel, Belgium).

2.2. Cellulose Dissolution and Esterification Procedure

MCC was dried under a vacuum at 105 °C for 24 h before use. Cellulose concentration
in solutions was 2-5%. 2-5 g of MCC (12.3-30.7 mmol for the AGU) was dissolved in 100 g
[mMTBNH][OAC] (505 mmol) and stirred at 60 °C for 24 h until the cellulose was completely
dissolved to yield 2-5 wt%-solution. To decrease the viscosity, a co-solvent DMSO was
added. In the case of the use of co-solvent, IL and DMSO have been first mixed and then
cellulose has been added to this binary solvent. Different ratios of DMSO/IL have been
prepared and studied. The designed amount of the respective vinyl ester (from 1 up to
6 equivalents to cellulose anhydroglucose unit (eq./ AGU)) without any external catalyst
was added to the cellulose solution in a chemical reactor equipped with a mechanical
stirrer and nitrogen flow, and then the reaction was performed at designed conditions
under nitrogen atmosphere and intensive stirring. When the reaction was completed, the
obtained cellulose esters were precipitated into 500 mL of water (for laurate and myristate)
or ethanol (for palmitate and stearate). To remove solvent and vinyl ester residuals, the
product was washed several times in 100-200 mL of ethanol, then acetone, and with hexane.
Finally, the product was dried under a vacuum at 55 °C overnight.

For the prepared products, transesterification of CEs was repeated 2-3 times to ver-
ify the reproducibility of the reaction. It was found that DS deviates within 5-10% for
the batches.

2.3. Characterization

The FT-IR spectra of MCC and cellulose derivatives were recorded on Interspec 200-X
using the Quest ATR accessory purchased from Specac Ltd (Orpington, UK) in the range of
500-4000 cm ™! with a resolution of 4 cm~'. All samples were dried at 80 °C in a vacuum
oven overnight before the FTIR measurement to remove the moisture.

The 'H NMR, 13C NMR, COSY, and HSQC NMR spectra of cellulose derivatives
were acquired on an Agilent Technologies DD2 500 MHz spectrometer equipped with
5 mm broadband inverse (\H, HH-COSY, HC-HSQC spectra) or broadband observe (3C
spectra) probes. A 15 min temperature equilibration delay was allowed between sample
insertion and NMR acquisition at 40 °C (cellulose palmitate and stearate in CDCl3) or
80 °C (cellulose laurate in DMSO-dg and cellulose myristate and laurate in Py-ds) sample
temperature. Typically, for 'H spectra, 32 scans with 25 s relaxation delay were acquired
and for 13C 20,000-45,000 scans with 2.5 s recycle delay were acquired to achieve the desired
signal-to-noise ratio. An HMBC spectrum for sample CP-3 was acquired in 16 h on an
800 MHz Bruker Avance III spectrometer equipped with a He-cooled cryoprobe.
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The NMR samples were prepared in a small glass bottle where 20-25 mg of the sample
was dissolved in 0.8 mL of deuterated NMR solvent for 90 min at 40-65 °C until a clear
solution was obtained. The glass bottle containing the mixture was dried and carefully
sealed with parafilm. The samples were then subjected to ultrasonic treatment to obtain a
transparent solution.

The DS of cellulose laurate, -myristate, -palmitate, and -stearate was calculated from
the "H NMR spectrum by taking an integral of the area of terminal methyl groups (Irchs))
and AGU signals (Iocyu) based on the reported method [43]:

lich,)

i (3'1AGU + I(CH3))

)

Additionally, the DS of obtained samples was also verified by the standard saponifica-
tion ASTM D871-96 method. The DS was calculated according to [34]:

162 E

DS = fooM — E-(M =)

@
where E is the ester content obtained by the saponification method, and M is the molecular
weight of the grafted acyl residue.

To study the rheological properties of samples, an Anton Paar Physica MCR501
rheometer, with cone-plate measuring geometry was used. To prevent oxidation, the
experiments were carried out in a nitrogen atmosphere and did not last longer than 10 min
at a temperature of 190 °C. Flow curves were obtained at a shear rate 7y range from 0.01 to
100 s~1. Complex viscosity was determined in the range of angular frequencies w = 0.01 to
500 rad/s. A constant strain of vy = 5% was determined from the linear viscoelastic region
(LVR). An amplitude sweep test to determine the LVR was conducted at a frequency of
1 Hz. Samples for rheology were prepared from 100 pm thick films cast from solution in
chloroform or pyridine at room temperature overnight by cutting 2.5 mm @ discs. Non-
soluble materials were compressed by a hydraulic press into 100 pm thick and 2.5 mm &
discs in a stainless-steel mold at a pressure of 70 bar at room temperature.

A differential scanning calorimeter (Perkin Elmer DSC-7) was used for the thermal
analysis of materials at scanning rates of 30 °C/min. Nitrogen was used to purge the fur-
nace. To avoid differences in melting and crystallization temperatures caused by variations
in sample weight, a sample mass of 5.00 £ 0.02 mg was used in all DSC experiments. Film
samples were packed into aluminum foil to maximize thermal contact between the sample
and the calorimetric furnace. DSC samples were prepared from solvent-cast 100 pm thick
films. Non-soluble materials were compressed by the hydraulic press into 100 um thick
flakes in a stainless-steel mold at a pressure of 70 bars at room temperature.

The size exclusion chromatography (SEC) curves of cellulose esters were determined
using gel permeation chromatography (GPC) on the Shimadzu Prominence system equipped
with a Shodex KF-804 column and a refractive index detector (RID-20A). Calibration of the
GPC system was performed using 3 separate polystyrene standards (74,800 Da, 230,900 Da,
and 473,600 Da). CE samples (10 mg) were dissolved in pyridine (1-2 mL) and the GPC
analysis was conducted at 60 °C using pyridine as the mobile phase with a flow rate of
0.5 mL/min. Molecular weights (number-average M, and weight-average M,,, polydisper-
sity index PDI = M,/ My) of cellulose esters have been calculated. Several samples were
tested 2-3 times and the obtained standard deviation of MM measurements was 3-8%.

Molar mass (MM) of pure MCC was determined at 25 °C from the intrinsic viscosity
[n] of cellulose solution in cupriethylenediamine hydroxide solution, Cuene, according to a
standard procedure [44]. The MM was then calculated by the Mark-Houwink equation with
parameters K = 1.01 x 10~* dL/g and a = 0.9 [45]. The obtained MM was 163,000 g/mol.
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3. Results and Discussion
3.1. Preparation of Cellulose Esters

Scheme 1 shows the pathway for cellulose transesterification with vinyl esters. Cellu-
lose esters were synthesized in one step and low-vapor-point ethanol (in situ tautomeriza-
tion to acetaldehyde) as the byproduct can be easily evaporated from the reaction system
at elevated temperatures.

OH OR
H 0o H 0o
AR+ on H IS I NG NS 4 /t\OH
/ 0 H [mTBDH][OAc] H o

DMSO
OH H OR /U\
9 H
= CcH
R )LECHj ®  {(CHyn=n=10,12,14, 16..
n

Scheme 1. Transesterification of cellulose with vinyl esters.

It is well known that ILs are efficient solvents for the dissolution and modification of
cellulose; however, there are also some drawbacks, such as high cost and high viscosity. For
example, in the current work, it was possible to dissolve cellulose in pure IL only at 2 wt%
concentration—higher concentrated solutions were not possible to stir effectively due to
high viscosity. To scale up the entire production process, the cellulose content should be
raised. This drawback can be overcome by using the mixtures of IL with cheaper and less
viscous co-solvents. A dipolar aprotic solvent such as DMSO is an effective co-solvent for
cellulose dissolution. The addition of DMSO to IL can enhance its solvating ability because
DMSO can speed up mass transport due to lower solvent viscosity. Indeed, if the content
of DMSO is increased, the viscosity of cellulose solution in binary IL:DMSO solvent drops
significantly (see Table 1 and Supporting Information Figure S1) at all studied temperatures
(including temperatures at which the transesterification reactions were conducted) while
the concentration of cellulose in all tested solutions was fixed at 2 wt%. As is seen in Table 1,
the viscosity of cellulose solution in 1:3 IL:DMSO binary solvent is approximately seven
times lower than in pure IL. Surprisingly, even 25% of IL in binary solvent (i.e., 1:3 IL:DMSO
ratio) is sufficient to dissolve cellulose, and optically transparent solutions of cellulose
are observed. This indirectly confirms the high efficiency of novel IL to dissolve cellulose.
Taking into account such low viscosity of cellulose in a binary solvent, it is possible to
increase the cellulose solution concentration from 2 wt% up to 5 wt% and even more,
keeping the same mixing level. Hence, the consumption of IL can be decreased while the
level of CE production can be increased 2-3 times.

Table 1. DS of cellulose laurate prepared by transesterification in different IL:DMSO mixtures.

Sample IL:DMSO DS The Viscosity of Cellulose Solution at 60 °C, Pas
CL-1 no DMSO 0.70 2.56
CL-2 3:1 0.60 1.10
CL-3 1:1 0.60 0.75
CL-4 1:2 0.38 0.47
CL-5 1:3 0.35 0.40

Several reactions have been conducted at different IL:DMSO ratios, while the reaction
conditions were kept constant, (T = 60 °C, t =2 h, 3 eq./AGU). Vinyl laurate (VL) was
chosen as an acylation agent. The results of this study are presented in Table 1. DMSO is
not a solvent for cellulose; an increase in DMSO content could limit the ability of cellulose
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toward homogeneous transesterification. This could explain the DS and viscosity drop for
CL-4 and CL-5 when the IL:DMSO ratio exceeds 1:1.

Structure analysis utilizing FTIR after acylation revealed the introduction of the alkyl
chains into cellulose for all studied samples. FTIR spectra of native cellulose and its laurate
derivatives were obtained in solvents with different IL:DMSO ratios (see Supporting
Information Figure S2). The strongest evidence of successful acylation is the appearance of
an absorption band at 1746 cm™! that corresponds to the stretching of the ester carbonyl
(>C=0) group. Compared to unmodified MCC, there were several new peaks in the
FTIR spectra of modified samples. New peaks at 2950 cm ! and 2847 cm~! correspond,
respectively, to asymmetric and symmetric stretching of the methylene group present
in cellulose laurate (CL). The presence of these peaks indicates that the methylene and
carbonyl groups were attached to cellulose, and hence, successful transesterification of
cellulose in the novel [NTBNH][OAC] IL mixed with DMSO, without external catalyst, has
been conducted.

All produced CLs are soluble in several organic solvents, mostly DMSO, THEF, and
pyridine, which enables direct measurements of NMR spectra in the form of solution and,
thus, provides a tool for the calculation of DS. The chemical structure of the cellulose
laurate (CL) was confirmed by 'H NMR and 3C NMR. In the "H NMR spectrum of the
CLs (See Supporting Information, Figure S3), the proton signals from approximately 6.00 to
3.50 ppm are assigned to H-1, H-2, H-3, H-4, H-5, H-6, and H-6' of AGU in cellulose. The
signals at 2.32-1.93, 1.88-1.45, and 1.27 ppm are associated with the methylene protons
at H-8, H-9, and H-10-17, respectively. The signals at 0.98-0.79 ppm are attributed to the
methyl protons at H-18.

In the 13C NMR spectrum of cellulose laurate, presented in Figure 1, the signals at
34.78,32.61, 25.80, 23.34, and 14.60 ppm are assigned to carbons of C-8, C-16, C-9, C-17 and
C-18 of the aliphatic side chain, respectively. The carbons at C(10-15) give signals starting
from 30.44 to 30.04 ppm. The AGU carbons C-1, C-1/, C-4, C-2,3,5, C-6, and C-6’ give signals
at 104.98, 102.33, 81.50, 76.91-74.35, 64.32 and 62.68 ppm, respectively. The signals from
173.89 to 170.98 ppm correspond to the carbonyl carbon at C-7, which provides the direct
confirmation of the successful attachment of the long-chain fatty acid chain to the cellulose
backbone. Three peaks for the carbonyl group indicate that all OH groups at positions 2, 3,
and 6 were acylated [19]. According to the ref. [46], by peak integration of carbonyl carbons
(C7-02, C7-08, and C7-06), it can be suggested that the partial DSs of C7-O6, C7-O2, and
C7-O3 are 0.41, 0.11, and 0.08, and, consequently, the substitution order of the OH group is
C7-06 > C7-02 > C7-03.

The data of DS obtained from NMR spectra are presented in Table 1. Although the
cellulose solution viscosity decreases with increasing DMSO content in a binary solvent, the
DSs of samples are not much changed until the ratio 1:1 IL:DMSO. The further increase in
DMSO content decreases the DS of CLs 1.5 times. Therefore, it can be concluded that DMSO
content exceeding the amount of IL in a mixture, causes obstacles in the transesterification
process of cellulose with vinyl esters. Therefore, for further experiments, the optimum
1:1 IL:DMSO ratio was chosen for cellulose dissolution and modification. This helps to
decrease the cost of production, due to the lower IL content used and the higher yield of
the cellulose derivatives.

As is seen in Table 1, CLs synthesized in the above-mentioned reaction conditions have
rather a low DS. However, it should be noted that in our study DS = 0.6 was obtained during
2 h of reaction at a moderate temperature of 60 °C, whereas similar DS values have been
reported by Wu et al. [47] but the reaction time was 24 h. No external catalyst or activation
was required to achieve this reactivity in [nTBNH][OAC]. Partial decomposition of such ILs
during the acylation process liberates the superbase [48], which can act as a basic catalyst
to promote the transesterification reaction analogically to 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) [47], 1,5,7-triazabicyclododecene (TBD) and 1,5-diazabicyclo(4.3.0)non-5-ene
DBN [49]. TBD and DBU are also known as superbases, which give protonic ILs in
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combination with an acid component. The organocatalytic effect of DBU and TBD during
transesterification was demonstrated by several authors [47,49,50].
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Figure 1. 1>C NMR spectrum of Cellulose Laurate (CL-3) in Pyridine-ds (125 MHz, 80 °C. Empty and
solvent regions are left out for clarity. Full spectrum is available in Supporting Information).

Several attempts to improve the degree of substitution have been made. The results
are presented in Table 2.

Table 2. Tunable synthesis of cellulose laurates by transesterification reaction of cellulose with vinyl
laurate (VL) in 1:1 IL:DMSO solvent system.

Reaction Conditions

Sample DS My, kDa PDI
Time, h Temperature, °C AGU:VL

CL-6 2 20 1:3 0 insoluble
CL-3 2 60 1:3 0.6 237.7 1.64
CL-7 2 80 1:3 1.2 221.0 2.01
CL-8 4 60 1:3 1.6 358.0 1.28
CL-9 5 60 1:3 2.0 304.0 1.50
CL-10 3 70 1:3 1.55 532.7 1.14
CL-11 3 80 1:3 1.58 3175 1.40

Additionally, SEC measurements of the different CLs were performed, as the cellulose
esters were all soluble in pyridine, except CL-6. SEC curves of studied CLs are presented in
Supporting Information Figure S7.

To investigate the effect of the reaction time on the transesterification, the reactions
were carried out at 2 (CL-3), 4 (CL-8), and 5 (CL-9) hours at the same temperature of 60 °C
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and AGU:VL = 1:3. Analysis of the reaction products reveals that the DS can be increased
by employing longer times of reaction. For example, the DS obtained at 4 h of reaction
(CL-8) is approximately 2.6 times higher than the DS obtained at 2 h of reaction (CL-3, see
Table 2). At5 h of reaction, the DS is even higher, achieving values of 2.0 (CL-9). However,
starting at 4 h the color of the reaction medium started changing from dark yellow (at 4 h)
and even brown (at 5 h). The color change can be a sign of either IL or cellulose degradation.
To clarify, IL has been held for 3 h at different temperatures: room temperature, 60 °C,
70 °C, 80 °C, 100 °C, and even 110 °C. No signs of IL degradation have been detected.
FTIR spectra of all ILs treated at different temperatures were identical; color has not been
changed. It can be concluded that IL is stable at the studied temperatures.

However, SEC data (see Table 2) of cellulose laurates show that samples undergo some
degradation with prolonged reaction times. Taking into account the viscosity-average MM
of cellulose (163 kDa), MM of vinyl laurate (226 Da), and definite degree of substitution, it
is possible to estimate the molar mass of cellulose laurate at certain DSs (note that viscosity-
average MM is always a little bit higher than My). The estimated molar mass of CL-3 is
close to the experimentally obtained one. However, the estimated MM of CL-8 should be
around 500 kDa, while the M, of CL-8 is only 358 kDa. Experimentally obtained M, of
CL-9 decreases down to 304 kDa, which is twice lower than the estimated MM (around
600 kDa) and 1.2 times lower than CL-8.

The effect of reaction temperature on DS was investigated by using three temperatures
for the transesterification, while the time of reaction (2 h) and molar ratio AGU:VL (1:3)
were kept the same. In the first reaction, 20 °C was used for the transesterification, yielding
degrees of substitution equal to zero—no transesterification at room temperature was
possible. Further reactions were carried out at 60 °C, revealing that an elevation of the
temperature leads to successful transesterification of cellulose with a DS = 0.6. The increase
in the DS can be explained by the higher flexibility of the cellulose chain, and easier removal
of acetaldehyde as a by-product of the reaction. The last reaction was conducted at 80 °C,
giving cellulose laurate with a DS = 1.2. A similar effect of temperature was detected for
cellulose palmitates. However, at 80 °C and higher temperatures, the reactive solutions
turned dark brown, indicating the hydrolysis process of IL and/or cellulose esters. SEC
data (see Table 2) showed that compared to the unmodified MCC, the molecular weights
M, of the acylated samples increased with increasing DS. However, samples undergo
degradation, both with prolonged reaction times and at high reaction temperatures >80 °C.
The MM of CL-7 obtained at 80 °C is smaller than that of CL-3 synthesized at 60 °C. The
same is true for samples prepared at 3 h of reaction and different temperatures; MM of CL-
11 is approximately 1.7 times smaller than that of CL-10 (see Table 2). Right away, we have
no suitable explanation for this chain degradation. Somewhat analogically to [DBNH][OAc]
ionic liquid [49], it can be suggested that degradation of the cellulose backbone starts with
the generation of acetic acid, which initially was entrapped by the excess of mTBN.

Therefore, for the transesterification process in [NTBNH][OAC] temperatures of re-
action lower than 80 °C should be employed. The optimum conditions were chosen as
70 °C and 3 h, which give the highest DS without degradation. However, it should be
stressed here that in our case the degradation of cellulose esters is not a big issue. Taking
into account very high molar masses of final products, some decrease in MM of cellulose
esters can even be an advantage for processing and thermoplastic properties of products.

The chosen optimum reaction conditions were applied to the synthesis of longer (than
laurate) FACEs, namely cellulose myristate (CM), cellulose palmitate (CP), and cellulose
stearate (CS). The parameters of synthesis are listed in Table 3. Structure analysis of
all samples using NMR and FTIR after acylation discovered the attachment of the alkyl
chains onto cellulose. 'H /13C NMR spectra of CM, CP, and CS samples are presented in
Supporting Information.
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Table 3. Tunable synthesis of different cellulose esters produced by transesterification reaction of
cellulose with vinyl esters (VE) in 1:1 IL:DMSO solvent system.

Reaction Conditions
Sample DS My, kDa PDI
Time, h Temperature, °C AGU:VE

CL-10 3 70 1:3 1.55 532.7 1.14
CM 3 70 1:3 1.31 393.6 1.74
CP-1 3 70 1:3 1.08 370.2 1.50
CP-2 3 70 1:5 1.30 404.3 1.55
CP-3 3 80 1:3 1.80 222.1 1.77
CS-1 3 70 1:3 0.67 insoluble
CS-2 3 70 1:6 1.40 471.2 141

To confirm further the assignment of the signals of cellulose esters, the HSQC spectrum
was collected. The example of 'H-13C HSQC for cellulose palmitate is presented in Figure 2,
where the cellulose region (Figure 2a) and aliphatic side chain region (Figure 2b) are shown.
As can be seen, in the aliphatic side chain region, the correlation of C-21/H-21, C-20/H-
20, C-22/H-22, and C-10-19/H-10-19 were located at dH/dC at 1.29/22.54, 1.27/31.76,
0.89/13.90 and 1.26/29.46, respectively. In the cellulose region, the strong correlations were
distinguished at 6H/6C 5.14/72.17, 4.82/71.93, 4.42/101.59, 4.19/62.34, 3.52/73.06, and
3.36/82.31 for C-3/H-3, C-2/H-2, C-1/H-1, C-6/H-6, C-5/H-5, and C-4/H-4, respectively.
The two decentralized signals of C-8/H-8 and C-9/H-9 are represented by 6H/5C at
2.32/33.80 and 1.59/24.78, respectively.
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Figure 2. Cellulose (a) and aliphatic side chain (b) region of HSQC spectrum of cellulose palmitate,
CP-3, in Chloroform-d (500 MHz, 25 °C).

Figure 2 reveals that under optimized reaction conditions, complete acylation of C6-O
is achieved as only a single resonance of the corresponding group in *C. Additionally, the
intensity of the characteristic cross-peak of C2-OAcyl (4.8-4.9/72 ppm) is greater than that
of C3-OAcyl (5.1/72 ppm), thus indicating a preferential acylation.

An estimation of acylation efficiency at different positions in the CP was performed by
comparing respective signal integrals from HSQC spectra. Integration of the corresponding
signals in the HSQC spectra showed that a total degree of substitution (DS = 1.80, see
Table 3) has, within a reasonable error margin, ratios of 1.00: 0.47: 0.33 for C7-O6: C7-O2:
C7-O3 positions, respectively. Consequently, similarly to CL, the substitution order of the
OH group in CP is C7-06 > C7-02 > C7-O3.
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Cellulose backbone

cellulose backbone

The 'H-'H COSY spectra, presented in Figure 3, revealed the correlation of proton-
proton signals. Figure 3b indicates the coupling between hydrogens of the aliphatic side
chain region. Cross peaks at frequencies 1.26/0.87 and 0.87/1.29 show coupling between
CH3/22 and CH,/10-19. Cross peaks at frequencies 1.57/1.32 and 1.27/1.60 show coupling
between the peaks CH,/10-19 and CH, /9. Similarly, cross peaks at frequencies 2.31/1.60
and 1.62/2.31 show the coupling between CH, /9 and CH, /8.
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Figure 3. Cellulose (a) and aliphatic side chain (b) region of the COSY spectrum of Cellulose palmitate,
CP-3, in Chloroform-d (500 MHz, 25 °C).

In the AGU region (Figure 3a), the spectrum is more crowded, as many correlations
for various combinations of non/acylated components are present. Thus, two correlations
of the glycosidic H-1 and acylated H-2 are visible at 4.4/4.8 and 4.4/4.9 ppm, depending
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on the substituent at O-3. The correlations of the H-2 with acylated and unsubstituted H-3
are observed at 4.9/5.1 and 4.8/3.6 ppm, respectively. Correlations of H-3 and H-4 are at
5.1/3.8 and 3.6/3.7 ppm, those of H-4 and H-5 are observed at ~3.7/3.4, and those of H-5
and acylated H6 and H6' are at 3.4/4.3 and 3.4/4.0 ppm, respectively.

Heteronuclear multibond correlation spectroscopy (HMBC) was also conducted to
analyze the hydroxy (-OH) substitution at the cellulose backbone. The HMBC spectrum
(see Supporting information, Figure S8) showed the correlations between the acyl carbon
(C-7) signal at 170.95 ppm and H-3 proton signal at 4.84 ppm and H-2 proton signal at
4.77 ppm, additionally proving the esterification of positions C7-O3 and C7-O2, respectively.
Unfortunately, the correlation between C-7 and H-6 protons of AGU was not detected.
However, according to the literature, this correlation peak is much weaker and usually not
detected by HMBC for cellulose esters [51].

As can be seen in Table 3, transesterification of cellulose in [MTBNH][OAC] with
longer vinyl esters was successfully conducted and a DS up to 1.8 has been achieved. A
similar DS was obtained by T. Kakko et al. [49], but for cellulose acetate and propionate in
another distillable IL, namely [DBNH][OAc]. For long-chain CEs, it was possible to obtain
similar values of DS but in DMAc/LiCl [52], which is an undesirable solvent for a future
greener life.

By comparing the DS for the different cellulose esters, it can be said that under the
same reaction conditions, the DS and, as a consequence, M, of the cellulose esters decrease
with increasing fatty acid chain length. Such a result is expected due to the higher steric
hindrance of long ester chains and it has been demonstrated in the literature [12]. Cellulose
laurate, myristate, and palmitate show DS > 1, which makes them soluble in many organic
solvents. However, cellulose stearate CS-1 shows approximately twice the lower values of
DS and as a result, CS-1 is insoluble in any tested solvents.

DS is the most important property determining the thermoplastic behavior of CEs, and,
as it was explained before, the DS value should be close to or above 1.5 to expect similar
processing behavior as commodity polymers have. For cellulose laurate and myristate, it
was possible to obtain a DS > 1.3; however, for cellulose palmitate and stearate the reaction
conditions should be modified to achieve a higher DS. DS can further be increased by
increasing the temperature of the reaction. Indeed, for cellulose palmitate CP-3 prepared at
80 °C, the DS has been improved up to 1.8. However, instead of an expected increase in My,
CP-3 demonstrates a drop in molecular weight, which can be attributed to the cleavage of
the cellulose backbone.

Degradation of cellulose backbone during transesterification reaction at temperatures
>80 °C can be revealed also by measuring intrinsic viscosity [n]. As it is well known, the
intrinsic viscosity of the polymer directly depends on its molar mass; the higher the [n]
the higher the MM. The intrinsic viscosity of CP-1 in pyridine at 20 °C was 2.5 dL/g, CP-2
has an intrinsic viscosity of 2.8 dL/g, whereas CP-3 has [n] = 1.1 dL/g, which is more than
two times lower and confirms the cellulose degradation.

It is well known by Le Chatelier’s Principle that an excess of one reactant will drive
the reaction to the right, increasing the production of ester, and finally increasing the
yield of ester. Therefore, in subsequent steps for preparation of CP and CS of higher DS
without degradation, the reactions were carried out using excess vinyl esters, namely molar
ratios AGU:VE = 1:5 and 1:6 were employed. As can be seen in Table 3, the degree of
substitution of CS (CS-2) was improved more than two times, and DS = 1.4 was achieved
when 6 eq/AGU were taken. For CP the DS = 1.30 was already obtained at 5 eq/AGU.
Further, an increase in the ratio of the vinyl esters probably will allow for achieving a higher
DS, but an unreacted vinyl ester and its by-product stay in a supernatant phase and make
purification of end-product and IL recycling difficult.

Generally, the cellulose esters with DS varying from 0.6 (and probably lower) up to
2.0, depending on the reaction parameters and the vinyl ester used, can be produced. It
should be noted that the reaction conditions used in the current work are much milder
than those which are used usually in transesterification reactions in other ILs, where higher
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temperature, longer reaction time, and the presence of a catalyst are required to achieve an
appropriate DS [4,15]. The developed method demonstrates the first successful homoge-
neous, catalyst-free transesterification reaction on cellulose in [nTBNH][OAC]. Moreover,
[MTBNH][OAC]+DMSO mixtures can be recycled via precipitation of by-products with
volatile solvents and consequent removal of solvents and used again for the reaction.

Ionic Liquid Recycling

The usage of ionic liquid for cellulose dissolution is beneficial regarding green chem-
istry concepts, but also, ILs could be regenerated and recycled to make it applicable
under circular economy requirements. In the current study, the first trial to recover
[MTBNH][OAC]+DMSO for further transesterification has been conducted. This is the first
experimental attempt to recycle [nTBNH][OAC] after a transesterification reaction.

For the regeneration of [NMTBNH][OAC]+DMSO binary solvent from the waste solu-
tion, the following procedure was established:

1. Evaporation of water and ethanol through thin film or rotary distillation-waste
pre-concentrate.

2. Waste pre-concentrate mixed with acetone in a 1:8 ratio-hydrophilic by-products

precipitate.

Filtration of mixture and evaporation of acetone-waste concentrate obtained.

4. Waste concentrate mixed with distilled water in 1:10-hydrophobic by-products
precipitate.

5. Filtration of mixture and evaporation of acetone-regenerated IL:DMSQO binary solvent
(recyclate) obtained.

@

FTIR and solubility tests were used to analyze precipitated by-product: hydrophobic
precipitant is insoluble in water and common polar solvents (alcohols) and has a strong
methylene group absorption peak in the FTIR spectrum; hydrophilic precipitant is insoluble
in acetone and common non-polar solvents (toluene, hexane), showing strong absorption
in the hydroxyl group band.

The regenerated binary solvent has been used for the dissolution of cellulose with
subsequent transesterification with vinyl laurate. Cellulose was successfully dissolved
and its viscosity was identical to that of cellulose in fresh [n"\TBNH][OAC]:DMSO mix.
Next, transesterification has been conducted under reaction conditions similar to CL-3. It
was confirmed by NMR that the obtained product is CL with DS = 0.58, which is close to
the value of DS = 0.6 obtained for CL-3. This trial confirms the efficiency of regenerated
[MTBNH][OAC] usage for transesterification.

3.2. Physical Properties of Cellulose Esters
3.2.1. DSC

All studied cellulose esters show similar thermal behavior in general. DSC curves for
CL-10, CM, CP-3, and CS-2 in the range 1 < DS < 2 are shown in Figure 4.

As could be seen in the plot, only CS-2 shows a strong peak at 53 °C, which corresponds
to the melting of fatty acid chain crystals. All samples have glass transitions in the range
170-177 °C, which is comparable to the values reported in the literature [50].

The best DSC curves were obtained for the cellulose palmitate series (see Figure 5),
where DS varied from 1 to 1.8. The specimen with DS ~ 1 represents only fatty acid melting
at 96 °C; the specimen with DS = 1.30 shows transient behavior; melting of ester chains at
108 °C coexists with a glass transition of cellulose ester chain above 160 °C. The sample
with high DS = 1.80 shows a well-distinguishable glass transition temperature at 170 °C.
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Figure 4. DSC curves for cellulose derivatives with DS in the range of 1.3 to 1.8.
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Figure 5. DSC curves for cellulose palmitate with different DS.

This kind of behavior evidences a significant change in the chain structure of cellulose
esters with an increase of DS; at low DS, probably transesterification is not uniform, and
the material contains a highly substituted phase and regenerated cellulose phase. The
ester-rich crystalline phase has a melting point of around 100 °C. The melting peak is very
broad, which could be evidence of strong variation in these crystalline phase structures.

An increase in DS leads to uniform ester chain distribution along the cellulose back-
bone. An amorphous phase on esterified cellulose is formed and can be observed when
glass transitions near 180 °C at the DSC curve. In addition, films made of low substituted
cellulose esters shrink significantly upon heating above 150 °C, which makes DSC curves
noisy. Strong variation in crystalline and amorphous phase structure hinders the obser-
vation of phase transitions. Unfortunately, it was not possible to trace phase transitions
regarding DS for all types of materials, only for cellulose palmitate.
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3.2.2. Rheology

To understand the thermoplastic properties of materials, the melt flow behavior
was examined. The behavior of melt flow at low strains has a direct correlation to the
macromolecular structure, molecular mass, and mass distribution of the polymer. The
strain dependence of storage and loss moduli is used to evaluate thermoplastic material
processability and future performance.

The dependences of storage modulus G and damping factor tand on strain are de-
picted in Figure 6. As can be seen in the plots, the damping factor for highly substituted
material is below one in the whole measured range, while materials with DS < 1.3 pass a
crossover point from the rubbery region (where elastic deformations of the material domi-
nate) at low strains to the transition region (where plastic deformations become dominant)
at higher strains. The storage modulus for low-substituted CP materials drops significantly
at low strains, and for the high-substituted one G drops above 10%. The cellulose back-
bone plays the main role in the viscoelastic properties of the studied materials. One could
conclude that in low DS materials, flexible fatty acid branches form a separate phase with a
low melting point, and this phase works as an internal plasticizer for cellulose esters. For
comparison, commercially available injection-molding grade plasticized cellulose acetate
by Mazzucchelli was studied. As can be seen, the shape of curves for low DS materials
is similar to those for Mazzucchelli PCA, which strengthens the hypothesis of internal
plasticizing by fatty acid branches.
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Figure 6. Storage modulus (left) and damping factor (right) dependence on strain amplitude for
cellulose palmitate with different degrees of substitution.

The material with high DS appears as a homogeneous amorphous phase where fatty
acid chains are evenly distributed over the cellulose backbone. The plasticizing effect of
branches became less pronounced, and the material underwent only elastic deformations
in all studied strain ranges.

To summarize the strain-dependent flow, the elastic deformations of the cellulose
backbone, a fluctuation of physical crosslinking points, or junctions, are dominating at
low strains, while the entanglement density remains constant. Fatty acid chains bonded
to cellulose macromolecules are involved in the local orientation motion. A higher strain
induces the inelastic motion of chains which increases the orientation of macromolecules
and leads to energy dissipation due to friction. Friction significantly increases the damping
factor for low-substituted materials. High-substituted materials are prone to decreasing the
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100000
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entanglement density only (junction points move away from each other) in the analogy
with extended interconnected springs.

The viscoelastic properties of thermoplastics strongly depend on deformation (dy-
namic oscillations) frequency. In the frequency range between 0.1 and 100 s71, studied
samples of CP curves represent a rubbery plateau (see Figure 7 left), where storage prevails
over loss modulus. The crossover point from the rubbery plateau to the transition region
for material with the lowest DS is marked with the red arrow on the plot. At the same
time conventional thermoplastic materials, like LDPE and plasticized cellulose acetate (see
Figure 7 right), in this frequency range have crossover from transition region to glassy
region (crossover point labeled with red arrows). As could be seen, flexible chains of
LDPE and externally plasticized rigid chains of cellulose acetate at high frequencies show
perfect elastic behavior and turn viscoelastic upon frequency decrease (transition zone).
Cellulose palmitates in the whole frequency range show rubbery behavior due to the strong
entanglement of macromolecules, which is similar to cross-linked materials. It is worth
noting that CP with DS = 1.08 has crossover from rubbery to transition zone at a relatively
high frequency—around 10 s 1; these short-range motions could be attributed to plastic
deformations of fatty ester branches.
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Figure 7. Storage modulus G’ (O) and loss modulus G” (A) dependence on angular frequency for
cellulose palmitate with different degrees of substitution.

One could conclude that the melt flow of CP materials is stipulated by a rigid backbone
of the cellulose chain that creates many junctions. Furthermore, material could contain solid
phases of regenerated cellulose. In addition, the structural mobility could be attributed
to the ester chain phase, which works as a self-lubricant for CP macromolecules in the
melt. From the applied point of view, rubbery behavior makes the processing of thermo-
plastic material complicated. Therefore, to bring cellulose ester materials into the lower
storage modulus, according to the time-temperature superposition theory, longer times for
deformation, or equivalent higher temperatures, should be used. Time-temperature super-
position is valid for linear homopolymers, but it highlights the approaches for materials
development. A higher degree of substitution and shorter macromolecular chains should
decrease entanglement density. In addition, an increase of free space within the material
could cause it to soften, which could be achieved by the addition of plasticizers.

Dynamic viscosities vs. shear rate dependencies are shown in Figure 8. All samples
show non-Newtonian behavior in the whole range of shear rates—no linear viscosity range
could be observed. We assume that the combination of a rigid cellulose backbone with
flexible fatty acid branches creates dynamic structures in the melt that are very sensitive to
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applied shear. The rise of the shear elastic response of the backbone, overlapped by plastic
deformation of branches, leads to a continuous decrease in viscosity. Externally plasticized
cellulose acetate (Mazzucchelli PCA) shows a very similar flow curve.
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Figure 8. Dynamic viscosity dependence on shear rate for cellulose palmitate with different degrees
of substitution.

To summarize the rheological properties of the materials, we could conclude that
two phases are present in the material formed by rigid cellulose backbone and flexible
ester chains. Low-substituted material contains two distinguishable phases (probably
regenerated cellulose and blocks of fatty acid chains), and high-substituted material consists
of a single phase (uniformly substituted cellulose). A significant increase in relaxation
times upon an increase in the degree of substitution could be caused by flexible ester chain
phase elimination.

4. Conclusions

The present study presents an optimized FACE production method by cellulose trans-
esterification in a novel ionic liquid, [NTBNH][OAC]. One of the important contributions of
the current study is a proposed eco-friendly, catalyst-free procedure, which is a prospective
alternative to commercial esterification. IL can be recycled and reused, no harmful catalyst
is required, and reactants are consumed in a better stoichiometric balance. The use of a
co-solvent was found to be efficient in decreasing the amount of expensive IL.

The reported approach allows the production of FACEs with selectively tuned DS from
0 up to 1.8 by controlling the following reaction conditions: the IL:DMSO ratio, temperature,
and time. Moreover, the reported path allows solubility and thermoplastic properties of
the end-product tuning by DS control.

It was found that DS can be increased by increasing time, temperature, and molar
ratio. However, the temperature of the reaction should not exceed 80 °C and the time of
reaction should be less than 5 h to avoid degradation processes. It was proved that the OH
group in cellulose AGU is substituted in the order of C7-O6 > C7-O2 > C7-O3.

A second important contribution of the work is that it provides a novel, previously
unreported correlation between the melt flow behavior, structure, and the degree of sub-
stitution of FACEs. At low DS, FACEs have a two-phase structure that consists of fatty
ester crystalline blocks and regenerated cellulose. This type of material has a semi-solid
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structure and shows thermoplasticity due to the internal plasticization and self-lubricating
effect of ester chains.

At high DS, CEs form a single amorphous phase that consists of uniformly esterified
cellulose macromolecules. Furthermore, high-substituted materials show strong elastic
response due to high junction-point density, which makes material melt flow behavior
elastomer-like.

The synthesized FACEs are promising for packaging applications and could be used
to substitute commercially available cellulose acetate plasticized with diethyl phthalate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15193979 /51, Figure S1: Temperature dependence of viscosity
of cellulose solution in IL+DMSO binary solvent at various IL:DMSO ratios. The concentration of all
solutions is 2 wt%.; Figure S2: FTIR spectra of MCC and cellulose laurates obtained in IL+DMSO
mixture of various ratios; Figure S3: (a) 1H NMR spectrum of Cellulose Laurate CL-3 in Pyridine-d5
(500 MHz, 25 °C); (b) Full 13C NMR spectrum of Cellulose Laurate CL-3 in Pyridine-d5 (125 MHz,
80 °C); Figure S4: (a) 1H NMR spectrum of Cellulose Myristate in Pyridine-d5 (500 MHz, 80 °C);
(b) 13C NMR spectrum of Cellulose Myristate in Pyridine-d5 (125 MHz, 80 °C); Figure S5: (a) 1H
NMR spectrum of Cellulose Palmitate CP-3 in Chloroform-d (500 MHz, 25 °C); (b) 13C NMR spectrum
of Cellulose Palmitate CP-3 in Chloroform-d (125 MHz, 40 °C); Figure S6: (a) 1H NMR spectrum
of Cellulose Stearate CS-2 in Chloroform-d (500 MHz, 40 °C); (b) 13C NMR spectrum of Cellulose
Stearate CS-2 in Chloroform-d (125 MHz, 40 °C); Figure S7: Molar mass distribution of cellulose esters;
Figure S8: HMBC spectrum of Cellulose Palmitate (CP-3) in Chloroform-d (800 MHz Cryoprobe,
256 scans, 128 increments, 16 h acquisition time, 323 K).
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ARTICLE INFO ABSTRACT

Keywords: Cellulose palmitates (CPs) were synthesized with varying degrees of substitution (DS) via a catalyst-free, ho-
Cellulose palmitates mogeneous transesterification of cellulose in a novel superbase ionic liquid (SB-IL) system, specifically 5-methyl-
[mTBNH][OAc] 1,5,7-triaza-bicyclo[4.3.0]non-6-enium acetate [MTBNH][OAc], combined with dimethyl sulfoxide (DMSO) as a
Co-solvent . . . . . . .

NMR co-solvent, using vinyl palmitate as the acylating agent. We examined the influence of reaction temperature,
FTIR reaction time, and the molar ratio of vinyl palmitate to anhydroglucose unit (AGU) on the DS, which ranged from

0.5 to 2.3 under the given conditions. Notably, the reaction order of the three hydroxy groups was C6-OH >
C2-OH > C3-OH. To elucidate the chemical structure of CPs and confirm the transesterification process, various
spectroscopic techniques including 'H nuclear magnetic resonance (NMR), >C NMR, heteronuclear single
quantum correlation (HSQC), and solid-state NMR were employed. Higher reaction temperatures and extended
reaction times led to a decrease in the DS of CPs, potentially due to the degradation of some of the involved
chemicals during the transesterification process. We also investigated the stability of the pure ionic liquid (IL)
and the IL + DMSO solvent system at elevated temperatures by heating them at 100 °C for 5 h, confirming their
chemical integrity through 'H NMR analysis. Additionally, we assessed the compatibility between the solvent
system and cellulose by subjecting a mixture of cellulose and the solvent system to 100 °C for 5 h. To compare the
structures of untreated cellulose and regenerated cellulose, Fourier transform infrared (FT-IR) spectroscopy was
employed. Furthermore, we determined the molar mass of both untreated cellulose and regenerated cellulose, as
well as CPs synthesized at higher reaction temperatures and longer durations, using intrinsic viscosity mea-
surements. Lastly, we examined the solubility properties of CPs.

Intrinsic viscosity

1. Introduction

Cellulose, a prominent renewable resource (RR) with an annual
global production of about 90 gigatons, offers a multifaceted value
proposition [1]. Derived from agricultural or forestry residues, it avoids
competition with food resources and exhibits a spectrum of advanta-
geous attributes, including biodegradability, non-toxicity, biocompati-
bility, robust mechanical strength, heat resistance, and solvent resilience
[2,3]. With three hydroxy groups per anhydroglucose unit (AGU), cel-
lulose readily engages in diverse hydroxy-group reactions, such as
acylation (esterification), etherification, oxidation, silylation, and
polymer grafting. Although cellulose is non-thermoplastic in its natural
state, acylation is widely used to synthesize various cellulose-based

* Corresponding author.
E-mail address: nutan.savale@taltech.ee (N. Savale).

https://doi.org/10.1016/j.carres.2024.109047

functional materials with thermoplastic properties. Prominent thermo-
plastic cellulose derivatives like cellulose acetate, cellulose acetate
butyrate, and cellulose acetate propionate find extensive utility in
plastics, films, fibres, membranes, and coatings [4].

The synthesis of cellulose esters primarily involves acylation con-
ducted in either heterogeneous or homogeneous systems. Homogeneous
solutions are preferred for their superior ability to regulate the degree of
substitution (DS), resulting in a more consistent product pattern [5].
Nevertheless, the dissolution of cellulose in water or commonly used
organic solvents poses a formidable challenge, due to the robust inter-
and intra-molecular hydrogen bonding. In recent decades, extensive
efforts have been dedicated to pioneering novel cellulose solvent sys-
tems, such as dimethyl sulfoxide/tetrabutylammonium fluoride
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(DMSO/TBAF) [6], N.N-dimethylacetamide/lithium chloride (DMA-
C/LiCD) [7], N-methylmorpholine (NMMO) [8], and NaOH/urea [9].
Regrettably, these solvents are either cost-prohibitive or necessitate
severe operating conditions. Their widespread application not only
raises environmental concerns but also jeopardizes economic feasibility.

Tonic Liquids (ILs), eco-friendly cellulose solvents, have emerged
recently and continue to undergo refinement [10]. ILs possess high po-
larity, enabling the disruption of hydrogen bonds among cellulose
macromolecules. Furthermore, they exhibit non-volatility, recyclability,
and, for the most part, non-toxicity [the last is under ongoing investi-
gation [1,11]]. The vast array of ILs derives from the numerous
anion-cation combinations [12]. Many ILs efficiently dissolve cellulose,
converting it into thermoplastic materials through acylation [13]. 1-Eth-
yl-3-methyl-imidazolium acetate ([Emim][OAc]) ionic liquid has been a
prominent choice in laboratory research due to its adequate cellulose
solubility and catalytic potential for in situ cellulose transesterification
with vinyl esters [14]. However, faces setbacks due to undesired side
reactions between the acetate anion in the IL and the cellulose backbone
[15]. Furthermore, first-generation imidazolium-based ILs present
complications in terms of recycling, displaying questionable stability
[16,17] and impractical distillation owing to their extremely low vapor
pressure. These challenges impede the removal of side products from the
solvent. Superbase ionic liquids (SB-ILs), notably di- and triazabicyclo
compounds, present a groundbreaking and highly promising class of
solvents for cellulose dissolution. Their standout features include the
ability to dissolve cellulose at high concentrations, low sensitivity to
moisture, minimal toxicity, and recyclability without degradation
[18-24]. During acylation, these ILs partially decompose, releasing
superbases that catalyze the reaction [25,26]. Moreover, they function
as ionic compounds with a low vapor pressure at cellulose acylation
temperatures but can be dissociated into superbases and acids at higher
temperatures, enabling component purification through distillation,
earning the label "distillable ILs" [27]. Noteworthy candidates like
7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-enium  acetate [mTBDH]
[OAc] and 5-methyl-1,5,7-triaza-bicyclo[4.3.0]non-6-enium acetate
[mTBNH][OAc] have recently emerged for cellulose dissolution and
regeneration [28]. In this study, our focus is on [NTBNH][OAc], a newly
developed ionic liquid (IL). Some IL-based solvents use co-solvents to
adjust solubility and viscosity. Dimethyl sulfoxide (DMSO), a common
choice, stands out for its recyclability, sustainable production, and low
toxicity. Co-solvent systems prove more effective for cellulose dissolu-
tion than pure ILs [29], enhancing viscosity reduction, mass transfer
rates, and steric hindrance mitigation [30], and being inexpensive
thereby lowering the overall cost of the synthesis. Thus, we also
employed DMSO as a co-solvent in this investigation.

Sustainability assessment encompasses the origin of acylating
agents, acylation efficiency/control, and the nature of by-products. Acid
anhydrides or chlorides are not only moisture sensitive [31] but utilizing
them as acylating agents generates highly acidic and corrosive
by-products [32] which can diminish the degree of polymerization (DP)
of cellulose and eventually affect DS of the final products adversely.
Thus, the more sustainable preference is the transesterification route,
yielding less harsh by-products like alcohols, aldehydes, and ketones,
readily separable and recyclable to meet sustainability goals.

Investigation of fatty acid cellulose esters (FACEs) within the
aliphatic C8-C18 range, with DS values ranging from 0.56 to 3, has
revealed that FACEs with a DS of 1.5 exhibit thermoplastic character-
istics. FACEs within the DS spectrum of 1.5-3 manifest analogous me-
chanical and thermoplastic characteristics [33,34]. Moreover, it was
determined that the plasticizing effect of aliphatic chains primarily
hinges on DS rather than the length of the fatty chain. Thus, long-chain
FACEs show promise as materials, and ascertaining their DS represents a
pivotal step toward the effective utilization of FACEs as "thermoplastic
materials." Establishing direct correlations between acylation conditions
in specific ILs and the DS of FACEs can further yield insights into their
rheological and thermal properties. It is possible to modulate DS by
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altering parameters like reaction temperature, reaction time, and re-
agent ratios.

This study delves into the meticulous optimization of reaction con-
ditions for the homogeneous transesterification of cellulose with vinyl
palmitate (VP) using the novel distillable ionic liquid, [mMTBNH][OAc],
aiming to produce cellulose palmitates (CPs) with a DS spanning the
range of 0.5-2.3. Our work represents a pioneering experimental
endeavor in utilizing [N TBNH][OAc] as a functionalization medium for
cellulose, yielding CPs across a broad DS spectrum. Previously,
[mMTBNH][OAc] had found application in cellulose regeneration [22]
and served as a solvent for transesterification, primarily with unac-
tivated to moderately activated esters and cyclic esters such as lactones,
generating DS values within the range of 0.07-1.29 [35]. Recently,
[mTBNH][OAc]/DMSO solvent system was successfully utilized for the
synthesis of FACEs (DS = 0.6 to 2.0) via homogeneous trans-
esterification of cellulose [36]. Notably, our current investigation en-
ables the synthesis of CPs in this medium via transesterification without
the need for additional catalysts, operating under mild conditions. An
additional merit of this study lies in the provision of valuable insights,
often lacking in existing literature, regarding the stability of the solvent
system (SB-IL + DMSO) at elevated temperatures and extended dura-
tions, along with insights into the compatibility of the solvent system
with the reactants employed in transesterification. Such information
holds significance for the future utilization of this solvent system,
particularly in the synthesis of cellulose palmitates and other long-chain
FACEs through homogeneous transesterification while considering vital
factors such as cost, availability, and the limited understanding of SB-IL
recycling processes.

2. Experimental section
2.1. Materials

Fibrous cellulose with a fiber length of 0.02 mm was purchased from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany). The superbase-based
ionic liquid (SB-IL), 5-methyl-1,5,7 triaza-bicyclo- [4.3.0] non-6-
enium acetate [MTBNH][OAc] was not commercially available and
was synthesized at the University of Helsinki by a stoichiometric mixture
(1:1) of acetic acid and mTBNH at room temperature with purity >97%
[28,37] and supplied by Liuotin Group Oy (Porvoo, Finland). Dimethyl
sulfoxide (DMSO) and pyridine with purity >99% were purchased from
Fisher Chemical (Pittsburgh, PA, USA). Vinyl palmitate (VP) with a
purity of >98% was purchased from Tokyo Chemical Industry Co., Ltd
(Tokyo, Japan). Pyridine-d5 (purity = 99.5 atom % D. contains 0.03 v/v
% TMS) and chloroform-d (purity = 99.8 atom % D. contains 1 v/v%
TMS) for NMR were purchased from Acros Organics (Geel, Belgium). All
other chemicals and solvents were used without further purification:
chloroform >99.8% (Honeywell/Riedel-de Haén, Muskegon, MI, USA);
N,N-Dimethylformamide (DMF) 99.8% (Sigma Aldrich, St. Louis, MO,
USA); tetrahydrofuran (THF) >99.9% (Sigma Aldrich, St. Louis, MO,
USA).

2.2. Cellulose dissolution in the solvent system

The cellulose was dried at 105°C for 12 h under vacuum. IL and
DMSO were stored under the nitrogen atmosphere before use. 0.4 g of
cellulose was suspended in the 1:1 mixture of 10.0 g of IL and 10.0 g of
DMSO (the volume of the total solvent system is 20.0 g) in a 100 ml
conical flask equipped with a magnetic stirrer. The addition of reagents
was conducted under a nitrogen atmosphere. The entire assembly was
set up in an oil bath. The dissolution of cellulose was carried out at 60°C
for 6-8 h with constant stirring until the clear, transparent solution was
obtained.
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2.3. Experimental procedure: Synthesis of cellulose palmitate derivatives
via homogeneous transesterification

The transesterification of cellulose with vinyl palmitate was carried
out in a novel [MTBNH][OAc]/DMSO binary solvent system without
employing an external catalyst. Following the complete dissolution of
cellulose in the solvent system, the esterification agent, vinyl palmitate
was cautiously added to the cellulose solution (3-12 eq./anhy-
droglucose unit, AGU) at the preferred reaction temperature (60-120°C)
and duration (1-5 h) under nitrogen atmosphere.

After completing the reaction, the mixture was added to 250 mL of
warm distilled water and filtered under vacuum. The solid product un-
derwent thorough washing with ethanol, acetone, and n-hexane to
eliminate the residual solvent system and impurities. Subsequently, the
product was dried at 70 °C for 12 h, milled into a fine powder, and
subjected to a second wash with ethanol, acetone, and n-hexane. The
product was then dried again, first at 80 °C for 4-5 h and subsequently at
100 °C for 1 h. Upon cooling to room temperature, the product yield was
determined as an average of three experiments. The resulting solid
products were off-white to light brown in color and stored under a ni-
trogen atmosphere for further characterization.

2.4. Chemical characterization of cellulose palmitate derivatives by
nuclear magnetic resonance (NMR) spectroscopy

The cellulose palmitate derivatives were subjected to NMR analysis,
including H NMR, 3¢ NMR, and HSQC NMR, using an Agilent Tech-
nologies DD2 500 MHz spectrometer equipped with 5 mm broadband
inverse ("H, HC-HSQC) or broadband observe *c spectra) probes. A 15-
min temperature equilibration delay was allowed between sample
insertion and NMR acquisition at 40 °C (CPs in chloroform-d) and 80 °C
(CPs in pyridine-ds) sample temperature. In the case of 'H spectra, 64
scans were conducted with a 25-s relaxation delay, while for '3C spectra,
20000-45000 scans were performed with a 2.5-s recycle delay to ach-
ieve the desired signal-to-noise ratio. NMR samples were prepared by
dissolving 15-20 mg of the sample in 0.7 ml of deuterated NMR solvent
and heating the mixture for 30 min at 40-45 °C until a clear solution was
obtained in a small pre-dried glass bottle. The glass bottle containing the
mixture was carefully sealed with parafilm. Ultrasonic treatment was
applied to the samples to obtain a transparent solution. Dual or triple DS
measurements were conducted for each sample, and the average DS
value was calculated. It was noted that the DS obtained from two (or
three) measurements exhibited a deviation of 4-0.1. Tetramethylsilane
(TMS) was used as an internal standard for the NMR experiments.

In the case of long-chain cellulose esters, the liquids '>C NMR suf-
fered from poor intensity and resolution of AGU peaks. The °C MAS
experiment can produce high-resolution spectra. Therefore, >C MAS
NMR spectra were recorded on Bruker AVANCE-II spectrometer at 14.1
T magnetic field (150.9 MHz) using a home-built MAS probe for 25 x 4
mm Si3N4 rotors. In all experiments, the sample spinning was 12.5 kHz.
The spectrum was recorded in parameters: 4000 scans, 30 s relaxation
delay.

2.5. Determination of DS of cellulose palmitates

The degree of substitution, DS, is the number of substituted hydroxy
groups of AGU with palmitate molecules. The DS of cellulose palmitate
was determined from the 'H NMR spectrum by assessing the intensity of
the relevant resonances, following the procedure described in Ref. [38]:

10 X Iey, + 3
= Eq. 1
Lygu + ey, +3 B
where Icp, is the integral of terminal methyl protons of the aliphatic
fatty acid chain region and I,y is the integral of all protons of anhy-

droglucose unit (AGU).
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2.6. Interaction between solvent system and reactants

0.4 g of pre-dried cellulose (at 100 °C for 12 h) dissolved in 20.0 g of
a solvent mixture (1:1 of IL:DMSO) at 60 °C for 8 h, followed by heating
at 100 °C for 5 h, all under a nitrogen atmosphere. Afterward, cellulose
was recovered by pouring the hot mixture into warm distilled water,
followed by multiple washes with ethanol, acetone, and n-hexane. The
regenerated cellulose was dried at 70 °C for 5 h, milled into a fine
powder, and then further dried at 100 °C for 8 h before cooling and
storage under nitrogen.

Fourier transform infrared (FT-IR) spectra of both pure and regen-
erated cellulose were obtained using an Interspec 200-X spectrometer
with the Quest ATR accessory from Specac (Orpington, UK), spanning
the range of 500-4000 cm ! with a 4 cm ™! resolution. Before the FTIR
analysis, all samples were vacuum-dried overnight at 80 °C to eliminate
moisture.

Nine samples (S1-S9) were prepared by combining a solvent system
(2.0 g) and VP (0.5 g) under a nitrogen atmosphere. To examine tem-
perature influence, five were heated from 60 °C to 100 °C by a margin of
10 °C for a consistent duration of 2 h. Simultaneously, the remaining
four were heated at 70 °C for varying durations from 1 to 5 h by a margin
of 1 h. The physical appearance of each sample was scrutinized for po-
tential degradation indicators, such as discoloration.

2.7. Intrinsic viscosity measurements

The molecular weight (MW) of untreated cellulose and regenerated
cellulose was determined at 25 °C from the intrinsic viscosity [n] of
cellulose solution in cupriethylenediamine hydroxide solution, Cuene,
according to a standard procedure ASTM D1795—13.

The MW was then calculated by the Mark-Kuhn-Houwink-Sakurada
equation:

[1] =K x Mw* Eq. 2
where K = 1.01 x 10-4 dL/g and a = 0.9 [39]. The degree of poly-
merization (DP) of the cellulose polymer can be calculated by dividing
the molecular weight of the cellulose by the molecular weight of the
cellulose monomer (162 g/mol).

Degradation of cellulose backbone during transesterification reac-
tion at temperatures >80 °C and times >2 h can be revealed by
measuring the intrinsic viscosity of the CPs. Unfortunately, constants K
and a are not available anywhere in the literature for fatty acid cellulose
derivatives with side chains longer than acetyl. However, the changes in
MW can be still recorded through the variation of the intrinsic viscosity
of cellulose ester solutions that depends on their MW. Therefore, cellu-
lose palmitate samples synthesized at different reaction temperatures
and times, namely CP-3, CP-4, CP-5, CP-11, and CP-12 (see Table 1),
were chosen to investigate the effect of reaction temperature and time
on polymer degradation (decreasing of MM) and their intrinsic viscos-
ities were calculated by using pyridine as solvent at 25 °C.

The intrinsic viscosity can be calculated as follows (Equation (3)) -

—lim ™
[n] = lim-= Eq. 3
where
Np=n, —1="1—1 Eq. 4

Mo

Nr M, and ng are the relative viscosity and viscosities of the solution
and solvent respectively. C is the concentration of the CPs in pyridine.
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3. Results and discussion
3.1. Synthesis of cellulose palmitate derivatives

Scheme 1 shows the chemical pathway of the transesterification of
cellulose in the presence of vinyl palmitate without the addition of any
external catalyst. The by-product, alcohol, or aldehyde, being volatile
can be easily removed from the reaction system at elevated tempera-
tures. In this work, cellulose palmitate derivatives (3) were synthesized
by catalyst-free sustainable homogeneous transesterification of cellulose
(1) with vinyl palmitate (2) in the presence of an ionic liquid/co-solvent-
based system. [nTBNH][OAc] is a novel, distillable ionic liquid having
high efficiency towards cellulose dissolution. DMSO was used as a co-
solvent.

All synthesized CPs are soluble in several organic solvents like
chloroform, pyridine, DMSO, DMAc, DMF, THF, and toluene which fa-
cilitates direct measurements of NMR spectra in the form of solution and
thereby provides a way towards structural analysis and calculation of
DS. Although several solvents were used to determine the solubility of
the CPs, the NMR studies were mainly done with pyridine-ds and
chloroform-d.

Fig. 1 represents the 'H NMR spectrum of CP-5 (DS = 2.28, see
Table 1).

In the 'H NMR spectra of all examined CPs, the proton peaks in the
range of 5.30 to 3.00 ppm correspond to H-1, H-2, H-3, H-4, H-5, H-6,
and H-6" of the anhydroglucose units in cellulose. The signals in the
ranges of 2.393-2.223, 1.695-1.460, and 1.424-1.125 ppm are associ-
ated with the methylene protons at H-8, H-9, and H-10-21, respectively.
The signals at 0.955-0.794 ppm are assigned to the terminal methyl
protons at H-22.

In the '*C NMR spectrum of CP (Fig. 2), we observe signals at 34.08,
31.96, 24.90, 22.71, and 14.09 ppm, which correspond to the carbons of
C-8, C-20, C-9, C-21, and C-22 in the aliphatic side chain respectively.
The carbons within the range of C(10-19) exhibit signals ranging from
30.85 to 28.77 ppm. For the AGU carbons, C-1, C-1', C-4, C-2,3,5, and C-
6, we observe signals at 104.29, 101.58, 82.20, 74.68-72.24, and 62.52
ppm, respectively. The signals spanning from 173.09 to 170.16 ppm are
associated with the carbonyl carbon at C-7, providing direct confirma-
tion of the successful attachment of the long-chain fatty acid chain to the
cellulose backbone. The presence of three peaks for the carbonyl group
suggests that OH groups at positions 2, 3, and 6 were substituted with
palmitates [40]. It’s important to note that not all OH groups in one AGU
are substituted, but this indicates that any of these three positions can be
acylated. As given in reference [41], by integrating the carbonyl carbons
(C7-02, C7-03, and C7-06), we can infer that the order of OH group
substitution is C6-OH > C2-OH > C3-OH.

The small signals at approximately 2.00 ppm in 'H NMR and 20.00
ppm in '3C NMR represent the acetyl group from by-product cellulose
acetate which might have formed during the transesterification process.
The by-product cellulose acetate may have formed through three po-
tential pathways: 1) the generation of acid anhydride via the reaction
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between the acetate ion of the IL and vinyl palmitate, succeeded by a
reaction with cellulose; 2) the formation of cellulose palmitate, followed
by a subsequent nucleophilic displacement reaction with the acetate ion
of the IL; 3) a combination of both mechanisms. The authors recommend
conducting additional in-depth kinetic experiments, followed by spec-
troscopic analysis, before making definitive conclusions about the
acetylation side reaction. Similar observations were reported by Kohler
et al. in their investigation involving the interaction of cellulose with p-
Toluenesulfonyl Chloride in the presence of carboxylate IL, [Emim]
[OAc] [14].

In addition to conducting 'H and '3C NMR investigations, a
comprehensive structural analysis of CP-5 was pursued through the
application of solid-state NMR spectroscopy and with the advanced two-
dimensional Heteronuclear Single Quantum Coherence (HSQC) experi-
ment. In the '3C MAS NMR spectrum of CP-5 (full spectrum is available
in supporting information, Fig. S2), the signals at 34.10, 32.60, 25.30,
23.30, and 14.50 ppm are assigned to carbons of C-8, C-20, C-9, C-21,
and C-22 of the aliphatic side chain, respectively. The carbons at C
(10-19) give signals at 30.50 ppm. The AGU carbons C-1, C-4, C-2,3,5,
and C-6 give signals at 102.00, 84.00, 73.00 and 64.00 ppm, respec-
tively. The signal at 173.00 ppm corresponds to the carbonyl carbon at
C-7.

To confirm further the assignment of the signals of CP, the 'H-'3C
HSQC spectrum was studied (Refer to supporting information, Fig. 3a
and b), where the aliphatic side chain region (Fig. 3a) and cellulose
region (Fig. 3b) are shown. In the aliphatic side chain region, notable
correlations were observed for C-21/H-21, C-20/H-20, C-22/H-22, and
C-10-19/H-10-19, with &y/5¢ values of 1.26/22.55, 1.25/31.80, 0.84/
13.86, and 1.28/29.52, respectively. Within the cellulose region, strong
correlations were evident at éy/dc 5.61/75.23, 5.35/73.77, 4.93/
102.51, 4.58/63.90, 3.97/72.57, and 3.86/82.44, corresponding to C-3/
H-3, C-2/H-2, C-1/H-1, C-6/H-6, C-5/H-5, and C-4/H-4, respectively.
The decentralized signals for C-8/H-8 and C-9/H-9 were represented by
Su/8¢c values of 2.32/33.91 and 1.59/24.95, respectively. The dp/d¢
signals observed at 2.09/19.98 further confirm the formation of by-
product cellulose acetate.

In Fig. 3b, it’s evident that with the reaction conditions optimized,
full acylation of C6-O has been successfully attained, as only one reso-
nance of the corresponding group is detected in the '*C spectrum.
Furthermore, the intensity of the distinct cross-peak of C2-OAcyl (5.4/
74ppm) is higher compared to that of C3-OAcyl (5.6/75 ppm), indi-
cating a preference for acylation at the former position. To assess acyl-
ation efficiency at various positions in the CP, we conducted a
comparison of signal integrals from HSQC spectra. Integration of these
signals in the HSQC spectrum revealed that the overall degree of sub-
stitution (DS = 2.28, refer to Table 1) has a ratio of approximately 1.00:
0.76: 0.52 for the C7-06, C7-02, and C7-0O3 positions, respectively,
within a reasonable margin of error.

H
on - )\ Alcohol
Temperature H,C OH
oL o ﬁ Time o o ¢T
M +  HaC(HyCla—C—OCH=CH, ——— 3 it +
m[TBNH][OACc]
OH DMSO

2

AGU of Cellulose

Vinyl palmitate
MW =162.0g

MW =2825g

CH3
OR )\ Aldehyde
n o -
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Scheme 1. Transesterification of cellulose with vinyl palmitate.
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Fig. 1. TH NMR spectrum of CP-5 (DS = 2.3) in chloroform-d (500 MHz, 40 °C).
Table 1
DS of cellulose palmitates (CPs) synthesized by transesterification of cellulose with vinyl palmitate (VP) in a 1:1 IL/DMSO solvent system.
Sample Reaction parameters DS (+0.1) Yield (%) Solubility”
T (°C) Time (h) Molar ratio (VP:AGU, mol/mol) Chloroform THF Pyridine DMF DMSO

Cp-1 60 2 31 0.7 42 ++ ++ ++ ++
CP-2 65 2 31 1.2 60 - ++ ++ ++ ++
CP-3 70 2 31 1.5 79 ++ ++ + +
CP-4 75 2 311 1.8 85 ++ ++ T+ - -
CP-5 80 2 31 2.3 71 + ++ ++ - -
CP-6 90 2 31 1.0 36 - . T+ - .
CP-7 100 2 31 0.9 33 - - ++ - _
CP-8 120 2 31 0.5 31 - - ++ — _
CpP-9 70 1 31 0.7 38 - ++ ++ ++ ++
CP-10 70 15 31 1.3 60 ++ ++ ++ ++
CP-11 70 2.5 31 1.2 80 ++ ++ + +
CP-12 70 3 311 1.1 52 - ++ ++ + +
CP-13 70 4 31 1.0 38 - - 44 - -
CP-14 70 5 3:1 1.0 35 - - ++ - -
CP-15 70 2 41 1.6 81 + ++ T+ + +
CP-16 70 2 5:1 1.6 82 + ++ ++ + +
Cp-17 70 2 6:1 1.6 83 + ++ ++ + +
Cp-18 70 2 7:1 1.6 83 + ++ ++ + +
CP-19 70 2 9:1 1.6 83 + ++ ++ + +
CP-20 70 2 12:1 1.6 83 + ++ ++ + +

The concentration at which the solubility of CPs was determined was 5%.
@ “4++4 Highly soluble; “+” Swellable; “- Insoluble.

3.2. Optimizing reaction conditions of homogeneous transesterification of
cellulose

Zhou et al. [42] have studied the effect of reaction temperature and
reaction time on the DS of cellulose esters. It was observed that the DS of
cellulose ester increased with increasing reaction temperature and time.
We studied the optimization of reaction conditions for homogeneous
transesterification of cellulose in more detail. The optimized reaction

conditions were acquired by performing a series of CP syntheses by
altering reaction parameters like reaction temperature, reaction time,
and molar ratio (VP: AGU). As explained in section 2.3, a broad range of
temperature, time, and molar ratio was selected, and the trans-
esterification was carried out followed by post-reaction work-up in the
identical way for the synthesized CPs. The DS of all the synthesized CPs
were calculated by NMR spectroscopy as explained in section 2.4
(Table 1).
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Fig. 2. 13C NMR spectrum of CP-5 (DS = 2.3) in chloroform-d (125 MHz, 40 °C). Empty and solvent regions are left out for clarity. The full spectrum is available in

supporting information (Fig. S1).

3.2.1. Effect of reaction temperature on DS and yield of CPs

To investigate the impact of reaction temperature on DS, CPs were
synthesized within the temperature range of 60 °C-120 °C while
maintaining a constant molar ratio of 3 eq./AGU and a reaction time of
2 h. Fig. 4 illustrates the relationship between DS and percent yield with
reaction temperature. The results reveal that DS initially rises with
increasing reaction temperature, reaching a peak value of 2.3 (CP-5),
before declining to 0.5 (CP-8). Notably, there was a significant accel-
eration of transesterification as the temperature increased from 60 °C to
70 °C, leading to a DS increase from 0.7 (CP-1) to 1.5 (CP-3), repre-
senting a 2.1-fold enhancement. However, DS sharply decreased after
reaching 80 °C, decreasing to 1.0 (CP-6), and continued to decline
gradually across the studied temperature range.

Likewise, the yield of CPs displayed a gradual increase as the tem-
perature rose from 60 °C to 75 °C, followed by a rapid decrease up to
90 °C before stabilizing. Beyond 75 °C, a noticeable color change in the
reaction mixture from orange to dark brown was observed indicating
potential degradation of either ionic liquid (IL) and/or cellulose, and/or
CPs. The decline in both the degree of substitution (DS) and the per-
centage yield of cellulose palmitates (CPs) under excessive temperatures
is likely attributed to CP degradation. A similar impact of reaction
temperature on the DS was observed in the study conducted by Hinner
et al., in 2016 [15]. In their investigation, the DS of cellulose ester,
specifically laurate, exhibited a diminishing trend at elevated reaction
temperatures of 90 °C and 110 °C. About the influence of reaction
temperature on the final product yield, findings by Zhou et al., in 2014
[42] corroborated our observations. Their research highlighted a
reduction in the cellulose ester, octanoate, yield as the reaction tem-
perature escalated from 80 °C to 120 °C, aligning with our experimental
results.

3.2.2. Effect of reaction time on DS and yield of CPs

To investigate the impact of time on the degree of substitution (DS),
we periodically sampled small portions of the reaction mixture at in-
tervals ranging from 1 to 5 h, while maintaining a constant reaction
temperature of 70 °C and a molar ratio of 3 eq./AGU. Fig. 5 presents the
relationship between DS and percent yield over time. During the initial
hour, transesterification exhibited a notably faster, resulting in a sub-
stantial DS increase from 0.7 (CP-9) to 1.5 (CP-3), representing a 2.1-
fold enhancement. However, as the reaction time extended beyond 2
h, DS began to decline, accompanied by a similar discoloration of the
reaction mixture observed at elevated temperatures which indicates the
possibility of degradation.

The percent yield of CPs displayed a gradual rise until the 2.5-h
mark, after which it started to decrease, further supporting degrada-
tion. The reduction in CPs’ percentage yield with extended reaction
durations may be attributed to cellulose degradation during the pro-
tracted reaction process. A similar effect was observed by Huang et al.
[13] during the homogeneous esterification of cellulose in 1-butyl-3-me-
thylimidazolium chloride with stearyl chloride at prolonged reaction
durations of 1.5-2 h and more. Furthermore, the decrease in DS of CPs
with prolonged reaction times can be elucidated by the potential
competition between transesterification reactions and the partial hy-
drolysis of ester groups generated by entrapped moisture within the
reaction medium [43].

From the observations and obtained results from sections 3.3.1 and
3.3.2, we can say that there is a degradation of the either-or multiple
involved chemicals has happened during the homogeneous trans-
esterification process. A congruent pattern of discoloration in the reac-
tion mixture, coupled with degradation of the final product, was
observed at elevated temperatures and extended reaction durations
during the synthesis of cellulose esters within the same solvent system,
as previously reported by our group [36].
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Fig. 3a. Aliphatic side chain region of HSQC spectrum of CP-5 (DS = 2.3) in chloroform-d (125 MHz, 25 °C).

3.2.3. Effect of molar ratio on DS and Yyield of CPs

Le Chatelier’s Principle is a well-established concept indicating that
an excess of one reactant can drive a reaction towards the right, leading
to increased ester production and subsequently higher ester yields. To
investigate the impact of the molar ratio on the degree of substitution
(DS), we varied the molar ratio VP:AGU, ranging from 3:1 up to 12:1,
while keeping the reaction temperature and time constant at 70 °C and
2 h, respectively. The DS exhibited a continuous increase across the
chosen molar ratios, eventually stabilizing at ratios exceeding 5:1
(Fig. 6). Notably, there was no discernible discoloration in the reaction
mixtures, ruling out degradation as a factor. However, due to the spatial
steric effects of VP’s lengthy aliphatic chain, the transesterification was
impeded, resulting in the stabilization of both DS and yield beyond the
5:1 M ratio. A similar effect of the molar ratio of the esterification agent
to AGU on DS and the yield of the final product was observed by Hinner
et al. and Zhou et al. [15,42].

While a higher quantity of VP is desirable for achieving a higher DS
in the final product, it’s important to note that a substantial amount of
unreacted vinyl palmitate would remain in the supernatant phase. This
can pose challenges for post-reaction work-up and hinder the recycling
of the ionic liquid (IL).

In comparison with the previously reported study of cellulose
transesterification in (AmimCl)/DMSO solvent system in the presence of
DBU catalyst which used a reaction temperature of 110 °C for the re-
action time of 3 h with the molar ratio of 6:1 (vinyl ester:AGU) to get
vinyl ester with DS 2.32 [41], the reported method achieved the same
DS value at relatively milder reaction conditions without using any
additional catalyst. In comparison with the data presented by Todorov

et al. [35], where the solvent [NTBNH][OAc] was used for the synthesis
of cellulose esters at the reaction time of 20-72 h, the present method
used significantly shorter reaction durations resulted in even higher DS
values. Willberg-Keyrildinen et al. [44] studied the effect of the molar
mass of the starting cellulose on the DS of the final cellulose palmitates.
It has been found that as the molar mass of the starting cellulose in-
creases, the DS of the final cellulose palmitates decreases. A similar
reasoning can apply to our research. As the molar mass of the cellulose in
the presented study is high i.e., 163.15 kg/mol, the DS of the final
synthesized CPs is lower.

We further performed a series of experiments to get to know more
about the stability of IL, compatibility between components of the sol-
vent system and reactants as well as the possible degradation of the
obtained final products.

3.3. Stability of solvent system at elevated temperature and time

2.0 g of pure IL (bottle 1) and a 1:1 mixture (1.0 g of each) of IL and
DMSO (bottle 2) were heated at 100 °C for 5 h with continuous stirring
under an inert nitrogen atmosphere in separate glass containers. After 5
h, their appearance was compared to pure IL (bottle 3) and the IL +
DMSO solvent system (bottle 4), which were stored at room temperature
under inert conditions.

Also, the structural analysis of all four samples was carried out by
using 'H NMR spectroscopy using chloroform-d as a solvent and TMS as
an internal standard.

After 5 h of heating, no discoloration was observed in either the pure
IL or the IL + DMSO solvent system, even at elevated temperatures and
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Fig. 4. Effect of reaction temperature on DS and percent yield of CPs (molar
ratio of VP:AGU is 3:1; reaction time is 2 h).

extended heating durations. This observation confirms the exceptional
stability of IL when exposed to high temperatures and prolonged heat-
ing. Images of all four solutions under comparison can be viewed in
supporting information in Fig. S3.

We conducted a comparative analysis of the 'H NMR spectra for all
four solutions to substantiate our findings, as depicted in Fig. 7. The
NMR investigation revealed no discernible evidence of degradation in
either the pristine ionic liquid or the solvent system. These observations
collectively lead us to the conclusion that the ionic liquid exhibits
noteworthy stability under reaction conditions characterized by

Reaction time (h)

—e—DS (20.1) —o—Yield (%)

Fig. 5. Effect of reaction time on DS and percent yield of CPs (molar ratio of
VP:AGU is 3:1; reaction temperature is 70 °C).

elevated temperatures and prolonged reaction durations, without un-
dergoing any degradation, in line with the reference [Tarasova, 2023].

3.4. Compatibility of solvent system and reactants

The formation of a yellowish-orange, transparent solution consisting
of the solvent system IL + DMSO and cellulose, following 5 h of heating
at 100 °C under inert conditions, without any signs of discoloration or
potential degradation, serves as a clear indicator of successful cellulose
dissolution within the solvent system (see Fig. S4).
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To ascertain cellulose integrity, we determined the molecular
weights of dried untreated cellulose and regenerated cellulose via
intrinsic viscosity measurements (see Fig. 8). Cellulose solutions ranging
from 0.2 to 1.0 g/dl in cuene as the solvent were prepared. Three
measurements per sample yielded the relative viscosity, with a
maximum error of 2%. The molecular weights of untreated cellulose and
regenerated cellulose were 163.15 kg/mol and 162.82 kg/mol, respec-
tively. These values allowed us to calculate the degree of polymerization
(DP), which for untreated cellulose was 1007 and for regenerated cel-
lulose was 1005, which are within experimental error.

Intrinsic viscosity measurements confirm that there was no signifi-
cant cellulose degradation under elevated temperature and time in the
IL + DMSO system. The DP of the regenerated cellulose closely matched
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that of the initial untreated cellulose, ruling out the possibility of cel-
lulose depolymerization, in line with reference [35].

The results of Fourier-transform infrared spectroscopy (FT-IR) anal-
ysis indicated that the spectra of untreated cellulose and regenerated
cellulose exhibited substantial similarity (Fig. 9). No discernible peaks
corresponding to the solvent system, or the solvents utilized in the post-
reaction purification process were detected. This observation suggests
that the regenerated cellulose sample had undergone thorough washing
and drying procedures before analysis, ensuring the removal of any re-
sidual contaminants. Carboxylate-based ionic liquids show the possi-
bility of acetylation which is an unwanted side reaction and forms
cellulose acetate as a side-product [15]. Moreover, there was no evi-
dence of acetylation occurring during the cellulose dissolution process
which is usually confirmed by the presence of carbonyl (C=0) stretch at
1750-1735 cm ™ L. The observed absorbance peaks in the spectra of both
untreated cellulose (at 3337 cm™") and regenerated cellulose (at 3392
cm™1) within the range of 3310-3400 cm ™! were attributed to the
stretching vibrations of the O-H group. Another notable peak at 2911
em ™! was attributed to the stretching vibrations of the CH; group [45].
Distinctly, the peak at 1643 cm™! was attributed to the C-O stretching
vibration of the C-O-H group, becoming sharper in the case of regen-
erated cellulose [46]. Concurrently, the peak at 1428 cm ! was linked to
the bending motion of the CHy group, displaying a slight reduction in
intensity in the regenerated cellulose spectra. This reduction indicated
the potential disruption of intramolecular hydrogen bonds, specifically
involving 06 in the glucose unit [47]. Furthermore, the absorbance at
1369 cm~! was attributed to O-H bending, while the bands at 1215
em ™! and 1157 em ™! were associated with C-O stretching vibrations.
The peak at 1020 cm ! was attributed to the C-O bond stretching of the
C-0-C group within the anhydroglucose unit (AGU) [48]. Notably, the
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Fig. 7. 'H NMR spectra of pure IL & IL + DMSO in chloroform-d (500 MHz, 25 °C).
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band at approximately 895 cm !, characteristic of p-anomers or p-linked
glucose polymers, exhibited enhanced intensity in the regenerated
sample, indicative of a more amorphous structural nature [47]. The O-H
stretching band of the hydroxy groups at 3337 cm ™ in untreated cel-
lulose shifted slightly to a higher wavenumber in regenerated cellulose i.
e., 3392 cm™! along with a slight sharpening of peak which further
confirms weakening for intra- and intermolecular hydrogen bonding and
eventually lowering crystallinity of cellulose [47]. In summary, based on
the observations, it can be concluded that the cellulose structure
remained largely unaffected by the presence of the solvent system

Carbohydrate Research 537 (2024) 109047

utilized in the study.

Compatibility between the solvent system [mTBNH][OAc] and the
esterification agent, vinyl palmitate (VP) was assessed by preparing
solvent mixtures of solvent system with a 1:4 ratio and by subjecting
them to various temperatures (S1-S5, Fig. 10) and durations (S6-S9,
Fig. 10). It was found that when solvent mixtures were heated at tem-
peratures 60 °C and 70 °C for 2 h, they did not show any sign of possible
degradation which can be confirmed by the orange color of both solvent
mixtures. Similarly, after an hour of heating at 70 °C, the solvent
mixture was quite stable which can be confirmed by the yellowish-
orange color (S6). Notably, at temperatures exceeding 70 °C i.e., S3
(80°C, 2h), S4(90 °C, 2 h), S5 (100 °C, 2 h) and after a duration of 2 h i.
e., S7 (3 h, 70°C), S8 (4 h, 70 °C), S9 (5 h, 70 °C), the solvent mixtures
exhibited a transition from initial coloration to progressively darker
shades, ultimately reaching a dark brown to black hue, indicating the
potential onset of degradation.

However, the precise components undergoing degradation, the un-
derlying chemical interactions, the resulting degradation products, and
whether this phenomenon is indeed degradation or something else, all
remain unresolved questions at this juncture. Consequently, the author
recommends further comprehensive investigations in this domain to
provide definitive insights.

3.5. Degradation of CPs synthesized at elevated reaction temperature and
time

The intrinsic viscosity [n] is directly correlated with the molar mass
(MM) through Equation (2). By knowing the intrinsic viscosity [n] of
cellulose palmitate (CP) solutions, it becomes feasible to estimate and
compare the molar mass of different CP samples. Regrettably, this rep-
resents the sole reliable approach for conducting comparative analyses
of CPs based on their molar mass. This is due to the challenges associated
with determining molar mass through gel permeation chromatography
(GPQ) or static light scattering (SLS), primarily caused by the very low
values of the specific refractive index increment (dn/dc), which are less
than 0.1. These low values of dn/dc render the system “blind” in light
scattering patterns, leading to inaccuracies in the determination of
molar mass.

The degradation of CPs at elevated reaction temperatures and pro-
longed reaction times can be elucidated through the analysis of specific
viscosity (nsp) plotted against the concentration of the CP solution
(Fig. 11a and b). To investigate CP degradation under elevated tem-
peratures, CPs synthesized at 70 °C, 75 °C, and 80 °C were examined.
Fig. 11a illustrates that samples prepared at 70 °C (CP-3, DS = 1.5) and
75 °C (CP-4, DS = 1.8) exhibit similar behavior. [n] value of CP-4 is
slightly lower than CP-3. However, a noticeable decrease in [n] is
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Fig. 10. A comparative study explaining compatibility between solvent system [mTBNH][OAc] and VP at different temperatures with solvent mixtures S1(60 °C, 2
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evident as the reaction temperature increases to 80 °C, even though DS
increases (CP-5, DS = 2.3). Given the viscosity-average MM of cellulose
(163 kDa), the MM of vinyl palmitate (282 Da), and a specific degree of
substitution (DS), it is feasible to make estimations regarding the molar
mass of cellulose palmitate at distinct DS levels. It is important to note
that the viscosity-average MM, typically slightly exceeds the actual
number average molecular weight, Mj,. The calculated molar masses for
CP-3, CP-4, and CP-5 are approximately 520 kDa, 590 kDa, and 710 kDa,
respectively. It means, that the expected intrinsic viscosity of CP-4
should be higher than for CP-3, and CP-5 should demonstrate the
highest values of intrinsic viscosities among all samples. However, the
viscosity of the samples exhibits a declining trend, with a pronounced
decrease in viscosity observed for CP-5. This reduction in viscosity is
indicative of the degradation of cellulose palmitates, commencing at a
reaction temperature of 75 °C.

For CPs synthesized with extended reaction times, specifically CP-11
(2.5h, DS =1.2) and CP-12 (3 h, DS = 1.1), a gradual decline in intrinsic
viscosity was observed (Fig. 11b). Due to the difference in DS, the ex-
pected MM values of CP-11 and CP-12 are 450 kDa and 420 kDa,
respectively, which are lower than CP-3 (520 kDa). The observed (in
Fig. 11b) decrease in viscosity can be attributed both to the decrease in
DS and possible degradation of CP with prolonged reaction time.

It is known that changes in intrinsic viscosity can be assigned both by
MM and thermodynamic properties of polymers. Fig. 12 depicts the Wolf
plot for reduced viscosity of CP solutions in pyridine. The Wolf plot
provides master curves using C[n], independent of molecular mass
(MM), with the slope of the line reflecting the sample’s structure and
hydrodynamic properties. As can be seen, all CP data are superimposed,
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reduced polymer concentration) for the solutions of CP-3, CP-4, CP-5, CP-11,
and CP-12 at 25 °C dissolved in pyridine.

indicating identical hydrodynamic properties of the materials. Conse-
quently, a decrease in [n] is caused by a reduction in MM and not by
changes in thermodynamic properties.

Therefore, for the synthesis of cellulose palmitates in [mTBNH]
[OAc]/DMSO solvent system using vinyl palmitate via trans-
esterification, it is advisable to use reaction temperatures below 80 °C
and reaction durations less than 3 h. Therefore, by considering all the
information obtained by the above experiments, the optimum condi-
tions were chosen as 70 °C and 2 h which give the highest DS without
degradation. Since the synthesis of FACEs with higher DS needs a higher
molar ratio but at the same time an excessive amount of unreacted
esterification agent interferes with the final purification of the FACEs
and recycling of solvent system, the ideal value of VP:AGU molar ratio
should be 5:1.

3.6. Solubility test

We investigated the solubility of prepared CPs in five different sol-
vents (Table 1). We selected chloroform, tetrahydrofuran (THF), pyri-
dine, N,N-Dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).
Our investigation revealed that all CPs exhibited a notably high degree
of solubility in pyridine. This remarkable solubility can likely be
attributed to the presence of hydrophobic fatty acid long-chain ester
moieties along the cellulose backbone [49,50]. Furthermore, we
observed that CPs with higher degrees of substitution (DS), denoted as
CP-4 (DS = 1.8) and CP-5 (DS = 2.3), displayed solubility in the
non-polar solvent chloroform. This enhanced solubility in chloroform
can be attributed to the increased non-polar characteristics conferred by
the higher DS values. In contrast, CPs with DS values on the lower end of
the spectrum, specifically CP-1 (DS = 0.7), CP-2 (DS = 1.2), CP-9 (DS =
0.7), and CP-10 (DS = 1.3), exhibited solubility in aprotic polar solvents
such as DMF and DMSO. Interestingly, we noted that CPs that had un-
dergone degradation under elevated reaction temperatures and pro-
longed reaction times (CP-6, CP-7, CP-8, CP-13, CP-14) displayed a lack
of solubility in any of the solvents, except for pyridine. Pyridine is the
strongest in terms of forming hydrogen bonds with cellulose esters. Its
nitrogen atom can serve as a hydrogen bond acceptor, allowing it to
interact with the hydroxy and ester groups in cellulose esters. Pyridine’s
ability to engage in both hydrogen bonding and dipole-dipole in-
teractions makes it highly effective at dissolving cellulose esters.
Tetrahydrofuran (THF), which falls into the category of moderately
polar solvents, demonstrated the ability to dissolve CPs across a wide
range of DS values. Cellulose palmitates have a combination of polar
(ester group) and non-polar (cellulose backbone) regions. THF's mod-
erate polarity strikes a balance, making it effective at dissolving CPs
with different DS. THF can engage in dipole-dipole interactions with
cellulose esters which make it a good solvent for cellulose ester
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dissolution. Also, THF is a relatively small solvent molecule compared to
DMSO and DMF which are larger and more polar. The smaller size of
THF allows it to penetrate cellulose ester structure more easily, pro-
moting better solvation.

4. Conclusions

This study introduces sustainable, catalyst-free homogeneous cellu-
lose transesterification using novel superbase ionic liquid [mTBNH]
[OAc]) with a co-solvent, DMSO to synthesize cellulose palmitates (CPs)
which are long-chain fatty acid esters that have substantial potential for
application as valuable functional materials. The CPs with various de-
gree of substitution (DS) values (0.5-2.3) can be obtained by controlling
the reaction temperature, reaction time, and the molar ratio of vinyl
palmitate to AGU. Notably, our research highlights the stability of this
previously unreported solvent system at high temperatures and long
reaction times, its compatibility with the reactants involved, and the
intrinsic viscosity analysis of CPs. This study also confirms the order of
OH group substitution in cellulose units: C6-OH > C2-OH > C3-OH,
aligning with our earlier research [36]. The DS of CPs initially rises, then
drops notably at elevated reaction temperatures and times. This corre-
sponds with decreased yield and visible discoloration of the reaction
mixture, suggesting possible degradation. Interestingly, using higher
ratios of VP:AGU (above 5:1 at 70 °C, 2 h) maintained stable DS and
yield without discoloration. The solvent system remained stable at high
temperatures and times, not harming cellulose, or inducing unwanted
reactions during its dissolution. Yet, pieces of evidence indicate the
formation of a by-product, cellulose acetate, during transesterification.
The authors propose a comprehensive investigation to elucidate the
mechanism underlying this undesired by-product formation. When
mixed with the esterification agent, vinyl palmitate, discoloration
occurred at temperatures above 70 °C and durations beyond 2 h, indi-
cating potential degradation. At present, it is challenging to provide
specific insights into the exact components undergoing degradation, the
underlying chemical interactions, the resulting degradation products, or
whether this observed phenomenon indeed constitutes degradation or
another chemical process. We recommend that further comprehensive
research in this domain is essential to elucidate these aspects. The
intrinsic viscosity of cellulose palmitates (CPs) synthesized at elevated
reaction conditions, was found to be lower than that of CP synthesized at
70 °C for 2 h. Despite this variation, their hydrodynamic properties
remained similar, indicating that the intrinsic viscosities of CPs are
attributed to a reduction in molar mass, thus confirming the occurrence
of degradation. As a result, the authors recommend that the solvent
system described in this work be used with relatively mild reaction
parameters, such as a reaction temperature of 70 °C, a reaction time of 2
h, and a molar ratio of 5:1, particularly when synthesizing fatty acid
cellulose esters (FACEs) through transesterification using vinyl esters in
the presented solvent system [mTBNH][OAc]/DMSO.
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Figure S3. A comparative study of pure IL (Bottle 1) and IL+DMSO (Bottle 2) heated at
100°C for 5 hours with pure IL (Bottle 3) and IL+DMSO (Bottle 4) stored at RT.
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Abstract

Dissolution of cellulose is crucial for its regeneration and chemical modification, such as homogeneous transesterification, for
example. The cellulose dissolution in ionic liquid (IL) media is suggested as a prospective environmentally friendly alternative
to conventional solvents. In this study, novel distillable ionic liquid 5-methyl-1,5,7-triaza-bicyclo-[4.3.0]non-6-enium acetate,
[MTBNH][OAc] was used for cellulose dissolution. This IL has high dissolving power towards cellulose and durability for
recycling. However, the disadvantage of ILs is their high viscosity, which limits the supreme cellulose concentration in IL
solutions, and their high cost, hindering their commercialization. The addition of low-viscous, low-cost, and naturally derived
co-solvents can reduce the overall viscosity and cost. In this study, rheology experiments were conducted to investigate the
flow behavior of cellulose in [MTBNH][OAc] ionic liquid mixed with the green co-solvents such as y-Valerolactone (GVL),
dimethyl isosorbide (DMI), and N,N'-dimethylpropyleneurea (DMPU). A study of the rheology showed that the viscosity
reduces at low doses of co-solvent (< 50 wt%) but causes the structuring of the cellulose solution and its gelation (or phase
separation) at high doses (> 50 wt%). The rheological study also indicated that the flow activation energy of cellulose in IL/

co-solvent systems is lower than that in pure IL and decays in the order of DMPU > DMI > GVL > DMSO.

Keywords Green solvents - Dissolution capacity - Cellulose solutions - Rheology - [MTBNH][OAc] ionic liquid

Introduction

Cellulose is the most important biopolymer from renewable
resources to produce polymeric materials and composites.
However, cellulose contains many strong intra- and intermo-
lecular hydrogen bonds. Its semi-rigid chain structure cre-
ates the obstacles in its dissolution using traditional organic
and inorganic solvents that is a major hindrance to its pro-
cessing and applications (Qiu and Hu 2013) (Lv et al. 2012).
Although the process of the cellulose dissolution varies from
solvent to solvent, it is believed that to dissolve cellulose,
the inter- and intramolecular hydrogen bonds inside cellu-
lose structure should be destroyed (Liebert 2010). Hence,
as a key problem for the cellulose chemical processing and
modification, its dissolution in proper solvents has fasci-
nated researchers to find more novel effective solvents or

P4 Elvira Tarasova
elvira.tarasova@taltech.ee

School of Engineering, Department of Materials
and Environmental Technology, Tallinn University
of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia

their combinations (McCormick and Lichatowich 1979)
(Fink et al. 2001).

During past decades, a large number of solvent systems
were developed to dissolve cellulose, for example, N-meth-
ylmorpholine N-oxide (Fink et al. 2001), N,N-dimethylaceta-
mide-lithium chloride (McCormick and Dawsey 1990), and
dimethylsulfoxide (DMSO)-tetrabutylammonium fluoride
(Heinze et al. 2000), DMSO/KOH (Cao et al. 2013). Used
organic solvents are hard to recover, and it reduces the eco-
nomic feasibility of production and has harmful effects on
the environment.

Fortunately, a relatively “green” group of solvents for cel-
lulose—ionic liquids (ILs)—has been invented, and their
development continues (Miki-Arvela et al. 2010). Nowa-
days, the number of different ILs is nearly unlimited due to
the high number of anions and cations that can be combined.
Although the first mention of IL has been done in 1914 by
Walden (Walden 1914), the possibility of some ILs of imi-
dazolium type to dissolve cellulose was confirmed only in
2002 (Swatloski et al. 2002). Currently, the cellulose can
be efficiently dissolved in many ILs. ILs are not volatile;
they do not evaporate into the atmosphere causing humans

@ Springer
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and animals inhalation, ozone depletion, or any climate
change (Han et al. 2009) (Flieger and Flieger 2020) (Isik
et al. 2014). ILs are the best candidates for upscaling and
commercialization in areas regarding environmental and
economic aspects.

Up to now, 1-ethyl-3-metyl-imidazolium acetate ([Emim]
[OAc]) ionic liquid was considered one of the best ILs for
laboratory research which has sufficient solubility to cellu-
lose (Kohler et al. 2007). However, the first generations of
imidazolium-based IL-s are complicated products regard-
ing recycling. Their stability is questionable (Xu and Cheng
2021; Kostag et al. 2019), and they cannot be easily distilled
due to very low vapor pressure.

Superbases (mostly di- or triazabicyclo compounds)
originating from protonic ILs are the most novel and prom-
ising solvents both for cellulose dissolution/modification and
upscaling due to several reasons. They can dissolve cellulose
to a high extent (up to 25 wt%, for the cellulose with degree
of polymerization (DP) around 200-300), have low moisture
sensitivity, and low toxicity, and can be recycled repeatedly
without degradation (King et al. 2011) (Elsayed et al. 2020)
(Ostonen et al. 2016).

More recently, 5-methyl-1,5,7-triaza-bicyclo[4.3.0]non-
6-enium acetate, [NMTBNH][OAc], was offered as a good
candidate for cellulose dissolution and regeneration (Martins
et al. 2022) (Parviainen et al. 2015). The superbase mTBN
shows better stability in water than 7-methyl-1,5,7-triazabi-
cyclo[4.4.0]dec-5-enium (mTBD) (Martins et al. 2022) and
DBN (Ostonen et al. 2016). Furthermore, [N TBNH][OAc] is
a liquid at room temperature (Elsayed et al. 2020) contrary to
highly crystalline [nTBDH][OAc] which makes processing
with this IL less labor intensive. All those factors make this
newly developed IL perspective for industrial application.

It should be stressed here that ILs, especially having
halide anions, are highly viscous liquids with the viscos-
ity of two to three orders of magnitude higher than those
of commercial organic solvents (Zhang et al. 2006). As a
consequence, cellulose solutions in IL frequently have rather
high viscosity, even at high temperatures (Kuang et al. 2008)
(Sammons et al. 2008) (Chen et al. 2011). The high viscos-
ity of IL is a substantial drawback from a practical point of
view, since it will cause trouble in mass transfer and lead to
a high consumption of a power for mixing with cellulose in
solution.

One of the ways to overcome these drawbacks is the addi-
tion of low-viscosity solvents to ILs, thus forming binary
solvents for cellulose dissolution (Yuan et al. 2019) (Lv et al.
2012) (Zheng et al. 2019). Minnick et al. (Minnick et al.
2016) stated that the cellulose solubility reduces in the pres-
ence of protic solvents such as water, methanol, and ethanol
while the addition of aprotic dipolar solvents including dime-
thyl sulfoxide (DMSO), dimethylformamide, and 1,3-dime-
thyl-2-imidazolidinone to ILs improves the solubility of

@ Springer

cellulose which was affected both by the composition of co-
solvents and temperature (Minnick et al. 2017).

It was established that cellulose solubility in ILs was
mostly defined by the ability of anions from ILs to accept
the hydrogen bond. Co-solvents may be a factor by sup-
porting cellulose dissolution without the direct interaction
with cellulose or causing cation—anion dissociation in IL
(Lv et al. 2012). Co-solvents can accelerate mass transfer
between molecules of cellulose and solvents and also lower
the monomer friction coefficient of cellulose by decreas-
ing the viscosity of the cellulose solution (Lv et al. 2012)
(Andanson et al. 2014). DMSO is supposed to enhance the
solvation capacities of ILs by expediting mass transport
through decreasing the viscosity of the system (Andanson
et al. 2014). Others have proposed that DMSO is, however,
capable to play a role in dissociation of anions and cations of
ILs thus improving the interaction of anions with cellulose
(Xu et al. 2013), (Zhao et al. 2013), (Lindman et al. 2010).

Furthermore, the addition of low-cost co-solvents can
considerably lower the use of high-cost ILs and hence reduce
the processing cost. Although some of the developed mix-
solvents have attained sufficient success in cellulose disso-
lution and modification, the essential weaknesses in some
cases such as toxicity, or high cost, or volatility and instabil-
ity etc. of widely used co-solvents are still large problems in
their practical applications.

y-Valerolactone (GVL), dimethyl isosorbide (DMI), and
N,N'-Dimethylpropyleneurea (DMPU) are natural chemicals
derived from lignocellulosic biomass, which are considered
as green solvents in chemical processes (Horvath 2008),
(Byrne et al. 2016), (Dalla Torre et al. 2023). These solvents
also belong to the class of dipolar aprotic solvents which
are not solvents for the cellulose but can potentially replace
DMSO, DMF, and other currently used co-solvents in mix-
tures with ILs. However, there are limited studies on the
viscoelastic and solution behavior of cellulose in ILs mixed
with mentioned green co-solvents. By our best knowledge,
mixtures of green solvents with novel [NTBNH][OAc] as
dissolution/modification media for cellulose are not studied
at all. In this sense, such study can help to develop a greener
and economically more feasible and efficient method for cel-
lulose dissolution and preparation of cellulose derivatives.

Rheological properties of dilute to concentrated cellulose/
IL solutions have attracted much attention owing to their
pragmatic usefulness for successful processing and chemical
derivatization of cellulose.

The rheological behavior of cellulose dissolved in vari-
ous ionic liquids as [Amim][Cl], [Bmim][Cl], and [Emim]
[Ac] has been studied in details from low to high solution
concentrations (Kuang et al. 2008), (Chen et al. 2011),
(Gericke et al. 2009), (Lu et al. 2012), (Sammons et al.
2008). Furthermore, a comprehensive study of the effect
of co-solvent DMSO on viscoelastic properties, sol-gel
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transition (Wittmar et al. 2020), and conformations (Owens
et al. 2022) of cellulose chains in cellulose/ILs solutions
was implemented at several DMSO and cellulose concentra-
tions (Lv et al. 2012), (Ilyin et al. 2023). It is found that all
the solutions showed a shear thinning behavior at high shear
rates (Chen et al. 2009), (Kuang et al. 2008) for semidilute
and concentrated solutions; for dilute solutions, there existed
another shear thinning region at low shear rates. They sug-
gested that cellulose chains perhaps slightly aggregate, even
in dilute solutions, due to strong hydrogen bonding interac-
tions (Saalwichter et al. 2000).

The understanding of the rheological properties of cel-
lulose/IL/co-solvent solutions as well as the molecular
organization of cellulose in binary solvents is a crucial
requirement for a successful processing and for cellulose
derivatization as well. It should be taken under considera-
tion that the polymer configuration and solution micro-
structure in the binary solvent mixture may be affected
both by the affinity of polymer and solvents and by the
proportion of “good” to “poor” solvent (Porfirio et al.
2021). Therefore, the purpose of the present work was
to study the rheological behavior of the concentrated cel-
lulose/[mTBNH][OAc]/co-solvent solutions, which is the
basis for further transesterification of cellulose in these
IL/co-solvents. Herein, the effect of green co-solvent type
and contents on the rheological properties of cellulose/
[MTBNH][OAc]/co-solvent mixtures was evaluated under
both the steady and oscillatory shear conditions. The dis-
solution behavior of cellulose and its activation energies
in GVL, DMPU, and DMI promoted by [mMTBNH][OAc]
was investigated in comparison to DMSO.

Experimental section
Materials

Cellulose with 0.02-0.1 mm fiber length used in this work
was produced by Carl Roth GMBH (Germany). Ionic liquid
5-methyl-1,5,7-triaza-bicyclo-[4.3.0]non-6-enium acetate,
[mMTBNH][OACc], was not commercially available and was
synthesized by Liuotin Group Oy (Finland). The melting
point of IL is 15 °C; flash point is more than 220 °C; viscos-
ity is 205 mPa s (25 °C); and density is 1.16 g/cm?. Dime-
thyl sulfoxide, DMSO, with purity 99.9% was purchased
from Fisher Chemical (US) and has a viscosity 1.99 mPa
s (25 °C). y-Valerolactone, GVL, with purity > 99%, hav-
ing viscosity 2.18 mPa s (25 °C), and dimethyl isosorbide,
DML, (purity > 99%) with viscosity 6.8 mPa s (25 °C) were
purchased from Sigma Aldrich (St. Louis, MO, USA). N,N'-
dimethylpropyleneurea, DMPU, with purity 97% and viscos-
ity 3.32 mPa s (20 °C) was purchased from Acros Organics
(Geel, Belgium).

Cellulose dissolution and esterification procedure

Cellulose was dried under vacuum at 105 °C for 24 h before use.
Cellulose concentration in all studied solutions was 2 wt%. Cel-
lulose was dissolved in pure [MTBNH][OAc] and its mixtures
with co-solvents (DMI, DMPU, GVL, DMSO) and stirred at 60
°C for 24 h until the cellulose was completely dissolved (if pos-
sible). In the case of the use of co-solvents, IL and co-solvents
have been first mixed and then cellulose has been added to the
binary solvent. Different weight ratios of IL/co-solvent have
been prepared and studied, namely, 2:1, 1:1, and 1:2.

Characterization

To study the rheological properties of the samples, an Anton Paar
Physica MCR501 rheometer, with cone-plate measuring geome-
try, was used (plate diameter 25 mm, cone angle 2°). Flow curves
were obtained at a shear rate 7 range from 0.01 to 100-5005~".
Complex viscosity was determined in the range of angular fre-
quencies @ = 0.01 to 500 rad/s. A constant strain of y = 5% was
used defining the linear viscoelastic region (LVR). An amplitude
sweep test to determine the LVR was done at a frequency of 1
Hz. The solutions were examined at 25 °C, except temperature
dependence of zero-shear viscosity where 25-100 °C tempera-
ture range was tested. Ordinary equations were applied to calcu-
late rheological characteristics (Malkin 1994). Each rheological
curve has been obtained 2—4 times to ensure the data reproduc-
ibility and get average results (if needed).

Optical micrographs of solutions were pictured at Carl Zeiss
Axioskop 2 with magnification X 100 in polarized light mode.

Molar mass (MM) of cellulose was determined at 25 °C
from the intrinsic viscosity [7] (= 5 dl/g) of cellulose solution
in cupriethylenediamine hydroxide solution, Cuene, according
to a standard procedure ASTM D1795—13. The MM was then
calculated by the Mark-Houwink equation with parameters K
= 1.01 x 107* dL/g and @ = 0.9 (Brandrup et al. 2005). The
obtained MM is 163,000 g/mol (DP = 1000). The overlap
concentration (= 1/[5]) for cellulose in solutions in this case is
0.2%. It means that cellulose solutions used in this study hav-
ing 2 wt% concentrations are already in concentrated regime.
This concentration has been chosen due to the reason that it
was used by authors for the synthesis of cellulose derivatives
in [MTBNH][OAc]/DMSO solutions in a recently published
paper (Tarasova et al. 2023).

Results and discussion

Rheological behavior of cellulose/IL/co-solvent
solutions

The major disadvantage of ILs is their high vis-
cosity, which in turn leads to a high viscosity of
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cellulose-containing solutions, limiting the mass frac-
tion of cellulose in these solutions. In the current work,
for example, it was only possible to dissolve cellulose in
pure IL at a concentration of 2 wt%—higher concentrated
solutions could not be stirred effectively due to the high
viscosity. This disadvantage can be overcome by using
mixtures of IL with less viscous co-solvents. A dipolar
aprotic solvent such as DMSO is known to be an effec-
tive co-solvent for the dissolution of cellulose (Tarasova
et al. 2023). When the content of DMSO is increased, the
viscosity of the cellulose solution in the binary IL/DMSO
solvent decreases significantly. However, DMSO is not
considered a “green” solvent anywhere. So, if to follow
a greener strategy in cellulose dissolution and modifica-
tion, DMSO should be replaced with the green dipolar
aprotic co-solvents. GVL, DMPU, and DMI can be used
as greener alternatives to DMSO.

However, it is not yet clear which of these green co-
solvents best preserves the dissolution capacity of GVL for
cellulose, how much the viscosity of the cellulose solution
is reduced, and how much green co-solvent can be added
without loss of cellulose solubility.

For the tests, we used [nTBNH][OAc] mixed with
green co-solvents in the ratios 2:1, 1:1, and 1:2. The mass
fraction of cellulose in all solutions tested was 2 wt.%
without exception. The solutions were tested at 25 °C. To
evaluate the quality of the cellulose solutions, we inves-
tigated the dependence of their viscosity (77) on the shear
rates () and that of their storage (G’) and loss (G") moduli
on the angular frequency (w), which offers the possibility
of determining the gel formation due to a decrease in the
solubility of a polymer (Heinze et al. 2000).

It was detected that the viscosities of [NTBNH][OAc] (no
cellulose added) decreased with addition of any co-solvent,
and all studied IL/co-solvent mixtures can be considered as
Newtonian fluids; see Fig. 1.

However, the solution of cellulose in pure [mMTBNH]
[OAc] is a non-Newtonian fluid with shear-thinning behav-
ior: Its viscosity is stable at low shear rates but decreases

Fig. 1 a Shear rate dependences (a)
of 5 of pure [MTBNH][OAc] I ¢ oL

and 2:1 [mMTBNH][OAc]/co- @2:1 IL/DMI
solvent mixtures; b Shear rate ©2:1 IL/DMSO
dependences of 7 of [NTBNH]
[OAc])/DMPU mixtures, as
example. The ratio of [NTBNH]
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at high ones as can be seen from Fig. 2a. The high molar
mass cellulose with DP = 1000 used in this study forms
an entangled solution in IL at the of 2 wt.% concentration
used. At high shear rates, the stretching, alignment, and dis-
entanglement of macromolecular chains lead to a decrease
in viscosity (Ilyin et al. 2023).

As areference, the effect of DMSO content on rheological
properties of cellulose/IL/DMSO solutions was evaluated.

Fig. 2 shows the angular frequency dependence of the
complex viscosity of cellulose solutions with different
DMSO contents in the form of a double logarithmic repre-
sentation. Double logarithmic scales are used for all rheo-
logical plots. All solutions show a shear-thinning behavior,
indicating that cellulose solutions are in the entanglement
region. The addition of DMSO to the cellulose solution in
[mTBNH][OAc] (while keeping the cellulose concentration
constant) decreases its viscosity, as can be clearly seen in
Fig. 2a. This decrease in viscosity may be caused by the
lower viscosity of DMSO (2 mPa s) compared to IL (200
mPa s). These results are consistent with data previously
shown in literature (Lv et al. 2012), (Seddon et al. 2000)
where a decrease in the viscosity of the cellulose solution
was observed after dilution of the ionic liquid. In addition,
the critical angular frequency, which corresponds to the tran-
sition from Newtonian to shear-thinning behavior, shifts to
higher values with the increase of DMSO in the binary sol-
vent. However, when a binary solvent of 1:2 IL/DMSO is
used, the viscosity of the cellulose solution shows stronger
shear thinning behavior than with 2:1 and 1:1 mixtures,
which can be explained by the fact that the cellulose solu-
tion enters a weakly structured pre-gel state. Such a gelation
process was observed in [Emim][OAc]/DMSO and [Emim]
[C1]I/DMSO at higher DMSO content (75%) in binary sol-
vent (Ilyin et al. 2023), (Wang et al. 2014).

The systems with DMSO as co-solvent are typical poly-
mer solutions: At low frequencies, their loss modulus G”
exceeds the storage modulus G', as shown in Fig. 2b. Note
that the data in Fig. 2b have been shifted along the vertical
axis by multiplying by 10", where n =0, 1, 2, and 2.5 for 1:2,
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Fig.2 Dependences of a complex viscosity #* and b storage G' (tri-
angle) and loss G” (square) moduli on angular frequency @ for cel-
lulose solutions in pure [MTBNH][OAc] and in [mTBNH][OAc]/

1:1, 2:1 IL/DMSO and pure IL cellulose solutions, respec-
tively, to avoid overlap. The general trend that the moduli
decrease with increasing DMSO content was maintained at
the figure. At higher frequencies, the G’ becomes larger than
G". The crossover frequency w,, where G' = G", is char-
acteristic of the viscoelastic behavior of the material and
indicates that the system becomes elastic rather than viscous
(Zhao et al. 2013), (Xia et al. 2021), (Ilyin et al. 2023). From
crossover points of the curves, the useful information about
relaxation time via t = 1/ «, can be extracted.

Crossover points of cellulose/IL/DMSO solutions shift to
higher @ with an increase in DMSO content, which indicates
a faster relaxation of the cellulose chains due to fewer con-
straints (entanglements) from its neighbor chains.

(@)

100

DMSO binary solvent. The ratio of [NTBNH][OAc]/DMSO is given
in the legend. The central part demonstrates the appearance of cellu-
lose solutions in [MTBNH][OAc]/DMSO mixtures

It can be concluded that although DMSO is not a sol-
vent for cellulose, unlike [MTBNH][OAc], miscibility of the
compounds is still quite high for all studied compositions.
This is evident from the photographs in Fig. 2, which show
that cellulose solutions are transparent in all IL/DMSO mix-
tures studied, with no phase separation visible.

The behavior of the cellulose solution after addition
of GVL to the IL is almost the same as for DMSO-based
solutions. Figure 3 represents the angular dependences
of n*, G', and G" for cellulose in different compositions
of [MTBNH][OAc] with GVL as co-solvent. When the
ratio of added GVL to IL is 2:1 and 1:1, the viscosities of
the cellulose solution decrease as a non-Newtonian fluid
with increasing shear rates. In addition, 1:1 IL/GVL solu-
tion has a lower viscosity than 2:1 solution, which can
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Fig.3 Dependences of a complex viscosity #* and b storage G' (tri-
angle) and loss G” (square) moduli on angular frequency w for cellu-
lose solutions in pure [MTBNH][OAc] and in [m"TBNH][OAc]/GVL

binary solvent. The ratio of [NTBNH][OAc]/GVL is given in the leg-
end. The central part demonstrates the appearance of cellulose solu-
tions in [MTBNH][OAc]/GVL mixtures
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be explained similarly to DMSO by the dilution of the
cellulose solution with a solvent of lower viscosity (GVL
has a viscosity of 1.9 mPa s) compared to IL. A similar
behavior was reported for the cellulose in [Emim][OAc]/
GVL mixtures of various compositions (Yuan et al. 2019).

However, at an IL/GVL solvent composition of 1:2,
the viscosity of the cellulose solution increases sharply,
and the solution starts to exhibit sufficient shear-thinning
behavior (Fig. 3a). The viscosity curves are consistent with
the results for frequency sweeps. Both storage G and loss
G" moduli are only slightly dependent on the frequency,
and G' is greater than G” over the measurable frequency
range, as can be seen in Fig. 3b. This behavior is character-
istic of a gel in which the rheological response of the mate-
rial is dominated by an elastic or solid-like response. The
data presented in literature (Gandhi and Williams 1972)
have shown that thermodynamically poor solvents lead to
much higher viscosities at high concentrations than good
solvents. This behavior is opposite to the results of dilute
solutions, where poor solvents lead to lower viscosities
due to coil shrinkage.

In poor solvents, the entangled chains cling to each other
more tightly and can even form multimolecular aggregates
before entanglements in the classical sense occur. Therefore,
it can be suggested that a high content of added GVL dete-
riorates the thermodynamic solvent quality, leading to the
formation of an entangled network by an association of cel-
lulose macromolecules. In contrast, the systems with lower
GVL content (2:1 and 1:1) are typical polymer solutions:
At low frequencies, their loss modulus exceeds the storage
modulus, crossover points of cellulose/IL/GVL solutions
shift to lower @ with decreasing GVL content.

Considering the interdependencies of storage and loss
moduli in Cole—Cole plots presented in Fig. 4, it appears
that the experimental points for all DMSO-based solutions
fit approximately the same straight line (Fig. 4a) and are
superimposed on the data for the cellulose solution in pure
IL. The invariant Cole—Cole plots mean that DMSO does
not change the microstructure of the cellulose solution (Ilyin

(@)

103

G" (Pa)
G" (Pa)

10!

et al. 2020). The pre-gel state of the cellulose solution in
1:2 IL/DMSO can only be recognized as a low-frequency
anomaly in the Cole—Cole plots.

Fig. 4b shows the Cole—Cole plots for cellulose solu-
tions in IL/GVL solvents. It can be observed that the data
for cellulose solutions in 2:1 and 1:1 IL/GVL lie at the same
straight line. However, the microstructure of the system
changes with the addition of 66% GVL (1:2 IL/GVL sys-
tem) as the Cole—Cole plots no longer overlap with others
(Fig. 4b). GVL is not a solvent for cellulose and leads to
gelation of the solution due to the stronger macromolecular
association which can further lead to phase separation, as it
is clearly seen in the photos of the cellulose solution in the
middle part of Fig. 3. Therefore, dilution of [N"TBNH][OAc]
with GVL at compositions greater than 1:1 is not a way to
reduce the viscosity of the cellulose solution, unlike DMSO.

The behavior of the cellulose solutions in IL when DMI
and DMPU are added is almost identical; therefore, only
the angular frequency dependencies of n*, G', and G" for
cellulose solutions in IL/DMI binary solvents of different
compositions are presented in Fig. 5.

When cellulose is dissolved in 2:1 IL/DMI and 2:1 IL/
DMPU, the viscosity of such cellulose solutions is lower
than that of cellulose in pure IL due to the dilution effect.
The absence of gelation is confirmed by frequency depend-
encies of G’ and G"” moduli (Fig. 5b), which are typical for
an ordinary concentrated polymer solution, as its storage
modulus is lower than the loss modulus at low frequencies
and becomes dominant at high frequencies.

However, with increasing content of these green co-
solvents in binary mixtures up to 1:1 IL/co-solvent, the
viscosity of the cellulose solutions increases by a decimal
order of magnitude, as obvious from Fig. 5a. The addition
of more DMI or DMPU, up to a ratio 1:2, further increases
the cellulose viscosity. An increase in viscosity indicates
a greater probability of strong aggregation of macromol-
ecules. The appearance of the solution changes from trans-
parent to opaque, as can be seen from Figure 5. Both G’
and G" depend slightly on the angular frequency and G'>
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Fig.4 Cole—Cole plots for cellulose solution in a [nTBNH][OAc]/DMSO, b [nTBNH][OAc]/GVL, and ¢ [nTBNH][OAc]/DMI binary sol-

vents. The ratio of IL/co-solvent is given in the legend
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Fig.5 Dependences of a complex viscosity #* and b storage G' (tri-
angle) and loss G” (square) moduli on angular frequency @ for cellu-
lose solutions in pure IL and in [MTBNH][OAc]/DMI binary solvent.

G" over the entire measurable range, which is characteris-
tic of a gel or a viscoelastic solid. In addition, the values
of G’ and G” for cellulose in 1:1 and 1:2 IL/DMI (and IL/
DMPU) are 1 and 2 orders of magnitude higher, respec-
tively, than the values for cellulose in pure IL.

The similarity of the curves of 2:1 IL/DMI (as well as
2:1 IL/DMPU) with pure IL in the Cole—Cole plots (see
Fig. 4c) indicates that the addition of DMI does not cause
new interactions between the cellulose macromolecules
until they lose their solubility and gel formation occurs.
The experimental points overlay for pure IL and 2:1 solu-
tion, indicating the invariance of the microstructure. The
addition of a higher content of co-solvent (1:1) triggers gel
formation through the microphase separation, as shown by
the shift in Cole—Cole dependencies in Fig. 4c.

Fig. 6 where optical micrographs for cellulose solution in
2:1, 1:1, and 1:2 IL/DMI taken in polarized light mode are
shown additionally proves the gelation and phase separation
process in studied systems.

As can be seen from Fig. 6a, 2:1 cellulose solution is
completely homogeneous and contains no undissolved or

(a)

(b)

173
(b)

l ALA

Z A AAAAAAAAACLR
= Dc: 104 L A,A&gc\aggfq 1§§g%‘gEAA

é i &ﬁm‘:ﬁ!&iﬂiﬁ@ﬁ&u DEDE
5 negnagagﬁ !‘

G ottt

= 102 %t \ saaa "

= E -..LUE

= 2 qantt

g !lt[‘g@ r

s EAA 2

: Q
b 100 1l
" l 100
o (rad/s)

The ratio of [NTBNH][OAc]/DMI is given in the legend. The central
part demonstrates the appearance of cellulose solutions in [MTBNH]
[OAc]/DMI mixtures

aggregated cellulose crystals, which would be seen as white
areas in polarized light due to the crystalline nature of the
native cellulose (only a negligible number of crystallites can
be seen). Meanwhile, at a ratio of 1:1, the crystallites can
already be observed (see Fig. 6b), and their number rises fur-
ther, leading to the formation of large aggregates of poorly
dissolved cellulose at IL/DMI ratio of 1:2 (Fig. 6¢), reveal-
ing phase separation in this case. Similar behavior was also
observed in IL/DMPU systems.

The Cox-Merz rule is usually applied to correlate the
dynamic and steady-state shear properties of the solutions
(Barnes et al. 1989). In this method, the values of complex
viscosity n* and shear viscosity # are compared at equal
values of shear rate ¥ and angular frequency w, and stated
that Ip*(w)l = In(y')ly. _ o The validity of this rule has been
confirmed for many polymer melts and solutions (Mar-
rucci 1996).

Fig. 7 presents as example the # and #* of cellulose
in 2:1 and 1:2 IL/DMI solutions plotted against ¥ and w,
respectively. The applied strain for frequency sweep was
selected 1% to ensure the experiments were within linear

(c)

100 pm

Fig.6 Optical micrographs taken in polarized light mode for cellulose in 2:1 (a), 1:1 (b), and 1:2 (¢) IL/DMI at room temperature
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viscoelastic range. Similar behavior was observed in all
IL/green co-solvent cellulose solutions.

As can be seen, the shear viscosity # for 2:1 IL/green
co-solvent cellulose solutions overlaps the complex
viscosityn™*, indicating that all these solutions obey the
Cox-Merz rule well.

However, a significant deviation from this rule can
be observed for 1:2 solutions. A similar deviation was
detected for various biopolymer systems and pulps (Quin-
tana et al. 2018) (Bistany and Kokini 1983).

The Cox-Merz rule does not work for materials that
exhibit physical and/or chemical interactions, such as gels
and colloidal cellulose suspensions (Gleissle and Hoch-
stein 2003). Therefore, in the case of 1:2 solutions, this
deviation is most likely due to the formation of structural
and intermolecular aggregates of poorly dissolved cellu-
lose, which correlate with the optical microscopy results.
Under shear flow, these structures can be ruined, resulting
in lower viscosity values than in oscillatory tests.

It can be concluded that DMSO can be used as a nomi-
nal co-solvent for [ MTBNH][OAc] in a wide range of com-
positions, at least up to a ratio of 1:2. GVL can be used
up to a composition 1:1, while DMI and DMPU provide
homogeneous cellulose solutions only at a composition of
2:1 IL/co-solvent.

Since the 2:1 IL/co-solvent composition is the only com-
mon composition for all co-solvents investigated that leads
to the formation of typical polymer solutions, this composi-
tion was chosen for the comparative analysis between the co-
solvents. Figure 8 represents the shear rate (7) dependence
of shear viscosity 7 for cellulose solutions prepared in 2:1
IL/co-solvent mixtures.

Fig.7 Validity of Cox-Merz

As can be seen from Fig. 8, the DMSO demonstrates the
best dilution capacity, which is probably due to the lowest
viscosity of 2:1 IL/DMSO solvent (30 mPa s) among all
other binary solvents. The viscosity data of the cellulose
solution with DMI added to IL are almost identical to those
of DMPU, being five and 10 times higher than those for GVL
and DMSO, respectively. However, viscosity of DMPU- and
DMI-based cellulose solutions is five times lower than that
in pure IL. It should be noted that the viscosities of 2:1 IL/
DMI and IL/DMPU binary solvents are also rather close to
each other (58 and 60 mPa s, respectively) and higher than
IL/DMSO (30 mPa s) and IL/GVL (50 mPa s). To eliminate
the influence of the viscosity of the binary solvents (IL/co-
solvent) on cellulose/IL/co-solvent solutions, the relative
viscosity can be considered. The relative viscosity, defined
as the ratio between the viscosity of the solution ( of cel-
lulose/IL/co-solvent solution) and the viscosity of the pure
solvent (7, of IL/co-solvent), indicates how much the viscos-
ity of the solution increases in relation to the solvent.

Inset to Fig. 8 shows the relative viscosity for all 2:1 solu-
tions studied. It is obvious that the curves for cellulose in IL/
DMPU and IL/DMI are almost superimposed with those in
pure IL. It can therefore be assumed that DMPU and DMI
simply dilute the IL, thereby reducing the viscosity of cel-
lulose solution. However, relative viscosity at zero shear for
GVL- and DMSO-based solutions is still two and five times
lower, respectively, than that of the solutions in pure IL.
Thus, it is probable that GVL, like DMSO, improves the
solvation of the IL ions by dissociating anions and cations
of ILs. Such a solvation effect of [Bmim][OAc] by DMSO
was discovered by several authors, for example Zhao et al.
(2013) and Xu et al. (2013).
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Fig.8 Shear rate dependence
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Table 1 Relaxation time 7 and activation energy E, for cellulose solu-
tions in 2:1 [MTBNH][OAc]/Co-solvent mixtures

Cellulose in... 7, sec E,, kJ/mol
IL pure 3.17 45.3
2:1 IL/DMPU 0.53 41.3
2:1 IL/DMI 0.50 40.7
2:1 IL/GVL 0.020 36.9
2:1 IL/DMSO 0.017 337

A clear difference in the relaxation time 7 was observed
when the solvent changed. The relaxation times determined
from the crossing points for all 2:1 solutions are listed in
Table 1.

The highest 7 is observed for cellulose solution in pure
IL and decreases in the direction IL/DMPU > IL/DMI
> IL/GVL > IL/DMSO. It is known (Tager 1974) that
concentrated polymer solutions comprise more or less
broken structures of the polymers themselves. Cellulose
in concentrated solutions can form such structures due to
the high capability of intra- and intermolecular hydrogen
bonding and high degree of entanglements. Whether these
structures can be ruined depends on the ratio of the struc-
tural energy to that of the polymer-solvent interaction.
Poor solvents cannot destroy the strong structures, but the
molecules of a good solvent can penetrate a structure and
destroy it. As a result, the structure should be looser in
good solvents and larger and less mobile in solutions with
poor solvents. And therefore 7 of a polymer solution in a
poor solvent is longer than 7 of a solution in a good sol-
vent (Cravotto et al. 2008). Considering the values of 7 for
the studied systems (Table 1), it can be assumed that IL/

D)

DMPU and IL/DMI behave as “poorer” solvents for cellu-
lose than IL/GVL and IL/DMSO. It is obvious that DMPU
and DMI have an almost similar dissolving capacity for
cellulose. A similar effect was observed for tetraalkylphos-
phonium IL mixed with DMPU and DMI (Xia et al. 2021).

Thermodynamic quality of the solvent can be effectively
analyzed via the viscosity—temperature dependence of fluids.

Therefore, the effect of temperature (7) on the viscosity
properties of 2:1 cellulose/IL/co-solvent solutions was also
studied. A common way to analyze the viscosity—tempera-
ture dependence is to use the Arrhenius equation (Lefroy
et al. 2021), (Yuan et al. 2019):

ny = Ae "/ xr M

where E, is the activation energy, 7, is zero shear rate vis-
cosity obtained at low shear rates, A is a constant, R is gas
law constant, and 7' is absolute temperature. Figure 9 dem-
onstrates the dependence of Inz as a function of 1/T for all
2:1 solutions. To avoid data overlapping, the curves were
translated vertically on + 1 for IL/DMPU, IL/DMI, and IL-
based solutions.

Figure 9 shows that the viscosity of all solutions
decreases with increasing temperature as expected for
classical polymer solutions.

The activation energy (E,) can be calculated from the
slope of In 5, versus 1/7. As shown in Fig. 9, Inn, vs. 1/T
is linear (R? > 0.998), which is similar to cellulose/[Bmim]
[OAc] (Lefroy et al. 2021) and cellulose/[Emim][OAc]/
GVL (Yuan et al. 2019) but differs from that obtained for
the cellulose/[Emim][OAc] solution (Gericke et al. 2009),
(Budtova and Navard 2015) where the relationship had a
concave form.
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Fig.9 Arrhenius equation plots 7
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The activation energy values obtained from Fig. 9 are
listed in Table 1.

In polymer solutions, E, is related to the difficulty
of moving the polymer chain from one position/state
to another (Budtova and Navard 2015), (Hawkins et al.
2021) and to the intensity of interactions between the
chains when the same polymer is considered (molar mass,
chemical composition and microstructure are the same).
The value of E,, is strongly affected by the thermodynamic
quality of the solvent and specific behavior of the solvent,
as it has been shown for cellulose dissolved in ILs (Bud-
tova and Navard 2015).

As shown in Table 1, the cellulose solution in pure
[mMTBNH][OAc] has an activation energy 45.3 kJ/mol,
which is comparable to E, = 46 and 49 kJ/mol for MCC
(with DP 300) and spruce sulfite pulp (DP 1000) in [Emim]
[OAc], respectively, as reported in literature (Gericke et al.
2009). The obtained result of E, for 2:1 [mMTBNH][OAc]/
GVL (36.9 kJ/mol) is comparable to E, = 35.1 kJ/mol for
3:2 [Emim][OAc]/GVL presented by Yuan et al. (Yuan et al.
2019). Flow activation energy data, to the best of our knowl-
edge, are not available for cellulose solution in IL/DMPU
and IL/DMI and cannot be compared.

The activation energy of cellulose/IL/co-solvent gradu-
ally decreases with the type of co-solvent in the following
order: DMPU > DMI > GVL > DMSO. The dissimilari-
ties between activation energies indicate that the co-solvent
changes the energy barrier for flow: Slightly more energy is
required to flow DMPU- and DMI-solutions compared to
GVL and DMSO. The lower E, values are also consistent
with the phenomena that the corresponding dissolution rates
of the IL/co-solvent samples were faster than those of the
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pure IL, so the co-solvents may improve the efficiency for
cellulose chemical modification, such as transesterification
of cellulose.

Finally, despite the lower viscosity of cellulose in
[mMTBNH][OAc]/green co-solvents compared to pure
[mMTBNH][OACc], the range of co-solvent content in which
cellulose can form relatively homogeneous solutions in
binary solvents is not very wide.

Furthermore, it can be assumed that the green co-solvents
investigated can replace DMSO in many applications, but
not to a large extent, and the co-solvent content should not
exceed 50% by weight.

Conclusions

In this study, we perform for the first time a detailed rheo-
logical characterization of cellulose dissolved in a novel
[mMTBNH][OAc] ionic liquid with different contents of green
co-solvents (GVL, DMPU, DMI) representing different ther-
modynamic qualities of binary solvents.

The type and content of the co-solvent have a strong influ-
ence on the magnitude of the rheological properties. The inves-
tigated aprotic green solvents with low viscosity, which are
not good solvents for cellulose, can nevertheless be used as
“nominal” co-solvents at low contents, reducing the overall
viscosity of the cellulose solution by up to one to two decades.

Formulations of cellulose in 2:1 IL/Green co-solvents show
normal viscoelastic behavior corresponding to the behavior
of polymers in thermodynamically good solvent systems.
Meanwhile, cellulose in 1:1 and 1:2 IL/DMPU and IL/DMI
(and 1:2 IL/GVL) behaves like viscoelastic solids, where both
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G' and G" are almost independent of @ over the measurable
range, G' > G", and viscosity values are increased sharply.
Formation of gel is related to the inter-polymer aggregation
with tighter entanglements in concentrated solutions due to
thermodynamic forces, rendering the viscosities of such poor-
solvent systems higher than good-solvent ones. The maximum
dissolving capacity was observed in the mixtures of IL with
DMSO and GVL.

From the dissolution efficiency viewpoint, an Arrhenius
approach was employed to attain the activation energy val-
ues from rheological analysis, which are related to the energy
barriers to flow. Energy barrier in pure IL was found to be
greater than in IL/Green co-solvents. Meanwhile, the capacity
of co-solvents for dissolving cellulose in binary solvents can be
ranked as follows (from the highest to the lowest): DMSO >
GVL > DMI > DMPU. This demonstrates that the energy bar-
rier for flow is significantly affected by the co-solvents used.
The solubility can be adjusted by changing the content and
type of a co-solvent. In this sense, GVL has a stronger influ-
ence on cellulose solubility and flow than DMPU.

The dissolution of cellulose in IL/green co-solvent dem-
onstrates the green potential for further cellulose modifica-
tion as the biobased GVL, DMPU, and DMI reduce the use
of expensive ILs in cellulose processing from a practical
and sustainable point of view. These findings can be useful
in the development of processes to produce cellulose-based
materials for various applications.
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Abstract The study proposes using the distillable
ionic liquid 5-methyl-1,5,7-triaza-bicyclo-[4.3.0]non-
6-enium acetate, [MTBNH][OAc], for cellulose disso-
lution, making it an environmentally friendly alterna-
tive to conventional solvents in the transesterification
of cellulose with vinyl esters. This ionic liquid (IL)
has high dissolving power for cellulose and durabil-
ity for recycling. However, its high viscosity limits
cellulose concentration and its expensiveness hinders
commercialization. The addition of naturally derived,
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low-cost, and low-viscous co-solvents can reduce
overall cost and viscosity. In this study, various green
co-solvents, including y-valerolactone (GVL), dime-
thyl isosorbide (DMI), sulfolane (SLF), and N,N'-
dimethylpropyleneurea (DMPU), were mixed with
[MTBNH][OAC] to test their ability to enhance cellu-
lose transesterification. Cellulose esters with a degree
of substitution (DS) up to 1.6 have been synthesized.
The chemical composition of the materials was con-
firmed by FTIR and NMR. Green co-solvents alter
the solubility and flow activation energy of cellulose
in binary solvents. The produced cellulose esters
become more amorphous, and their viscosity and
complex moduli decrease because of the DS changing
in the following order: DMPU < SLF<DMI<GVL.
The efficiency of internal plasticization of cellulose
esters was studied through melt flow rheology, which
indicated that it increases with increasing DS. All
tested cellulose esters have almost identical degrada-
tion temperatures, as detected by TGA.

Keywords Cellulose esters - [mMTBNH][OAc] ionic
liquid - Physical properties - Green solvents

Introduction
Cellulose, the Earth’s most abundant natural polymer
found in plants, is renewable and possesses unique

qualities: Biodegradability, non-toxicity, biocom-
patibility, mechanical strength, heat resistance, and
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solvent resilience (Feng and Chen 2008). However,
its semi-rigid chain structure creates obstacles to its
dissolution using traditional organic and inorganic
solvents, which is a major hindrance to its processing
and applications (Qiu and Hu 2013).

It is commonly believed that the ability of a solvent
to break the hydrogen bond network of cellulose is
the main factor in its dissolution (Bering et al. 2022).
However, since cellulose has an amphiphilic nature, it
was suggested that hydrophobic interactions between
cellulose and the solvent may also play a significant
role in its dissolution (Ghasemi 2018). Former efforts
have focused on developing innovative cellulose sol-
vents mix, like dimethyl sulfoxide/tetrabutylammo-
nium fluoride (DMSO/TBAF) (Ciacco 2003), N,N-
dimethylacetamide/lithium chloride (DMAC/LiCl)
(Ass et al. 2006), N-methylmorpholine (NMMO)
(Fink et al. 2001), and NaOH/urea (Cai and Zhang
2005). Unfortunately, these solvents are either costly
or require harsh conditions, posing environmental and
economic concerns.

Ionic liquids (ILs) offer sustainable options for
cellulose dissolution and derivatization. Their high
polarity disrupts hydrogen bonds in cellulose, and
they possess characteristics such as non-volatility,
and mostly non-toxicity (the latter is still being
investigated) (Pinkert et al. 2009), (Han et al. 2009).
Historically, 1-ethyl-3-methylimidazolium acetate
[Emim][OAc] IL was considered excellent for cel-
Iulose solubility in laboratory research (Kohler et al.
2007). However, first-generation imidazolium-based
ILs present challenges in recycling and stability, lead-
ing to undesired side reactions with cellulose (Xu
and Cheng 2021), (Kostag et al. 2019). Recently, the
superbase ionic liquid, [N"TBNH][OAc] has emerged
as a promising choice for cellulose dissolution and
regeneration (Martins et al. 2022), (Parviainen et al.
2015). mTBN exhibits superior water stability com-
pared to 7-methyl-1,5,7-triazabicyclo(4.4.0)dec-5-
ene (mTBD) and 1,5-diazabicyclo(4.3.0)non-5-ene
(Martins et al. 2022), (Ostonen et al. 2016). Addition-
ally, [nTBNH][OACc] is a liquid at room temperature,
making it less labor-intensive than highly crystal-
line 7-methyl-1,5,7-triazabicyclo(4.4.0)dec-5-enium
acetate, [mMTBDH][OAc], positioning it favorably for
industrial use.

Despite their appealing features, ILs have down-
sides, including slow cellulose dissolution and high
solution viscosity, hindering subsequent cellulose
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modification. Dipolar aprotic solvents (e.g., DMSO,
dimethylformamide (DMF), DMACc) are extensively
used in organic synthesis due to their polarities and
solubilities (Phadagi et al. 2021), (Mohan et al.
2016). IL/DMSO co-solvent system has shown to
be more effective in dissolving cellulose than pure
ILs (Rinaldi 2011). In our recent work, [mMTBNH]
[OAc]/DMSO-based binary solvent system was
employed as a reaction media for the synthesis of
thermoplastic long-chain fatty acid esters via cata-
lyst-free cellulose transesterification, and cellulose
esters (CEs) with DS =0.35-2.00 were successfully
synthesized (Tarasova et al. 2023). However, the
widespread use of the mentioned co-solvents poses
environmental and health risks due to inherent tox-
icity, and high energy inputs, making reducing reli-
ance on such solvents crucial in green chemistry.
Replacement of these dipolar aprotic solvents is a
significant focus in green chemistry research areas
(Constable et al. 2007),(Bryan et al. 2018).

Dipolar aprotic GVL, derived from lignocellu-
losic biomass, emerges as an excellent bio-sourced
alternative due to its renewability, biodegradabil-
ity, and non-toxicity (Strappaveccia et al. 2015).
GVL is a highly suitable and sustainable substi-
tute for typical polar aprotic solvents (Duereh et al.
2015). Additionally, its wide temperature range,
with a low melting point of -31 °C and a high boil-
ing point of 207 °C, ensures its safety for larger-
scale solvent use. DMI, obtained from glucose via
sorbitol, stands out for its chiral structure (Bryan
et al. 2018), (Wilson et al. 2018) and high polar-
ity, making it a promising replacement for conven-
tional dipolar solvents. SLF is assessed as a poten-
tially sustainable reaction medium (Tilstam 2012),
(Henderson et al. 2011). While sitting lower on
the sustainability scale, it proves valuable in vari-
ous applications, including biomass valorization
(Asakawa et al. 2019). Lastly, DMPU deemed a
"green solvent" for its favorable properties, adds to
the pool of environmentally friendly options with
its high boiling point, low melting point, and low
toxicity (Goren et al. 2016). In our previous work,
we investigated the capacity of [mMTBNH][OAc]
combined with GVL, DMI, and DMPU to dis-
solve cellulose (Tarasova et al. 2024). It was shown
that cellulose behaves like viscoelastic gels in 1:1
and 1:2 IL/DMPU and IL/DMI (and 1:2 IL/GVL),
while it shows normal viscoelastic behavior in 2:1
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Scheme 1 Transesterification of cellulose with vinyl esters in [nTBNH][OAc] /green co-solvents

IL/green co-solvents, corresponding to the behav-
ior of polymers in thermodynamically good solvent
systems.

CEs are commonly synthesized through acyla-
tion in either heterogeneous or homogeneous con-
ditions. Homogeneous solutions are preferred for
their superior ability to control the DS, ensuring
a more consistent product pattern (Heinze and
Liebert 2001). In this work, we evaluated for the
first time the impact of four bio-based co-solvents
such as GVL, DMI, SLF, and DMPU, as a reaction
media on the transesterification of cellulose with
vinyl esters in the superbase [N"TBNH][OAC] IL
to produce thermoplastic CEs. The developed pro-
cess for the functionalization of cellulose might be
beneficial for the production, as distillable, low-
toxic, and liquid-like IL and (partially) bio-based
co-solvents can be used, which is assumed for the
future industry by using sustainable, renewable,
carbon—neutral, bio-based chemicals instead of
fossil-based ones. The co-solvents are also of low
toxicity and high boiling point reducing dangers
in industrial use. Another goal of this study is to
disclose the melt flow behavior, rheology, thermal,
and mechanical properties of obtained CEs. Melt
properties and thermal behavior are important for
understanding the proper processing conditions for
blow molding, injection molding, sheet forming,
extrusion, fiber spinning, etc.

Experimental Section
Materials

Cellulose used in this work was produced by
Carl Roth GMBH (Germany) with fiber length
0.02-0.1 mm. Vinyl laurate, myristate, and palmitate
with purity >98% were purchased from Tokyo Chem-
ical Industry Co (Japan). Ionic liquid 5-methyl-1,5,7-
triaza-bicyclo-[4.3.0]non-6-enium acetate, [N"TBNH]
[OAc], was not commercially available and was syn-
thesized by Liuotin Group Oy (Finland). GVL, SLF,
and DMI with purity >99% were purchased from
Sigma Aldrich (St. Louis, MO, USA). DMPU with
a purity of 97%, as well as pyridine-d5 (purity =99.5
atom % D. contains 0.03 v/v% TMS) for NMR, were
purchased from Acros Organics (Geel, Belgium).
The chemical structure of the co-solvents used is
shown in Scheme 1. Trifluoroacetic acid (TFA) with
purity >99.0% was purchased from Sigma Aldrich
(St. Louis, MO, USA).

Cellulose dissolution and esterification procedure

Cellulose was dried under vacuum at 105 °C for
24 h before use. Cellulose concentration in all stud-
ied solutions was 2 wt%. Cellulose was dissolved in
mixtures of [MTBNH][OAc] with co-solvents (DMI,
DMPU, GVL, SLF) and stirred at 80 °C for 16 h
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until the cellulose was dissolved. Dissolution of cel-
lulose was confirmed by rheology and polarized light
microscopy: cellulose solution did not contain undis-
solved or aggregated cellulose fibers, and the solu-
tions were optically transparent and clear. IL and co-
solvents were first mixed in a ratio of 2:1 by weight
and then cellulose was added to the binary solvent.
Such a ratio has been chosen due to our previous
research (Tarasova et al. 2024) where it was found
that a 2:1 ratio gives true cellulose solutions for all
studied mixtures. The content of green co-solvent
higher than 50% can lead to gelation and phase sepa-
ration of cellulose solutions.

The designed amount of the vinyl ester (5 equiva-
lents to AGU (eq.AGU)) without any external cata-
lyst was added to the 2 wt%-cellulose solution in 2:1
IL:co-solvent in a chemical reactor equipped with a
mechanical stirrer and nitrogen flow, and then the
reaction was performed at 70 °C during 2 h under
nitrogen atmosphere and intensive stirring. When the
reaction was completed, the obtained cellulose ester
was precipitated into 500 mL of ethanol. To remove
solvents, the product was washed several times in
100-200 mL of ethanol, and next in acetone. Finally,
it was washed with hexane to remove unreacted vinyl
ester. The products were dried under a vacuum at
55 °C overnight.

CEs prepared in a mixture with green co-solvent
will be abbreviated as CE-green co-solvent, e.g., cel-
lulose myristate prepared in IL/GVL will be abbrevi-
ated as CM-GVL.

Characterization

The 'H NMR, '3C NMR, and HSQC NMR spec-
tra of the cellulose derivatives were acquired on an
Agilent Technologies DD2 500 MHz spectrometer
equipped with 5 mm broadband inverse (‘H, HC-
HSQC spectra) or broadband observe "c spectra)
probes. A 15-min temperature equilibration delay was
allowed between sample insertion and NMR acquisi-
tion at 80 °C sample temperature. Typically, for 'H
spectra, 32 scans with 25 s relaxation delay were
acquired and for *C 20000-45000 scans with 2.5 s
recycle delay were acquired to achieve the desired
signal-to-noise ratio. The NMR samples were pre-
pared in a small glass bottle where 20-25 mg of the
sample was dissolved in 0.8 mL of deuterated NMR
solvent for 90 min at 40-65 °C until a clear solution
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was obtained. 2-3 drops of TFA were added into the
dissolved sample during NMR sample preparation to
avoid overlapping of signals from unsubstituted OH
groups with those of the AGU. The glass bottle con-
taining the mixture was dry and carefully sealed with
parafilm. The samples were then subjected to ultra-
sonic treatment to obtain a transparent solution.

The DS of cellulose myristate was calculated from
the "H NMR spectrum by taking an integral of the
area of terminal methyl groups (Iy3) and AGU sig-
nals (/,gy) based on the reported method (Lowman
1998):

Iicn,

DS=100e —M—
B e Ly +1(cn,))

ey

The FT-IR spectra of cellulose and cellulose
derivatives were recorded on Shimadzu IRAffinity-
1S using the Quest ATR accessory purchased from
Specac in the range of 500-4000 cm™ with a resolu-
tion of 0.5 cm™!. All samples were dried at 80 °C in a
vacuum oven overnight before the FTIR measurement
to remove the moisture.

To study the rheological properties the CEs were
prepared in the form of films by solvent casting on a
glass dish. CEs were dissolved in pyridine with 5 wt%
concentration and then stirred for 16 h at 40-60 °C
until dissolved. After complete dissolution, the ester
solution was poured into the glass dish, and the sol-
vent was evaporated at room temperature for 24 h.
Samples for rheology were prepared from~100 um
thick films by cutting 25 mm @ discs.

The rheology of the samples was tested with an
Anton Paar Physica MCR501 rheometer, and cone-
plate measuring geometry was used (plate diameter
25 mm, cone angle 2°). Flow curves were obtained at
a shear rate j range from 0.01 to 100-500 s~!. Com-
plex viscosity was determined in the range of angu-
lar frequencies w=0.1 to 100-500 rad/s. A constant
strain of y= 1% was used to define the linear vis-
coelastic region (LVR). An amplitude sweep test to
determine the LVR was done at a frequency of 1 Hz.
The samples were examined at 190 °C. Ordinary
equations were applied to calculate rheological char-
acteristics (Malkin 1994). Each rheological curve has
been obtained 2—4 times to ensure the data reproduc-
ibility and get average results.

The hydrophobicity of the prepared film sur-
face was tested by equilibrium contact angle using
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DataPhysics OCA 20 device and the SCA 20 soft-
ware (Riverside, CA, USA). All experiments were
executed on both sides of the films and averages
were taken. Distilled water was used as a liquid
agent to create a drop on the surface. A total of five
measurements were taken and averaged for each
variable. All measurements of the contact angle
were performed at room temperature and a relative
humidity of 40%.

The tensile tests were performed with Instron
machine 5866 at a temperature of 22 °C and a humid-
ity of 45% for all the samples. The cast films were cut
into ribbons of 20x 10xca. 0.1 mm. For each sam-
ple, 7-10 ribbon specimens were tested and the val-
ues of elastic modulus, strain at break, and stress at
break were averaged. The pulling rate applied during
the measurements was 20 mm/min.

Optical micrographs of cast films were pictured
at Carl Zeiss Axioskop 2 with magnificationx 100 in
polarized light mode.

A Setaram Labsys Evo 1600 thermoanalyzer was
exploited for studying the degradation of cellulose
myristate (CM) samples. The experiments were car-
ried out under non-isothermal conditions up to 600 °C
at the heating rate of 10 °C min~! in the atmosphere
of argon. Standard 100 pL alumina crucibles were
used, the mass of the samples was 6 +1.0 mg, and the
gas flow was 20 mL/min. The peak degradation tem-
peratures were determined from the derivative ther-
mograms (DTG).

The structural analysis of the samples in the pow-
der form was assessed from X-ray diffraction (XRD)
measurement using the Rigaku Ultima IV diffrac-
tometer. The instrument was equipped with a silicon
detector and a Cu Ko irradiation source (4 =1.540 A),
anode voltage 40 kV, anode current 40 mA, 6-0
regime, step =0.02 deg.

The morphology of the film surface has been ana-
lyzed with a scanning electron microscope (SEM)
Gemini Zeiss Ultra 55 (Carl Zeiss, Germany).

Molar mass (MM) of pure cellulose was deter-
mined at 25 °C from the intrinsic viscosity []
(=5 dl/g) of cellulose solution in cupriethylen-
ediamine hydroxide solution, Cuene, according to a
standard procedure ASTM D1795 —13. The MM was
then calculated by the Mark-Houwink equation with
parameters K=1.01x10"* dL/g and a=0.9 ((Bran-
drup et al. 1999)). The obtained MM is 163 000 g/
mol (DP=1000).

The size exclusion chromatography (SEC) of CMs
in pyridine at 40 °C was done on the Shimadzu Prom-
inence system equipped with a Shodex KF-804 col-
umn and a refractive index detector (RID-20A).

Results and discussion

Preparation of cellulose esters in [mMTBNH][OAc]/
green co-solvents

Following the successful dissolution of cellulose
in [MTBNH][OAc] promoted by green co-solvents
such as GVL, DMPU, SLF, and DMI, the potential
of cellulose modification in the IL/co-solvent sys-
tems studied was primarily investigated by transes-
terification of cellulose with vinyl myristates. The
successful synthesis of CEs with vinyl myristate in
different mixtures of [mMTBNH][OAc] with DMSO
was already presented by the authors in a recently
published paper (Tarasova et al. 2023). This time, the
transesterification of cellulose with vinyl myristate in
[MTBNH][OAc] mixed with green co-solvents in a
2:1 ratio was performed under similar reaction condi-
tions, namely a reaction temperature of 70 °C, time
of 2 h, and vinyl myristate was added in an amount of
5 eq.AGU. For comparison, several cellulose laurates
(CL) and palmitates (CP) were also synthesized in
selected IL/Co solvent systems under identical reac-
tion conditions. The mass fraction of cellulose in all
solutions considered was 2 wt.% without exception.
This concentration is not a limit, it has been chosen
for several reasons: first, it gives a high yield (up to
80%) of transesterification reaction with vinyl esters
while keeping the stirring ability during the reaction
at an appropriate level; second, similar concentra-
tions were also used by us for the synthesis of cellu-
lose derivatives in [MTBNH][OAc]/DMSO solutions
in a recently published paper (Tarasova et al. 2023).
Additionally, we used this concentration to study the
dissolution capacity of green co-solvents towards cel-
lulose (Tarasova et al. 2024). Generally, this concen-
tration can be elevated up to 5-6 wt%.

Scheme 1 shows the pathway for cellulose trans-
esterification with vinyl esters. CEs were synthesized
in one step and low vapor point ethenol (in situ tau-
tomerization to acetaldehyde) as the byproduct can be
easily evaporated from the reaction system at elevated
temperatures. No external catalyst was added.
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After acylation, the FTIR analysis indicated that
the long-chain acyl groups were introduced into cel-
lulose for all samples, as can be seen in Figure S1 in
Supporting Information, which shows the FTIR spec-
tra of native cellulose and its myristate derivatives.

The appearance of the ester carbonyl (>C=0)
group’s stretching corresponds to an absorption band
at 1746 cm™!, which provides the strongest evidence
of successful acylation. In comparison to cellulose,
the FTIR spectra of CEs revealed the existence of
several new peaks. The peaks at 2950 cm~' and
2847 cm™! indicate the asymmetric and symmetric
stretching of the methylene group present in cellulose
myristate, respectively. This indicates that the meth-
ylene and carbonyl groups were attached to cellulose,
thus confirming the successful transesterification
of cellulose in the [NMTBNH][OAc] IL mixed with a
green co-solvent.

All the CEs that have been produced are soluble
in several organic solvents, primarily DMSO, THF,
and pyridine. This solubility allows for direct meas-
urement of NMR spectra in solution, which is use-
ful for calculating DS. The chemical structure of
the CM has been verified by '"H and *C NMR, and
HSQC. Figure 1(a) presents the 'H and *C NMR
spectra of CM-DMI, as an example. Similar spec-
tra have been obtained for all CM samples. In the
'"H NMR spectrum of the CMs, the proton signals
from approximately 6.00 to 3.50 ppm are assigned
to H-1, H-2, H-3, H-4, H-5, H-6, and H-6" of AGU
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in cellulose. The signals at 2.75-2.25, 1.88-1.5, and
1.27 ppm are associated with the methylene protons
at H-8, H-9, and H-10-19, respectively. The signals
at 0.98-0.79 ppm are attributed to the methyl protons
at H-20.

In the '*C NMR spectrum of CM, which is pre-
sented in Fig. 1(b), the signals at 35.54, 33.16, 26.37,
23.89, and 15.16 ppm are assigned to carbons of
C-8, C-18, C-9, C-19 and C-20 of the aliphatic side
chain, respectively. The carbons at C-(10-17) give
signals starting from 30.89 to 30.58 ppm. The AGU
carbons C-1, C-1', C-4, C-2,3,5, and C-6 give signals
at 105.23, 102.64, 82.75, 77.25-75.08, and 64.66,
respectively. The signals from 171.74, 174.22, and
174.59 ppm correspond to the carbonyl carbon at
C-7, which provides direct confirmation of the suc-
cessful attachment of the long-chain fatty acid chain
to the cellulose backbone.

To confirm further the assignment of cellulose
ester signals, the HSQC spectrum was collected. The
example of 'H-'3C HSQC for cellulose myristate
is presented in Fig. 2, where the cellulose region
(Fig. 2a) and aliphatic side chain region (Fig. 2b) are
shown. As can be seen, in the aliphatic side chain
region, the correlation of C19/H19, C18/H18, C20/
H20, and C10-17/H10-17 were located at SH/8C at
1.31/23.83, 1.30/33.21, 0.91/15.19 and 1.29/30.74
respectively. In the cellulose region, the strong cor-
relations were distinguished at dH/6C 5.54/75.11,
5.28/74.96, 4.75/104.01, 4.50/64.76, 4.01/77.37, and
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Fig.1 a 'H NMR spectrum of CM-DMI in pyridine-d5; (b) '3C NMR spectrum of CM-DMI in pyridine-d5. Empty and solvent

regions are left out for clarity
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Fig. 2 Cellulose (a) and aliphatic side chain (b) region of HSQC spectrum of cellulose myristate, CM-DMI, in pyridine-d5. Red
indicates methylene protons (-CH,) and blue indicates methyl (-CH;) and methine (-CH-) protons

3.99/82.91 for C3/H3, C2/H2, C1/H1, C6/H6, C5/H5
and C4/H4 respectively. The two decentralized sig-
nals of C8/H8 and C9/H9 are represented by SH/6C
at 2.50/35.62 and 1.76/26.39, respectively.

Figure 2 indicates the complete acylation of C6-O
under optimized conditions, as only a single resonance
of the corresponding group is observed in '*C. Addi-
tionally, in Fig. 2, the intensity of the characteristic
cross-peak of C3-OAcyl (5.6-5.5/75.11 ppm) is slightly
higher than that of C2-OAcyl (5.3/74.96 ppm), thus
indicating a preferential acylation of the former. Hence,
it can be suggested that the order of substitution of the
OH group is C6°C3>C2. The same order has been
observed for all CMs in [mMTBNH][OAc]/green co-
solvent. In addition, we have previously found a similar
substitution pattern for CEs in [N"TBNH][OAc]/DMSO
solutions in our previous work (Tarasova et al. 2023).

[lustrative NMR spectra for CL and CP samples
can be found in Figures S2 and S3, respectively, in
Supporting Information.

The transesterification reaction proceeded smoothly,
and CEs were obtained in all co-solvent mixtures. The
DS obtained from NMR spectra is listed in Table 1.

To examine the structure of obtained CMs, the
XRD patterns are obtained (shown in Fig. 3). Cel-
lulose is known to have a crystalline structure with
characteristic peaks at 20=14.9°, 16.7°, 20.7°, 22.8°
and 34.8° for (1-10), (110), (102)/(012), (200), and

Table 1 Reaction parameters in 2:1 [mTBNH][OAc]/co-sol-
vent mixtures, and DS of obtained cellulose esters

Sample Reaction conditions Green co- DS
Time,h Temper- eq.AGU solvent

ature,

°C
CM-DMPU 2 70 5 DMPU 1.23
CM-SLF 2 70 5 SLF 1.32
CM-DMI 2 70 5 DMI 1.42
CM-GVL-1 2 70 5 GVL 1.51
CM-GVL-2 25 70 3 GVL 1.41
CM-GVL-3 1.5 70 3 GVL 1.27
CL-DMPU 2 70 5 DMPU 1.37
CL-GVL 2 70 5 GVL 1.55
CP-DMPU 2 70 5 DMPU 1.16

(004) diffraction planes, respectively (French 2014).
Upon transesterification in the IL/green co-solvent
system, the sharp peaks disappeared in the CM pat-
terns, indicating a loss of most, if not all, crystallinity.

Generally, it could be said that all CM patterns are
for amorphous cellulose. The peak intensity at 20=20°
decreases in the following order: CM-DMPU >CM-
SLF>CM-DMI>CM-GVL. The observed trend in
the amorphization of CMs may be attributed to the
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Fig. 3 XRD patterns of CMs obtained in different IL/green
co-solvents

DS of the samples: the higher the DS, the stronger the
amorphization of CMs.

As can be seen from Table 1, the DS of the CMs
obtained in different co-solvents differ from each other,
although the reaction conditions are identical (DS of
CM-DMPU < CM-SLF < CM-DMI < CM-GVL-1).
For example, the highest DS values were obtained
for cellulose myristate in GVL, while the DS of CM
in DMPU showed the lowest value. Nevertheless, the
DS values obtained even for DMPU-containing sol-
vents are still higher than DS=0.9 of CM obtained in
pure IL (without co-solvent). This means that dilution
of the cellulose solution in IL with nominal co-solvents
improves mass transfer and promotes the transesteri-
fication reaction. Note that pure IL has a viscosity of
200 mPa-s, while the viscosity of the green co-solvents
is about 2 mPa-s (except SLF with 10 mPa-s).

It is reasonable to believe that the varied solubiliz-
ing capacities of the used green co-solvent account for
the discrepancies in the DS values of the CMs. From a
theoretical point of view, the Hansen solubility param-
eter model can be used to predict appropriate solvents
and non-solvents for polymers. If the Hansen solubil-
ity parameters of the liquid and the polymer are close
to each other, the liquid is considered a good solvent
for the polymer. Hansen solubility values of cellulose
(18.03 MPa'”?) (Brandrup et al. 1999) with those of
GVL, DMI, DMPU, and SLF, which are 17.4 MPa'”?
(Rasool and Vankelecom 2021), 20.4 MPa'? (Russo
et al. 2020), 22.2 MPa'? (Hansen 2007), and 25.8
MPa'? (Hansen 2007), respectively. It is seen that
GVL has the closest affinity to cellulose, in contrast
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to DMPU and SLF by comparison. The 3D scatter
plot of dispersion 8, polar §,, and hydrogen bonding
d,, constituents of the Hansen solubility parameter for
the green co-solvents used and cellulose is presented
in Figure S4 of Supporting Information. We could
hypothesize that better cellulose solvation with a co-
solvent improves substitution efficiency.

A common way to analyze the solubility of
polymers in solutions is to get the values of activa-
tion energy E,. Activation energy E, of flow can be
obtained from the viscosity —temperature depend-
ence via the Arrhenius equation (Lefroy et al. 2021),
(Yuan et al. 2019):

fo = Ae "/ w1 )

where E, is the activation energy, 7, is zero shear
viscosity obtained at low shear rates, A is a constant,
R is the gas law constant, and 7 is the absolute tem-
perature. The activation energy (E,) can be calculated
from the slope of In 7, versus 1/T. A rheological study
of cellulose solutions in IL/green co-solvent mixtures
has been conducted in our previous work (Tarasova
et al. 2024), where the dependence of In#, as a func-
tion of 1/T was obtained for the cellulose solutions in
all 2:1 IL/green co-solvents mixtures.

The E, for polymer solutions is related to the chal-
lenge of moving a polymer chain from one state/
position to another, as well as to the strength of inter-
chain interactions when considering the same type of
polymer (with identical chemical composition, molar
mass, and microstructure) (Hawkins et al. 2021),
(Budtova and Navard 2015).

Cellulose solution in pure [mMTBNH][OAc] had
an activation energy 45.3 kJ/mol, which is compa-
rable with E,=46 and 49 kJ/mol for cellulose (with
DP 300) and spruce sulfite pulp (DP 1000) in [Emim]
[OAc], respectively, reported in the literature (Ger-
icke et al. 2009). The obtained result of E, for 2:1
[MTBNH][OAc]/GVL (36.9 kJ/mol) is comparable
with E,=35.1 kJ/mol for 3:2 [Emim][OAc]/GVL pre-
sented by Yuan et al. (Yuan et al. 2019). The obtained
E, value for IL/DMPU was 41.3 kJ/mol, for IL/SLF—
41.1 kJ/mol, and for IL/DMI—40.7 kJ/mol. Flow
activation energy data, to the best of our knowledge,
are not available for cellulose solutions in IL/DMPU,
IL/SLF and IL/DMI and cannot be compared.

The E, of cellulose in an IL/co-solvent mixture
decreases gradually with the type of co-solvent in
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the following order: DMPU>SLF>DMI>GVL.
The differences in E, indicate that the co-solvent is
modifying the energy barrier to flow. Flowing DMPU
and SLF solutions require slightly more energy com-
pared to GVL. It was also shown that DMPU and
DMI serve simply as diluents of IL, whereas GVL
promotes the solubility of cellulose analogously to
DMSO (Tarasova et al. 2024).

Lower E, values are also consistent with the obser-
vation that the corresponding dissolution of IL/green
co-solvent towards cellulose is better than that for
pure IL. Therefore, co-solvents can enhance the effi-
ciency of cellulose chemical modification, such as
transesterification, that is observed in practice.

Physical properties of cellulose esters

To understand the thermoplastic properties of mate-
rials, the melt flow behavior was examined. Figure 4
shows the angular frequency dependence of the com-
plex viscosity and moduli of CMs prepared in differ-
ent green co-solvents. Double-logarithmic scales are
used for all rheological plots. As can be seen from
Fig. 4(a), all CMs demonstrate shear-thinning behav-
ior in the studied range of angular frequency @ — no
linear viscosity range could be observed. Moreover,
the viscosity of CM-DMPU is found to be the highest,
and that of CM-GVL is the lowest among all others.
The reduction in viscosity for CM samples obtained
in various co-solvents cannot be solely attributed to
their molar mass. The obtained weight-average M.,
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molar mass of CM-DMPU, CM-SLF, CM-DMI and
CM-GVL was 202 kg/mol (dispersity D 6.2), 302 kg/
mol (D 4.3), 311 kg/mol (D 5.5) and 591 kg/mol (D
3.0), respectively. Despite having the highest molar
mass among the samples, CM-GVL does not demon-
strate the highest viscosity values as expected. In fact,
it shows the lowest viscosity among all the samples.

As shown in Fig. 4(b), both storage G' and loss G”
moduli exhibit only slight dependence on frequency.
Moreover, G' exceeds G" over the range of measur-
able frequency.

It means that the rheological behavior of the mate-
rial is dominated by an elastic or solid-like response.
The dominance of the elastic response could be
attributed to the deformation and mobility of the cel-
lulose backbone of the CE macromolecule. Melt elas-
ticity is the main factor that determines how a molten
material behaves. This elasticity causes phenomena
such as die swell during processing. The behavior of
G' relates to the flow behavior in the mold and has a
strong influence on the relaxation behavior and, con-
sequently orientation and frozen-in strains. A higher
value of G’ results in higher die swell and thicker

products.
Interestingly, the magnitude of the com-
plex moduli of CMs decreases in the order

DMPU > SLF>DMI>GVL which correlates with
the viscosity data but is in reverse order to the DS
values of the samples.

Similar angular dependencies of complex viscosity
and moduli have been detected for CL and CP sam-
ples, as can be seen in Fig. 5. Changes in viscosity
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Fig. 4 Dependences of (a) complex viscosity #* and (b) storage G’ (circle) and loss G" (square) moduli on angular frequency @ for
cellulose myristate films prepared in various green co-solvents, taken at 190 °C
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and moduli can be associated either with the nature of
the green co-solvent used and its indirect impact on
CE properties or with the DS of produced CEs.

Based on the Cole—Cole plots presented in Fig. 6,
it appears that the G’ and G"of all CMs (irrespective
of their co-solvent nature) are interdependent and fit
the same straight line. This suggests that the micro-
structure of the CM materials remains unchanged
(Tlyin et al. 2020).

Surprisingly, the experimental points for CL and
CP samples superimpose with the same CM line, as
it is obvious from Fig. 6. Cole—Cole plots for these
materials seem to be mostly dependent on the degree
of substitution of CEs.

To check this idea, additional samples of CMs with
lower DS (CM-GVL-2 and CM-GVL-3, as listed in
Table 1) have been synthesized. CMs were synthe-
sized using the same IL/GVL systems to eliminate
any effects caused by the co-solvent nature. As it is
clear from Fig. 7(a), the complex modulus data of the
samples CM-GVL-1, -2, and -3 all fall on the same
generalized straight line. However, there is a transla-
tional shift according to their DS: The higher the DS,
the lower the values of the complex moduli.

Complex viscosity magnitudes also decrease with
DS, as seen in Fig. 7(b). Thus, it can be concluded
that the degree of substitution has a major effect on
the viscosities and complex moduli of CEs.

It is well known that the G-moduli reflect the
stiffness of the samples, which in turn is affected
by the polymer chain structure and interchain
interactions. A. Maeda et al. (Maeda, 2014) by
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stress-optical analysis stated that esterification
does not affect the backbone chain stiffness of cel-
lulose, and side chain fatty acid groups serve as a
plasticizer (diluent), reducing the concentration
of the contour length. Taking this assumption into
account, the decrease in G-moduli for CM films can
be explained by the plasticizing effect with increas-
ing DS: The higher the DS, the higher the thermo-
plasticity of the samples. It correlates with XRD
data showing that increasing DS leads to more
amorphous and, hence, less rigid CMs.

The rigidity of the samples can also be affected
by the dissolution of CMs in the pyridine used for
film casting. It is widely known that the dissolution
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Fig. 5 Dependences of (a) complex viscosity #* and (b) storage G’ (circle) and loss G" (square) moduli on angular frequency @ for
cellulose laurates and palmitate films prepared in various green co-solvents, taken at 190 °C
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of cellulose esters is strongly affected by their DS.
Depending on their DS, cellulose esters can be dis-
solved in solvents with a wide range of polarity:
Highly substituted CEs are soluble in non-polar
organic solvents (such as chloroform, for example),
while poorly substituted CEs are mostly soluble in
polar organic solvents (like DMSO). Hence, CMs
with lower DS may have poorer solubility in pyri-
dine compared to CMs with higher DS. IL/DMPU
having the lowest solubility capacity of cellulose (its
E, is the highest among all others) leads to the low-
est values of DS. Speculatively, one can assume that
the lower solubility capacity of IL/DMPU influences
the homogeneity of cellulose dissolution, which can
lead to inhomogeneity in substitution along the cel-
lulose backbone during the esterification process.
Therefore, areas with unsubstituted parts of cellu-
lose having crystalline structure due to intra- and
interchain interactions may be present. Such crys-
talline areas are stiff and not soluble in organic sol-
vents (pyridine) which adds extra rigidity to the CM
samples. When cellulose is more homogeneously
dissolved in solvents like IL/GVL, it leads to higher
DS values, which in turn improves the dissolution of
CM samples in pyridine.

Indeed, as can be seen from Fig. 8 where optical
micrographs in polarized light mode are shown, the
morphology of CM-DMPU films contains a lot of
crystallites whereas CM-GVL samples demonstrate
few crystallites in their morphology.

Hence, if these crystallites comprise native cellu-
lose structures, they will not completely melt at the
studied temperature. This will provide additional
rigidity to the samples, which explains the behavior
of G-moduli in Figs. 5, 6, 7 and 8.

Unfortunately, it is not possible to evaluate the
effect of fatty acid chain length due to the different
DS of CLs and CP.

The Cox-Merz rule is usually applied to correlate
the dynamic and steady-state shear properties of the
solutions (Barnes et al. 1989). In this method, the
values of complex viscosity #* and shear viscosity
n are compared at equal values of shear rate y* and
angular frequency w. The validity of this rule has
been confirmed for many polymer melts and solu-
tions (Mead 2011), (Marrucci 1996).

Figure 9 depicts the n and n*of all CM samples
plotted against ¥ and w, respectively. For the fre-
quency sweep, we applied a strain of 1% to ensure the
experiments were within the linear viscoelastic range.

A significant deviation from this rule can be
observed for all CM samples. Similar deviations have
been detected for squash pulp (Quintana et al. 2018),
for example, and in other biopolymer systems (Bistany
and Kokini 1983).

Although the applicability of this principle to pol-
ymer melts has been proven (Marrucci 1996), (Mead
2011), the Cox-Merz rule is invalid for materials
having any type of physical and/or chemical interac-
tions and thus this principle is not working for such
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Fig. 8 Optical micrographs taken in the polarized light mode for CM-DMPU (a) and CM-GVL (b) films at room temperature
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Fig. 9 Comparison of complex viscosityn* (filled symbols)
and shear viscosityy (hollow symbols) taken at 190 °C as a
function of angular frequencyw and shear rate y “for CMs pre-
pared in various 2:1 IL/green co-solvent mixtures

materials as gels, colloidal cellulose suspensions,
etc. (Shafiei-Sabet et al. 2012), (Gleissle and Hoch-
stein 2003).

The deviation observed in the case of CMs is likely
caused by the formation of structural and intermolec-
ular aggregates, which is consistent with the results
obtained from optical microscopy. These structures
are prone to being disrupted under shear flow, while
low strains applied in oscillatory tests do not have any
impact on them.

The mechanical properties of CMs have been eval-
uated. As DS plays a major role in all studied char-
acteristics, three CM samples with varying degrees
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of substitution prepared in the same IL/GVL sol-
vent were also studied by tensile test. Stress—strain
curves for studied cellulose myristates at room tem-
perature can be viewed in Figure S5 in Supporting
Information.

With an increase in DS, the samples exhibit a ther-
moplastic behavior, resulting in an increase in strain
at break. At the same time, Young’s modulus (initial
slope of the stress—strain curve) and yield point of
CMs decrease. This behavior may be related to the
more pronounced plasticizing effect of the myristate
chains with increasing DS, as previously shown in the
rheological behavior section. In this sense, Young’s
modulus correlates with the storage modulus: an
increase in DS leads to a decrease in the rigidity of the
samples. Similar behavior was detected for cellulose
laurates (Duchatel-Crépy et al. 2020) and other cellu-
lose esters (Katsuhara et al. 2023), (Crépy et al. 2009).

One important characteristic of films is their
hydrophobicity. This property is desired in the food
packaging industry as it provides resistance against
liquids and water, ensuring a longer shelf life for
food products (Asim et al. 2022). Cellulose esters
have hydrophobic properties with contact angles
over 89°, similar to commercially used polyethylene.
(i.e., LDPE, 91°) (Crépy et al. 2009). However, it is
dependent on the ester’s composition. It is expected
that the contact angle will increase with a higher
degree of substitution (Willberg-Keyrildinen et al.
2017), (Crépy et al. 2009).

Cellulose myristates prepared in IL/green co-sol-
vents have been evaluated for their surface wettability



Cellulose (2024) 31:4911-4927

4923

using contact angle measurements. Figure 10 (left)
shows the average contact angle of different CMs. As
can be seen, the contact angles decrease from 104.8°
to 84.9° in the order CM-DMPU > CM-SLF > CM-
DMI>CM-GVL despite an increase in their DS.
Such behavior of the contact angle with DS is unex-
pected. In general, cellulose esters should be more
hydrophobic than cellulose due to acylation (Kramar
et al. 2023). Wen et al. (2017) suggest that when cel-
lulose is esterified using a hydrophobic aliphatic
chain, the hydrophilic properties of the material are
reduced, especially if all the hydrophilic OH groups
are substituted. However, research has found that cast
films made from cellulose acetate solution are not
entirely hydrophobic, and usually exhibit a contact
angle of less than 90° (Wu et al. 2014).

The unexpected decrease in the contact angle of
CMs can possibly be attributed to the surface rough-
ness of the tested films. Based on the SEM images of
the films shown in Fig. 10 (right), it can be assumed
that the presence of crystallites (aggregates) affects
the surface roughness of the film. As it is obvious,
CM-DMPU has a rougher surface than CM-GVL;
then CM-SLF and CM-DMI represent intermedi-
ate surface roughness between CM-DMPU and CM-
GVL. The relationship between roughness and con-
tact angle was defined in 1936 by Wenzel who stated
that “adding surface roughness will enhance the wet-
tability caused by the chemistry of the surface” (Wen-
zel 1936). If a surface is chemically hydrophobic,
meaning it has a contact angle greater than 90°, add-
ing surface roughness will increase the contact angle

120
100

Contact angle (deg)

even more. This suggests that the higher contact
angles observed in CM-DMPU and CM-SLF, which
both have contact angles greater than 90 degrees, are
due to the rougher surfaces.

The thermal stability of CMs (in powder form) was
studied using TGA/DTG between 30 °C and 600 °C.
The corresponding TGA/DTG curves are shown in
Fig. 11. According to the TGA curves, weight loss
can be divided into three steps. The initial weight loss
observed at around 260 °C can be attributed to the
evaporation of moisture or volatile substances from the
samples. Interestingly, samples with higher DS, such as
CM-GVL exhibit almost no weight loss in this region,
probably due to the higher content of the hydrophobic
myristate group attached. The next step in the weight
loss process was due to the primary sample decom-
position. All CM samples show relatively high ther-
mal stability and start to decompose at about 320 °C.
At 50% weight loss, the temperature of decomposition
was about 355 °C, 355 °C, 361 °C and 367 °C for CM-
GVL, CM-DMI, CM-SLF and CM-DMPU, respec-
tively. Similar decomposition temperatures have been
observed for cellulose laurates in the work of Wen et al.
(Wen et al. 2017). At temperatures higher than 400 °C,
the samples undergo pyrolysis in the final step. Differ-
ences in pyrolysis residues may be attributed to resistant
byproducts of decomposition (Fundador et al. 2012).

DTG curves can provide insight into the decompo-
sition rate of the samples, revealing the details of the
process.

As shown by the DTG curves (see inset to Fig. 11),
the primary peak for the maximum degradation rate

Fig. 10 Average contact angles (left) and SEM images (right) of the films of CMs synthesized in IL/green co-solvent mixtures
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Fig. 11 TGA/DTG curves of CMs prepared in different IL/
green co-solvents. Samples are tested in powder form

was observed at 353 °C for CM-GVL and CM-SLF,
and 355 °C for CM-DMI and CM-DMPU, indicating
almost identical temperatures of decomposition.

Conclusions

In this study, we perform for the first time a transester-
ification of cellulose in binary mixtures of [N"TBNH]
[OAc] ionic liquid and green co-solvents (GVL,
DMPU, DMI) representing different thermodynamic
properties of binary solvents. CEs, especially CMs,
which are not widely studied in the literature, with
different DS have been successfully synthesized. The
selection of co-solvent has an evident impact on the
microstructure, viscoelasticity, thermal, and mechani-
cal properties of the final product.

The capacity of co-solvents to nominally dis-
solve cellulose in binary solvents is of crucial
importance. Lower solubility (DMPU, SLF) leads
to lower values of DS and the formation of aggre-
gates comprised of unsubstituted parts of cellulose
chains. Such structures add extra rigidity to the
products (CM-DMPU, CM-SLF), and their viscosi-
ties, G-moduli, stress level, and Young’s modulus
are the largest.

One may note that the following order CM-DMPU,
CM-SLF, CM-DMI, and CM-GVL is seen leading to
a) an increase in DS; b) amorphization of cellulose
esters; and c¢) enhanced mechanical characteristics and
processing properties due to better internal plasticiza-
tion. The degradation temperatures of the CMs made
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with different green co-solvents were found to be the
same. Additionally, the hydrophobic character of the
films was demonstrated by the contact angle measure-
ments. These films are potential materials for use in
environmentally friendly packaging because of their
hydrophobicity, thermal stability, and ductile nature.

By exiting laboratory practice, we can estimate,
that the bio-based co-solvents are cheaper than the
IL-s and their higher ratio in the dissolution system
will decrease the overall cost. Durability, sustain-
ability, (partly) bio-based nature, low toxicity, high
dissolution power, and suitability for conducting
the described reactions prove the high potential of
the solvent systems. One of the challenges will be
further development toward reaction environments,
where cellulose concentrations are higher. This can
be done by implementing reactive extrusion, for
example, which allows for the processing of much
more concentrated mixtures, therefore reducing the
need for solvents. Another challenge is the efficient
separation and recycling of the solvents. This is
not so much a fundamental research issue as a task
for technology development. To recycle IL, first, it
should be filtered from solid residues, then ethanol
should be removed by rotary evaporation or thin-
film distillation. If recovered IL is contaminated
with non-volatile substances, it could be processed
by vacuum fractional distillation. These aspects are
the focus of our future study toward higher TRL
(technology readiness level).
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	1.5 Summary of the Literature Review and Aim of the Study

	Polymeric materials have become crucial across a wide range of applications, from packaging to high-performance uses such as lithium-ion batteries (Pham, 2022; Haag, 2006; Lopez-Rubio, 2004). These materials are widely valued for their versatility, attractive properties, and generally low cost. In 2021, global polymer production reached 390.7 million tons and is projected to continue growing (Plastics Europe). However, over 90% of these polymers were derived from non-renewable resources (NRRs), raising significant concerns due to the non-renewable and unsustainable nature of petroleum (Plastics Europe). NRRs, particularly crude oil used for producing polymeric materials, are being depleted rapidly, with current consumption rates outpacing natural replenishment by a factor of 100,000 (Pinkert, 2009). To tackle environmental challenges such as pollution and the depletion of NRRs, it is crucial to adopt more sustainable strategies that utilize renewable resources and improve production processes, ensuring a stable long-term supply and societal well-being. 
	Cellulose is the most abundant organic polymer in nature, was first isolated in 1837 by French chemist Anselm Payen (Klemm, 2005; Payen, 1838). He treated various plant tissues with acids and ammonia, followed by extraction with ether, water, and alcohol, leaving behind a fibrous solid. Using elemental analysis, Payen determined cellulose’s molecular formula as C₆H₁₀O₅. In 1839, Dumas and colleagues confirmed its structure and named it “cellulose” because it is the primary component of wood cells (French: cellules) (Brongniart, 1839). Later, in 1920, Hermann Staudinger discovered that cellulose is not merely an aggregation of glucose units, but a polymer made of glucose molecules covalently bonded into long molecular chains (Staudinger, 1968). This insight came from his studies on cellulose acetylation and deacetylation.
	The following sections of the literature review focus on the sources, structure, and isolation processes of cellulose and its dissolution in various solvents. Additionally, attention is given to the methods for modifying cellulose, with particular emphasis on cellulose transesterification.
	Lignocellulose serves as the primary source of cellulose. It is present not only in wood but also in other biomass types like cotton and agricultural waste. The proportion of cellulose relative to hemicellulose, lignin, and extractives in different biomass sources is described in Table 1. Cellulose content varies both across different biomass types and within similar wood families. For example, hardwoods like poplar contain 51–53% cellulose, while eucalyptus has about 54% (Isikgor, 2015). In softwoods, pine ranges from 42–50%, and spruce is around 45% (Isikgor, 2015). Apart from plants, cellulose is also produced by bacteria like Acetobacter xylinum (now called Gluconacetobacter xylinus) and green algae (Valonia species) in a purer form, free from lignin (Cannon, 1991; Rainer 1998; Vandamme, 1998). 
	Table 1. Different biomass sources and their lignocellulose composition (adapted from Isikgor, 2015)
	Composition (%)
	Biomass Source
	Lignin
	Hemicellulose
	Cellulose
	16-24
	18-36
	40-54
	Hardwood
	20-28
	11-27
	42-50
	Softwood
	10-30
	25-50
	25-40
	Grasses
	12-16
	23-30
	35-39
	Wheat Straw
	14-19
	36
	34
	Barley Hull
	6-10
	24-33
	36-43
	Barley Straw
	17-19
	23-26
	29-35
	Rice Straw
	15-20
	12-29
	29-36
	Rice Husk
	6-16
	32-36
	34-41
	Corn Cobs
	7-18
	17-35
	35-40
	Corn Stalks
	15-25
	28-32
	25-45
	Sugarcane Bagasse
	The extraction of cellulose fibers from wood is known as pulping, which can be carried out using either mechanical or chemical methods. Mechanical pulping breaks down wood using mechanical energy, typically through grinding with a rotating stone or pressing between metal discs. This method yields over 90% and produces mechanical pulp (MP) or thermomechanical pulp (TMP) (Stevens, 2004). Chemothermomechanical pulping (CTMP), uses chemicals like sodium sulfite/sodium carbonate (Na₂SO₃/Na₂CO₃) or sodium hydroxide (NaOH) to lower the energy required for wood disintegration (Stevens, 2004). Chemical pulping, such as Kraft or sulfate pulping, is the primary method for producing paper-grade and textile-grade cellulose fibers. It uses “white liquor” (sodium sulfide Na₂S and NaOH), where OH⁻ and HS⁻ ions break the aryl linkages between lignin and cellulose, enabling lignin removal through washing (Stevens, 2004). In Pre-Hydrolysis Kraft (PHK), used for dissolving pulp, wood chips are pre-treated with steam or dilute acids reducing wood mass by about 20% by removing extractives, hemicellulose, and some lignin (Stevens, 2004). Sulphite pulping utilizes sulfurous acid (H₂SO₃) and hydrogen sulfite (HSO₃⁻) ions for delignification (Ek, 2009). The newer organosolv method employs organic solvents like methanol or ethanol for lignin removal (Ek, 2009; Sjöström, 1993; Botello, 1999).
	Cellulose is a homopolymer made of β-D-glucopyranose units or anhydroglucose units (AGU) linked together by 1,4-glycosidic bonds, forming a linear, unbranched chain. In crystalline cellulose, each AGU unit is rotated 180° relative to the next, giving the molecule a flat, ribbon-like shape. The smallest repeating unit in cellulose, known as cellobiose, consists of two AGU units. The molecular structure of cellulose polymer can be represented by Figure 1. 
	/
	Figure 1. The molecular structure of cellulose (adapted from Pinkert, 2009).
	Each AGU unit in cellulose has three hydroxy groups: one at C6 (primary) and two at C2 and C3 (secondary). These hydroxy groups form a strong hydrogen-bonding network, giving crystalline cellulose rigidity, strength, and reactivity. Intramolecular hydrogen bonds occur within the same chain, while intermolecular bonds link different chains. Van der Waals forces and hydrophobic interactions hold the planar structures together, forming microfibrils parallel to each other. The intra- and intermolecular hydrogen bonding in cellulose polymer can be represented in Figure 2.
	/
	Figure 2. Intra- and intermolecular hydrogen bonding in cellulose (adapted from Pinkert, 2009).
	The degree of polymerization (DP) refers to the number of AGUs in the cellulose chain and varies from 300 to 15,000, depending on the source (Klemm, 2005; Moon, 2011) and the raw biomass pretreatment conditions. Native cellulose typically has a higher DP than pulped or regenerated cellulose. DP affects the polymer's physical, mechanical, and solution properties. Cellulose is insoluble in water and most organic solvents, even at low DP, due to its hydrogen-bonding network. A high DP can further reduce reactivity due to hydroxy groups’ inaccessibility to the reagents. 
	The properties of cellulose-based materials are significantly influenced by the degree DP of the starting cellulose. Additionally, the degree of crystallinity is crucial in determining their physical, mechanical, and chemical characteristics. For instance, crystallinity directly impacts the material's accessibility to chemical derivatization processes and its swelling behavior. The degree of crystallinity is a critical factor to consider when evaluating the applications of cellulose and cellulose-based materials (Schenzel, 2005; Agarwal, 2018). Cellulose chains aggregate into elementary fibrils composed of highly ordered crystalline and less ordered amorphous regions. In the crystalline areas, strong interchain hydrogen bonds contribute to the fiber’s high strength, superior axial stiffness, resistance to dissolution in most solvents, and the inability of cellulose to melt. The crystallinity index (CI) describes the proportion of crystalline material in cellulose. Its value typically falls between 40% and 70%, influenced by the source of the cellulose and the separation methods used. Reported CI values can also differ based on the measurement techniques employed (Park, 2010; Bernardinelli, 2015; Zhao, 2006; Thygesen, 2005; Engström, 2006). 
	Why is the dissolution of cellulose so important? It allows for the development of regenerated materials, such as fibers for textile applications and films for packaging purposes. Additionally, it facilitates the production of valuable cellulose derivatives in a homogenous environment. Finally, efficient cellulose dissolution is crucial for depolymerization and controlled degradation, which is particularly important for biorefinery purposes. 
	The dissolution of cellulose in different dissolution media facilitates its regeneration into various polymorphs (Figure 3). The process involves the complete dissolution of cellulose in a solvent system, followed by precipitation or regeneration, typically achieved by adding a non-solvent such as water or alcohol. The regenerated cellulose often exhibits altered structural, morphological, and thermal properties compared to its native form, depending on the specific solvent system, dissolution environment, and regeneration conditions used. The study by Hindi (2017) thoroughly discusses the formation of different cellulose polymorphs. Native untreated cellulose with a Cellulose I crystalline structure can be converted into Cellulose II by either chemical regeneration or mercerization. Cellulose IIII and Cellulose IIIII can be produced from Cellulose I and Cellulose II respectively by exposure to gaseous or liquefied ammonia or certain amine reagents. The Cellulose IVI and Cellulose IVII polymorphs are formed irreversibly by heating Cellulose IIII or IIIII, respectively, up to 260 °C in a glycerol medium. 
	/
	Figure 3. Various polymorphs in cellulose.
	Cellulose dissolution methods are classified into derivatizing and non-derivatizing solvents. Historically, derivatizing approaches dominated, with one of the earliest examples being cellulose solubilization using “Schweizer’s reagent” ([Cu(NH3)4](OH)2) (Schweizer, 1857). Solubilized cellulose can be regenerated by adding an acid, enabling the extraction of cellulose from sources like wood pulp and cotton for producing regenerated fibers such as rayon. Another widely adopted derivatizing method is the viscose process, where cellulose reacts with carbon disulfide, CS2 in an alkaline solution to form xanthogenate moiety which disrupts hydrogen bonds and allows dissolution. Similar to “Schweizer’s reagent,” cellulose precipitates upon acid treatment, regenerating CS2. However, the viscose process has significant drawbacks, including CS2 toxicity and high waste production. To address these issues, the CarbaCell process, introduced in the year 2000, uses urea in alkaline conditions to form soluble cellulose carbamate, offering a less toxic alternative (Weißl, 2019; Fink, 2014).
	Non-derivatizing solvents form the second category for cellulose solubilization. These solvents are typically polar enough to disrupt intra- and intermolecular hydrogen bonds between cellulose chains. Common examples include dimethyl sulfoxide-tetrabutylammonium fluoride (DMSO-TBAF) (Heinze, 2000; Ciacco, 2003), N,N-Dimethylacetamide-lithium chloride (DMAc-LiCl) (McCormick, 1987; Chrapava, 2003; Dawsey, 1990; Potthast, 2002), and N-methylmorpholine N-oxide (NMMO) (Fink, 2001). Among these, NMMO has gained significant attention for its use in the Lyocell process, developed in the 1980s and later scaled for industrial application. Similar to the viscose process, it produces regenerated cellulose fibers but is favored for its simplicity and near-complete solvent recovery, making it almost emission-free (Klemm, 2005). 
	Ionic liquids (ILs) and deep eutectic solvents (DESs) are relatively new classes of solvents, with ILs being highly effective for cellulose dissolution and modification, while DESs are comparatively less effective. The following section explores the role of ILs in cellulose dissolution.
	Ionic liquids (ILs) are molten salts consisting of cations and anions with melting points below 100 °C (Wilkes, 2002; Marsh 2004). The first generation of ILs, such as the mixture of 1-butylpyridinium chloride ([BPy]Cl) and aluminum chloride (AlCl3), faced significant limitations, including high sensitivity to moisture and susceptibility to hydrolysis and electrochemical reduction (Pinkert, 2009; Hapiot, 2008). These issues were resolved in the 1990s with the development of second-generation ILs that are stable in air and water (Plechkova, 2008; de María, 2011; Buzzeo, 2004). 
	Ionic liquids exhibit versatile physicochemical properties, making them suitable for a wide range of applications. Many ILs share common characteristics; for instance, those containing quaternary ammonium cations typically exhibit negligible vapor pressure and non-flammable behavior. Despite this, they can be distilled under reduced pressure and high temperatures without decomposing, enhancing their recyclability (Ostonen, 2016). This attribute contributes to their designation as “green chemicals” or “green solvents” (Anastas, 2010). Some common examples of cations and anions used in ILs are given in Figure 4. 
	/
	Figure 4. Typical ions of ionic liquids (ILs) (adapted from Silva, 2020).
	1-Ethyl-3-methylimidazolium acetate ([EMIM][OAc]) has been recognized as one of the most effective ILs for cellulose dissolution and modifications (Köhler, 2007). However, first-generation imidazolium-based ILs pose challenges in recycling, with questionable stability (Xu, 2021; Kostag, 2019) and difficulty in distillation due to their very low vapor pressure. In contrast, superbases, particularly di- or triazabicyclo compounds derived from protonic ILs, are emerging as promising alternatives for cellulose dissolution, modification, and upscaling. These solvents can dissolve cellulose at high concentrations (up to 25 wt% for cellulose with a degree of polymerization around 200–300), exhibit low moisture sensitivity and toxicity, and can be repeatedly recycled without degradation (King, 2011; Hellsten, 2020; Ostonen, 2016). Recently, 5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-enium acetate ([mTBNH][OAc]) has emerged as a promising candidate for cellulose dissolution and regeneration (Martins, 2022; Parviainen, 2015). The superbase 5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-enium (mTBN) exhibits greater water stability compared to 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-enium (mTBD) (Martins, 2022) and 1,5-diazabicyclo[4.3.0]-non-5-ene (DBN) (Ostonen, 2016). Unlike the highly crystalline 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-enium acetate [mTBDH][OAc], [mTBNH][OAc] is liquid at room temperature (Hellsten, 2020), simplifying processing and reducing labour intensity. These features make this newly developed IL a strong candidate for industrial applications. 
	The effectiveness of cellulose dissolution in ILs depends on the nature and balance of cations and anions. Research shows that a slightly higher concentration of anion in the IL significantly improves carbohydrate dissolution (Wang, 2012; Badgujar, 2015; Freire, 2011). Ionic liquids with more electronegative anions exhibit greater dissolving power; for example, 1-butyl-3-methylimidazolium chloride, [BMIM][Cl] dissolves cellulose effectively, whereas 1-butyl-3-methylimidazolium bromide, [BMIM][Br] and 1-butyl-3-methylimidazolium, iodide, [BMIM][I] show limited solubility. Additionally, shorter alkyl chains on the cation significantly improve the solubility of imidazolium-based ionic liquids (Holm, 2011). Similarly, the introduction of an allyl group in the imidazolium cation further enhances their dissolving capability (Holm, 2011).
	Cellulose dissolves in ionic liquids through strong interactions between the polar hydroxy (-OH) functional group and the ions (cations and anions) of the ionic liquids via hydrogen bonding. Holm and Lassi (2011) studied cellulose dissolution in ionic liquids with various cations and anions, demonstrating that the anion acts as a hydrogen acceptor, while the cation interacts with the electronegative oxygen of the hydroxy group. These interactions disrupt the inter- and intramolecular hydrogen bonds in cellulose chains, leading to their dissolution. A proposed mechanism for this dissolution process has been illustrated in Figure 5.
	/
	Figure 5. Cellulose dissolution mechanism in ionic liquid (IL) (adapted from Villalta, 2022).
	ILs are typically highly viscous, and adding polymers like cellulose further increases viscosity, posing challenges for practical use. High viscosity hinders mass transfer and requires significant energy for mixing cellulose into the solution. To address this, adding polar aprotic co-solvents has enhanced cellulose dissolution. As discussed in the previous section, the solubility of cellulose in ILs primarily depends on the hydrogen bond-accepting ability of IL anion. Co-solvents aid in cellulose dissolution by indirectly interacting with cellulose, facilitating the dissociation of cation-anion pairs in the IL. This process allows the IL cation to be solvated, freeing the anion to form hydrogen-bonded complexes with the cellulose (Lv, 2012; Li, 2016). The mechanism of cellulose in the IL/co-solvent system can be illustrated in Figure 6. 
	Co-solvents also improve mass transfer between cellulose and ILs and reduce the monomer friction coefficient by lowering solution viscosity (Lv, 2012; Andanson, 2014). Additionally, co-solvents reduce the reliance on costly ILs, lowering overall processing costs. The commonly used co-solvents for cellulose dissolution and modifications are dimethyl sulfoxide (DMSO), N,N-Dimethylacetamide (DMAc), and N,N-Dimethylformamide (DMF) (Phadagi, 2021; Mohan, 2016). IL/DMSO co-solvent solution was more effective in dissolving cellulose than pure ILs (Rinaldi, 2011). 
	However, the extensive use of stated co-solvents, which are mainly derived from fossil-based sources, raises environmental and health problems due to their toxicity and large energy inputs. Reducing reliance on these solvents and finding greener alternatives to them is vital in green chemistry research (Constable, 2007; Bryan, 2018). Greener alternatives should ideally come from renewable sources, be safer to handle, less toxic, and provide equal or superior solubilization compared to fossil-based options. Recently, green, bio-based solvents from biomass resources have shown the potential to curb the depletion of fossil fuels (Gu, 2013; Clark, 2015). Some examples of important green solvents are- γ-Valerolactone (GVL) (Horváth, 2008), dimethyl isosorbide (DMI) (Tundo, 2010), p-cymene (Clark, 2012), dihydrolevoglucosenone (Cyrene) (Sherwood, 2014; Camp, 2018), and diformylxylose (Komarova, 2021). GVL, a polar aprotic solvent derived from lignocellulosic biomass, is an excellent bio-based substitute for conventional polar aprotic solvents owing to its renewability, biodegradability, and non-toxicity (Strappaveccia, 2015; Duereh, 2015). Furthermore, its wide temperature range, with a low melting point of -31 °C and a high boiling point of 207 °C, guarantees its safety for large-scale solvent usage. DMI, derived from glucose via sorbitol, distinguishes itself through its chiral structure and high polarity, making it a promising substitute for traditional polar aprotic solvents (Bryan, 2018; Wilson, 2018). Sulfolane (SLF) is a promising sustainable reaction medium (Tilstam, 2012; Henderson, 2011). Although it ranks lower on the sustainability scale, it proves invaluable in numerous applications, such as biomass valorization (Asakawa, 2019). N,N-Dimethylpropyleneurea (DMPU), a “green solvent” with a high boiling point, low melting point, and low toxicity, also offers an environmentally friendly option (Gören, 2016).
	/
	Figure 6. Cellulose dissolution mechanism in ionic liquid/co-solvent (adapted from Li, 2016; Seoud, 2019).
	Cellulose’s three hydroxy (-OH) groups enable chemical transformations like esterification, etherification, silylation, polymer grafting, etc. Among various chemical modifications, the esterification of cellulose is one of the most versatile transformations, offering easy access to a wide range of functional cellulose-based materials. This modification transforms the hydroxy group of cellulose to the ester functional group, making the material thermoplastic. Key thermoplastic cellulose derivatives, commonly used in plastics, films, fibers, membranes, and coatings, include cellulose acetate, cellulose acetate butyrate, and cellulose acetate propionate (Rubin, 1990).
	Cellulose esterification can be performed using two methods: heterogeneous and homogeneous. The heterogeneous method is favored at the industrial scale because it does not require complete dissolution of cellulose in the solvent system. However, since cellulose is not fully dissolved, its hydroxy groups are not entirely accessible to the chemical reagents, resulting in non-uniform esterification. In contrast, the homogeneous method involves the complete dissolution of cellulose in the solvent, allowing all hydroxy groups to be fully exposed to the chemical reagents, leading to uniform esterification along the entire cellulose polymer chain. 
	The degree of substitution (DS) refers to the number of hydroxy groups in a cellulose monomer that are replaced by ester groups during esterification. The maximum DS value is 3, while the minimum is 0. DS plays a crucial role in determining the properties of the final cellulose ester product. It can be controlled by optimizing reaction parameters such as temperature, time, and the molar ratios of reactants, which is feasible in the homogeneous method but not in the heterogeneous method. Considering the above reasons, homogeneous esterification is considered more effective for synthesizing cellulose esters than heterogeneous esterification.
	Cellulose esterification typically involves the reaction between the hydroxy (-OH) group of cellulose with carboxylic acids with acid catalysts or activated derivatives like anhydrides or acid chlorides. Fatty acids are preferred for cellulose esterification over other carboxylic acids as their long hydrocarbon chains enhance the hydrophobicity of cellulose esters (CEs), improving water resistance and compatibility with nonpolar solvents. Their tunable chain length allows tailoring the properties of CEs, such as solubility, mechanical strength, and flexibility. CEs obtained from fatty acids offer enhanced thermal stability for heat-resistant applications. Moreover, fatty acid-based cellulose esters are biodegradable and environmentally friendly, aligning with sustainable and green chemistry goals. However, fatty acids are non-degradative to cellulose but have low reactivity due to the carboxylic acid group. To improve the reactivity, they are converted into more reactive forms like fatty acid anhydrides. When used with catalysts, they are more effective esterification agents for cellulose ester synthesis. However, reactivity decreases with longer carbon chains, making esterification with long-chain anhydrides challenging. Fatty acid chlorides are also important esterification agents for producing long-chain cellulose esters, but the reaction generates corrosive HCl as a by-product (Figure 7). HCl is neutralized using bases like pyridine, trimethylamine, or N,N-Dimethyl-4-aminopyridine (DMAP) to minimize cellulose degradation.
	Synthesizing cellulose esters via transesterification with vinyl esters (VEs) is a greener alternative to traditional esterification methods. Using vinyl esters as acylating agents offers advantages over acid anhydrides and acid chlorides: the byproduct, vinyl alcohol, rapidly tautomerizes to low boiling point acetaldehyde (b.p. 20°C), which can be easily removed from the reaction system driving the reaction equilibrium toward the product (Figure 7). Additionally, this method operates under mild conditions without requiring hazardous substances and external catalysts. 
	/
	Figure 7. Synthesis of cellulose ester via esterification and transesterification routes.
	Over the past decade, various ionic liquids (ILs) have been successfully utilized for the homogeneous transesterification of cellulose. 
	Schenzel et al. (2014) reported a catalytic transesterification of cellulose was investigated under homogeneous conditions using IL, 1-butyl-3-methylimidazolium chloride ([BMIM][Cl]) as the solvent. This method effectively converted cellulose into cellulose esters using various methyl esters and 10 mol% of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as the catalyst. Through the optimization of reaction conditions, the degree of substitution (DS) of the resulting cellulose esters could be selectively controlled, yielding a maximum DS of 0.69 which was determined by the 1H NMR method. 
	Cellulose fatty esters with various fatty acids, including lauric, myristic, palmitic, stearic, and oleic acid, all having the same degree of substitution (DS ≈ 2.0), were synthesized via homogeneous transesterification using ([BMIM][Cl]) were reported by (Singh, 2014). Tribological studies revealed promising antifriction properties for all the synthesized cellulose esters, highlighting their potential as bio-based lubricants.
	Chen et al. (2017) successfully reported the homogeneous transesterification of sugarcane bagasse (SCB) using 1-ethyl-3-methylimidazolium chloride ([EMIM][Cl]) as the solvent using vinyl esters. The SCB ester films exhibited performance similar to that of cellulose derivatives obtained from commercial cellulose. This study introduced an alternative method for converting lignocellulosic biomass into bioplastics without the need for lignocellulose pretreatment.
	The synthesis of cellulose laurate was studied through transesterification in a 1-allyl-3-methylimidazolium chloride [AMIM][Cl]/DMSO co-solvent system, using vinyl laurate as the acylation reagent and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as a catalyst by Wen et al. (2017). DS varied from 1.47 to 2.74 by adjusting the reaction time, temperature, and the molar ratio of AGU to vinyl laurate. The chemical structure of the synthesized cellulose laurate was analyzed using FT-IR, 1H NMR, 13C NMR, HSQC, and XRD to confirm successful transesterification. The attachment of long aliphatic side chains enhanced the thermal stability of cellulose. The films demonstrated ductile mechanical properties and contact angle measurements confirmed their hydrophobic nature. With their combination of ductility and hydrophobicity, cellulose laurate films hold significant promise for applications in sustainable packaging.
	Hanabusa et al. (2018) reported the synthesis of cellulose acetates using a range of protic ionic liquids (PILs), including 1,8-diazabicyclo[5.4.0]undec-7-enium acetate ([DBUH][OAc]) and 1,5-diazabicyclo[4.3.0]non-5-enium acetate ([DBNH][OAc]) with vinyl acetate as an acetylation agent. 
	Hirose et al. (2019) investigated the role of EMIM carboxylate-type ILs as both the solvent and organocatalyst in the transesterification reaction of cellulose. The study found that using [EMIM][OAc] and vinyl ester led to an undesired side reaction, where the acetate anion from [EMIM][OAc] was incorporated into the cellulose ester. The newly synthesized [EMIM][p-anisate] successfully facilitated the transesterification of cellulose, achieving a high DS value (> 2.9) from the vinyl esters and minimal side reactions (selectivity > 99%). 
	Yuan et al. (2019) studied the dissolution behavior of cellulose and its transesterification in a system combining [EMIM][OAc] with GVL as a co-solvent. The cellulose solubility in [EMIM][OAc]/GVL surpassed that in pure [EMIM][OAc], as evidenced by its relatively lower dissolution activation energy. The enhanced performance was further confirmed through rheological studies. The solution’s potential for homogeneous derivatization was explored through the transesterification of α-cellulose with vinyl esters at 80 °C for 4 hours, using a low vinyl ester-to-anhydroglucose unit (AGU) molar ratio of 3. This process yielded cellulose laurate and cellulose pivalate esters with a DS of 3.0, as well as cellulose chloroacetate ester with a DS of 1.43.
	Gao et al. (2023) reported the synthesis of a novel IL derived from 1,8-diazabicyclo[5.4.0]undec-7-enium (DBU), namely [DBUC8][Cl]. This IL offers several advantages, including ease of synthesis, availability of raw materials, and good solubility for cellulose. Notably, the excellent cellulose solubility and the inherent catalytic activity of [DBUC8][Cl] enable efficient homogeneous esterification of cellulose into cellulose acetate (CA) without the need for additional catalysts. 
	Todorov et al. (2023) reported the development of a sustainable homogeneous transesterification method using the superbase ionic liquid (SB-IL), 5-methyl-1,5,7-triaza-bicyclo-[4.3.0]non-6-enium acetate, [mTBNH][OAc] and unactivated methyl esters. This protocol enables the preparation of cellulose esters with a controllable DS.
	Cellulose esters (CEs) have long been used in coatings as additives, binders, lubricants, and film formers. They offer benefits like viscosity control, enhanced UV stability, improved sprayability, and reduced drying time in coating applications (Edgar, 2001; Amim, 2008). Over the last few decades, research has increasingly focused on developing cellulose ester-based packaging films as sustainable alternatives to non-renewable materials. These films are transparent, and rigid, and offer excellent barrier and antimicrobial properties, making them potential materials for packaging applications (Bras, 2007; Gouvêa, 2015; Gemili, 2009; Quintero, 2013). CEs exhibit thermoplastic properties and can be processed using conventional methods like film extrusion and injection molding (Hooshmand, 2014; Wang, 2018; Law 2004; Krasnou, 2015). CEs are suitable for industrial-scale fiber production through melt spinning (Franko, 2001; Glasser, 1999). CEs are also effective as membranes for ultrafiltration applications, known for their good salt rejection and film-forming properties (Arthanareeswaran, 2010). Additionally, they are emerging as promising materials for 3D printing, providing a sustainable option for creating structures (Tenhunen, 2018; Dai, 2019; Pattinson, 2017). CEs are widely used in pharmaceutical controlled-release formulations, including osmotic and enteric-coated drug delivery systems, due to their low toxicity. Thin films of CEs have proven effective for selective adsorption of proteins and biomolecules (Wu, 2010; Shokri, 2013; Kosaka, 2007).
	Traditional polymeric materials derived from non-renewable resources (NRRs) contribute significantly to severe environmental challenges, including soil, water, and air pollution, as well as the depletion of fossil fuel reserves. Hence, identifying sustainable and eco-friendly alternatives to conventional polymers has become a critical priority. Cellulose, a natural polymer, is the most abundant renewable resource on Earth. As a primary constituent of biomass, it consists of numerous monomeric units, referred to as anhydroglucose units (AGU), interconnected through β-glycosidic bonds. The three hydroxyl (-OH) groups in AGU enable its modification into various derivatives with potential applications as bio-based functional polymeric materials.
	Homogeneous transesterification offers a sustainable approach to synthesizing cellulose esters (CEs) by reacting cellulose with fatty acid esters, thereby imparting thermoplastic properties to native cellulose. Cellulose must first be dissolved in an appropriate solvent to enable homogeneous modification. Ionic liquids (ILs) have proven to be effective for cellulose dissolution and modification, offering advantages such as low toxicity, superior solubility compared to traditional solvents, low vapor pressure, and recyclability. 
	ILs are typically highly viscous, and adding cellulose further increases viscosity, complicating practical use. This high viscosity restricts mass transfer and demands considerable energy for mixing. Adding polar aprotic co-solvents like dimethyl sulfoxide (DMSO), N,N-Dimethylacetamide (DMAc), and N,N-Dimethylformamide (DMF) has improved cellulose dissolution – being significantly lower in viscosity compared to ILs, these co-solvents reduce the overall viscosity of the cellulose/IL mixtures, enhancing the mass transfer ratio and thereby improving cellulose dissolution in IL. Co-solvents, being more cost-effective than ILs, also reduce the overall processing cost.
	The aim of this study was to develop novel, sustainable solvent systems for cellulose dissolution and transesterification and examine the properties of the resulting CEs. 
	The following objectives were set to achieve this aim:
	 To evaluate the dissolution behavior of cellulose in superbase ionic liquid (SB-IL) combined with various green co-solvents, identifying the most effective SB-IL/co-solvent combination and their optimal ratios for cellulose dissolution.
	 To examine the structural and morphological changes in cellulose during dissolution and transesterification in various SB-IL/co-solvent combinations.
	 To investigate the influence of green co-solvents on cellulose transesterification and the chemical, physical, and mechanical properties of the synthesized CEs.
	The following activities were performed to achieve these objectives:
	 Rheological analysis of cellulose/SB-IL solutions with various green co-solvents at different ratios was conducted to investigate cellulose dissolution behavior. 
	 Optimization experiments were first conducted via homogeneous transesterification of cellulose with vinyl esters (VEs) in SB-IL/DMSO to determine the reaction parameters for achieving the highest degree of substitution (DS) in the resulting CEs. 
	 Using these optimized reaction conditions, the influence of green co-solvents on the DS of CEs was further investigated by conducting homogeneous transesterification of cellulose with VEs in solvent systems containing SB-IL combined with various green co-solvents.
	 Structural, thermal, rheological, mechanical (tensile testing), and surface properties of CEs were studied. 
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	Fibrous cellulose was selected as the starting material for the synthesis of cellulose esters (CEs). Superbase ionic liquid (SB-IL), [mTBNH][OAc] was chosen as the solvent for cellulose dissolution and transesterification. Different polar aprotic solvents like dimethyl sulfoxide (DMSO), γ-Valerolactone (GVL), dimethyl isosorbide (DMI), sulfolane (SLF), and N,N-Dimethylpropyleneurea (DMPU) were mixed with SB-IL in different ratios to make the binary solvent systems. Vinyl esters (VEs) namely vinyl laurate (VL), vinyl myristate (VM), vinyl palmitate (VP), and vinyl stearate (VS) were selected as acylating agents. A more detailed explanation of the materials and techniques used in this PhD thesis is given in the following chapter. 
	The cellulose used in this work has a fiber length of 0.02–0.1 mm and was purchased from Carl Roth GmbH (Karlsruhe, Germany). SB-IL, 5-methyl-1,5,7 triazabicyclo[4.3.0]non-6-enium acetate, [mTBNH][OAc] is not commercially available and was synthesized at the University of Helsinki by a stoichiometric mixture (1:1) of acetic acid and superbase, 5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-enium (mTBNH) at room temperature with purity > 97% [Martins, 2022; Sosa, 2023] and supplied by Liuotin Group Oy (Porvoo, Finland). The melting point of SB-IL is 15 °С; density is 1.16 g/ml; viscosity is 205 mPa·s (25 °С); flash point more than 220 °С. DMSO with purity > 99% was purchased from Fisher Chemical (Pittsburgh, PA, USA). GVL, DMI, and SLF with purity > 99% were purchased from Sigma Aldrich (St. Louis, MO, USA). DMPU with purity > 99% was purchased from Acros Organics (Geel, Belgium). Vinyl esters (VEs)- VL, VM, VP, and VS with purity > 98% were purchased from Tokyo Chemical Industry Co (Tokyo, Japan). Chloroform-d (purity = 99.8 atom % D. contains 1 v/v% tetramethylsilane, TMS) for nuclear magnetic resonance (NMR) analysis was purchased from Acros Organics (Geel, Belgium). All other chemicals and solvents were used without further purification: Ethanol 98%; Acetone 95% (Keemiakaubandus AS, Maardu, Harju County, Estonia); and n-hexane ≥ 95% (Sigma Aldrich, St. Louis, MO, USA).
	Figure 8 illustrates the chemical structures of the SB-IL [mTBNH][OAc] and the green co-solvents used to prepare the binary solvent systems for cellulose dissolution and modification, whereas Figure 9 depicts the chemical structures of all the acylating agents utilized in this study.
	/
	Figure 8. Chemical structures of SB-IL, [mTBNH][OAc], and co-solvents used in this study.
	/
	Figure 9. Chemical structures of acylating agents (vinyl esters) used in this study.
	Cellulose was dried under vacuum at 105°C for 24 hours before use. The concentration of cellulose in all studied solutions was 2 wt%. Cellulose was dissolved in mixtures of SB-IL, [mTBNH][OAc] with co-solvents (DMSO, GVL, DMI, SLF, DMPU) with 2:1, 1:1, and 1:2 SB-IL:co-solvent weight ratios at 60°C until the clear, transparent solution was obtained.
	To determine the optimized reaction conditions (temperature, time, and molar ratios), cellulose transesterification with vinyl esters (VEs) was performed in a 1:1 [mTBNH][OAc]/DMSO binary solvent system, without the use of an external catalyst. After the complete dissolution of 2 wt% of pre-dried cellulose in the solvent system, the chosen VE acylating agent (3–12 eq./anhydroglucose unit, AGU) was carefully added to the cellulose solution at the desired reaction temperature (60–120 °C) and duration (1–5 hours) under a nitrogen atmosphere. After the reaction was completed, the mixture was added to 250 mL of warm distilled water and vacuum filtered. The solid product was thoroughly washed with ethanol, acetone, and n-hexane to remove residual solvents and unreacted VE. The product was dried under a vacuum at 55 °C overnight. 
	To study the effect of the green co-solvents on the properties of cellulose esters, the cellulose transesterification with VEs was performed in a 2:1 [mTBNH][OAc]/green co-solvent binary system. The green co-solvents were mainly GVL, DMI, SLF, and DMPU. A calculated amount of VE (5 eq./AGU) was added to a 2 wt% cellulose solution in a 2:1 SB-IL: green co-solvent mixture within a chemical reactor equipped with a mechanical stirrer and nitrogen flow. The reaction proceeded at 70 °C for 2 hours under a nitrogen atmosphere with vigorous stirring. These reaction conditions were selected because temperatures exceeding 80 °C or reaction times longer than 3 hours led to the degradation of the reaction components and/or the final cellulose esters (CEs) (Savale, 2024). Upon completion, the resulting cellulose ester was precipitated into 500 mL of warm distilled water. To eliminate solvents, the product was washed several times with 100–200 mL of ethanol, acetone, and hexane to remove any unreacted VE. The final product was dried overnight under vacuum at 55 °C. 
	Molar mass determination
	The molar mass of pure cellulose was determined at 25 °C using the intrinsic viscosity [η] (= 5 dL/g) of a cellulose solution in cupriethylenediamine hydroxide (Cuene), following the standard procedure ASTM D1795 − 13. The molar mass was then calculated using the Mark-Houwink equation with parameters K = 1.01 × 10⁻⁴ dL/g and a = 0.9 (Brandrup, 1999). The resulting molar mass was 163,000 g/mol (DP = 1000).
	The size exclusion chromatography (SEC) profiles of CEs were obtained using gel permeation chromatography (GPC) on a Shimadzu Prominence system, equipped with a Shodex KF-804 column and a refractive index detector (RID-20A). The GPC system was calibrated with three polystyrene standards (74,800 Da, 230,900 Da, and 473,600 Da). CE samples (10 mg) were dissolved in 1–2 mL of pyridine, and the GPC analysis was conducted at 60 °C, using pyridine as the mobile phase with a flow rate of 0.5 mL/min. The molecular weights (number-average Mn, weight-average Mw, and dispersityƉ = Mw/Mn) of the CEs were calculated. Multiple samples were tested 2–3 times, and the molecular weight measurements’ standard deviation was 3–8%.
	Rheology
	The rheological properties of cellulose/[mTBNH][OAc]/co-solvent solutions as well as cellulose ester (CE) films were analyzed using an Anton Paar Physica MCR501 rheometer with a cone-plate geometry (25 mm plate diameter, 2° cone angle). The CE films were prepared via solvent casting on a glass petri dish. CEs were dissolved in pyridine at a concentration of 5 wt% and stirred for 16 hours at 40–60 °C until fully dissolved. Once dissolved, the solution was poured into a glass petri dish, and the solvent was allowed to evaporate at room temperature for 24 hours. For rheological measurements, ~ 100 μm thick films were cut into 25 mm Ø discs. 
	Flow curves were measured over a shear rate (γ˙​) range of 0.01 to 100–500 s−1. Complex viscosity (η*) was determined across angular frequencies (ω) ranging from 0.01 to 500 rad/s (for cellulose/[mTBNH][OAc]/co-solvent solutions) and 0.1 to 100–500 rad/s (for CE films). A constant strain of 1% (for CE films) and 5% (for cellulose/[mTBNH][OAc]/co-solvent solutions) was applied to define the linear viscoelastic region (LVR), which was confirmed using an amplitude sweep test at 1 Hz. 
	For the rheological studies of cellulose/[mTBNH][OAc]/co-solvent solutions, measurements were conducted at 25°C, except for temperature-dependent zero-shear viscosity, which was evaluated over a 25–100°C range. While for the studies of CE films, all measurements were performed at 190°C. Standard equations were used to calculate rheological parameters (Malkin, 1994), and each curve was obtained 2–4 times to ensure reproducibility and accuracy of the results.
	Nuclear magnetic resonance spectroscopy (NMR) 
	Since most CEs synthesized via the homogeneous transesterification process are soluble in organic solvents such as chloroform, DMSO, and pyridine, their structures can be analyzed using solution NMR. The CEs were examined with NMR techniques, including 1H NMR and 13C NMR, performed on an Agilent Technologies DD2 500 MHz spectrometer equipped with 5 mm broadband inverse (1H) or broadband observe (13C) probes. 
	Before acquiring the NMR spectra, a 15-minute temperature equilibration period was observed after sample insertion, with the sample temperature set at 20 °C below the boiling point of the chosen NMR solvent. For 1H spectra, 64 scans were performed with a 25-second relaxation delay, while 13C spectra required 20,000–45,000 scans with a 2.5-second recycle delay to achieve the desired signal-to-noise ratio.
	NMR samples were prepared by dissolving 15–20 mg of the CE in 0.8–1.0 mL of deuterated solvent and heating the mixture at 40–45 °C for 30 minutes until a clear solution formed. The solution was prepared in a small, pre-dried glass bottle sealed with parafilm. Ultrasonic treatment was applied to ensure transparency. Tetramethylsilane (TMS) was used as an internal standard for the NMR experiments.
	                                                                   𝐷𝑆= 10 × 𝐼𝐶𝐻3/ 3𝐼𝐴𝐺𝑈+ 𝐼𝐶𝐻3/3                                              Eq. 1
	The degree of substitution (DS) represents the number of hydroxyl groups in AGU of the cellulose monomer that is replaced by the ester group. The DS of CEs was calculated from the 1H NMR spectrum by analyzing the intensity of the corresponding resonances, as outlined in the method described by (Lowman, 1998):
	where 𝐼𝐶𝐻3is the integral of terminal methyl protons of the aliphatic fatty acid chain region and 𝐼𝐴𝐺𝑈 is the integral of all protons of AGU.
	Dual or triple DS measurements were performed for each sample, and the average DS value was calculated. Deviations in DS between two or three measurements were within ±0.1. 
	X-ray diffraction (XRD) analysis
	XRD analysis of the native cellulose and powdered samples of CE was performed using a Rigaku Ultima IV diffractometer equipped with a silicon detector and a Cu Kα radiation source (λ=0.1540 nm). Measurements were conducted over a 2θ range of 5° to 40°, with an anode voltage of 40 kV, an anode current of 40 mA, and a θ-θ scan mode at a step size of 0.02°.
	Scanning electron microscopy (SEM)
	The morphology of the CE films was examined using a Gemini Zeiss Ultra 55 scanning electron microscope (SEM) (Carl Zeiss, Germany). All specimens were then carbon-glued to the stud and vacuum-coated with Au/Pt before observation.
	Thermogravimetric analysis (TGA) 
	The thermal stability and degradation behavior of CEs samples were investigated using a Setaram Labsys Evo 1600 thermoanalyzer. The experiments were conducted under non-isothermal conditions up to 600 °C at a heating rate of 10 °C/min in an argon atmosphere. Standard 100 μL alumina crucibles were employed, with sample masses of 6 ±1.0 mg, and a gas flow rate of 20 mL/min. The peak degradation temperatures were determined from the derivative thermograms (DTG).
	Mechanical properties of cellulose ester films
	Tensile tests were conducted using an Instron 5866 machine at 22 °C and 45% relative humidity for all samples. The cast films of CEs were cut into ribbons measuring 20 × 10 × ~ 0.1 mm. For each sample, 7–10 ribbon specimens were tested, and the average values of elastic modulus, strain at break, and stress at break were recorded. A pulling rate of 20 mm/min was applied during the measurements.
	Contact angle measurements (CAM)
	The hydrophobicity of the prepared CE film surfaces was assessed by measuring the equilibrium contact angle using a DataPhysics OCA 20 device and SCA 20 software (Riverside, CA, USA). Experiments were conducted on both sides of the films, and average values were calculated. Distilled water was used as the liquid agent to form a drop on the surface. A total of five measurements were taken for each variable and averaged. All contact angle measurements were performed at room temperature and 40% relative humidity.
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	Superbase Ionic Liquids (SB-ILs) are effective for cellulose dissolution and modification, their high viscosity and cost can be mitigated by using lower-viscosity, inexpensive co-solvents like dimethyl sulfoxide (DMSO) (Tarasova, 2023). However, greener alternatives such as γ-Valerolactone (GVL), dimethyl isosorbide (DMI), and N,N-Dimethylpropyleneurea (DMPU) should be investigated for sustainable cellulose processing. It is still unclear how much these green co-solvents can reduce the viscosity of SB-IL/cellulose solutions and the optimal amount to add without negatively impacting cellulose solubility in SB-IL, which is necessary for their effective use as DMSO replacements, leaving room for further investigation in this area. 
	In this study, the effect of green co-solvent content on the rheological properties of cellulose/SB-IL/co-solvent solutions was investigated. SB-IL, [mTBNH][OAc] was combined with selected green co-solvent (GVL, DMI, or DMPU) in ratios of 2:1, 1:1, and 1:2 (by weight). As a reference, the impact of DMSO content on the rheological properties of cellulose/SB-IL/DMSO solutions was also assessed. To investigate the quality of the cellulose solutions, the dependences of the complex viscosity (η*), and the storage (G’) and loss (G”) moduli of the cellulose/SB-IL/co-solvent solutions on angular frequency (ω) were evaluated. The rheological tests were conducted at a temperature of 25 °C and all rheological plots are presented on double logarithmic scales. These measurements provided insights into gel formation caused by the reduced polymer solubility in the selected solvent system (Heinze, 2000). The dissolution behavior of cellulose in the chosen weight ratios of SB-IL/co-solvent was compared to its dissolution behavior in pure SB-IL.
	Figure 10a shows the angular frequency dependence of complex viscosity of 2 wt% cellulose (DP = 1000) in pure SB-IL and SB-IL/DMSO binary mixtures with varying ratios of DMSO. All solutions exhibit non-Newtonian, shear-thinning behavior, indicating that all the solutions are located in the entanglement region. The viscosity of the cellulose solution in SB-IL decreases with the addition of DMSO while maintaining a constant cellulose concentration. This decrease in viscosity may be attributed to the lower viscosity of DMSO (2.0 mPa·s) compared to the [mTBNH][OAc] (200 mPa·s). Lv et al. (2012) reported a similar decrease in the viscosity of the cellulose solutions in imidazolium-based ILs when DMSO was used as a co-solvent. Additionally, the critical angular frequency, which is associated with the transition from Newtonian to shear-thinning behavior of the solutions shifts to a higher value as the DMSO content in the binary solvent system increases. However, when a 1:2 SB-IL/DMSO binary solvent system is used, the cellulose solution shows more pronounced shear-thinning behavior compared to 2:1 and 1:1 SB-IL/DMSO mixtures. This can be attributed to the solution entering a weakly structured pre-gel state. A similar gelation process was reported by Ilyin et al. (2023) in cellulose/[EMIM][OAc]/DMSO when higher DMSO content (75%) was used in a binary system. 
	The viscoelastic behaviour of cellulose/SB-IL/DMSO mixtures with different DMSO concentrations can be explained by Figure 10b via frequency sweep measurements. All the cellulose/SB-IL mixtures with DMSO as a co-solvent have their G’ smaller than the G” at low frequencies while at higher frequencies, the G′ becomes larger than G″. At this stage, two key parameters should be considered: the crossover frequency (ωC​), where G′ = G”, which describes the material's viscoelastic behavior and indicates the transition from viscous to elastic behavior, and the relaxation time, which is the reciprocal of the crossover frequency and is denoted by τ = 1/ωC. Compared to the cellulose solution in pure SB-IL, the crossover points shift to higher frequencies as the DMSO content increases. This suggests that the relaxation time of the cellulose chains decreases with higher DMSO content, due to fewer entanglements from neighbouring polymer chains.
	/
	Figure 10. Dependences of a) complex viscosity η* and b) storage G′ (triangle) and loss G″ (square) moduli on angular frequency ω for cellulose solutions in pure [mTBNH][OAc] and in [mTBNH][OAc]/DMSO binary solvent. The ratio of [mTBNH][OAc]/DMSO is given in the legend. The central part demonstrates the appearance of cellulose solutions in [mTBNH][OAc]/DMSO mixtures.
	It can be concluded that although DMSO is not a solvent for cellulose, unlike SB-IL [mTBNH][OAc], the cellulose’s miscibility remains high across all studied compositions. This is evident from the photographs in Figure 10, which show that the cellulose solutions are transparent in all SB-IL/DMSO mixtures, with no visible phase separation.
	The behavior of the cellulose/SB-IL/GVL solutions is almost identical to that of the DMSO-based solutions. Figure 11 shows the angular frequency dependence of a) η*, and b) G’ and G” of 2 wt% cellulose in pure SB-IL and SB-IL/GVL binary mixtures with varying ratios of GVL. Similar to DMSO, the studied cellulose/SB-IL/GVL solutions are non-Newtonian and show shear-thinning behaviour at higher shear rates when SB-IL:GVL ratios were 2:1 and 1:1. The viscosity of the cellulose solution in SB-IL decreases with the addition of GVL while maintaining a constant cellulose concentration at SB-IL:GVL ratios 2:1 and 1:1. Additionally, the 1:1 SB-IL/GVL solution exhibits a lower viscosity than the 2:1 solution. This can be explained similarly to DMSO, where the cellulose solution is diluted with a solvent of lower viscosity (GVL has a viscosity of 1.9 mPa·s) compared to the [mTBNH][OAc]. A similar behavior was previously reported by Yuan et al. (2019) for cellulose (18%) in [EMIM][OAc]/GVL mixtures with different ratios. 
	/
	Figure 11. Dependences of a) complex viscosity η* and b) storage G′ (triangle) and loss G″ (square) moduli on angular frequency ω for cellulose solutions in pure [mTBNH][OAc] and in [mTBNH][OAc]/GVL binary solvent. The ratio of [mTBNH][OAc]/GVL is given in the legend. The central part demonstrates the appearance of cellulose solutions in [mTBNH][OAc]/GVL mixtures.
	However, at an SB-IL/GVL solvent composition of 1:2, the cellulose solution’s viscosity increases significantly. It begins to display pronounced shear-thinning behavior as shown in Figure 11a. Both the G′ and G” show minimal dependence on frequency, with G’ remaining greater than G” across the entire measurable frequency range. as shown in Figure 11b. This behavior is characteristic of a gel, where elastic or solid-like properties primarily govern the material’s rheological response. According to data from the literature by Gandhi and Williams (1972), thermodynamically poor solvents, when added to a solution, result in significantly higher viscosities at high concentrations than good solvents. However, poor solvents reduce viscosity at lower concentrations due to coil shrinkage. A high GVL content appears to degrade the thermodynamic quality of the solution, leading to the formation of macromolecular aggregates. In contrast, systems with lower GVL content (2:1 and 1:1) behave as typical polymer solutions: at low frequencies, the loss modulus exceeds the storage modulus, and the crossover frequency of cellulose/SB-IL/GVL solutions shifts to lower ω as the GVL content decreases.
	GVL is not a solvent for cellulose dissolution and induces gelation by promoting stronger macromolecular aggregate formation in the solution, which can eventually result in phase separation, as seen in the photos of the cellulose solutions in the middle section of Figure 11. Therefore, diluting [mTBNH][OAc] with GVL at compositions exceeding 1:1 does not effectively reduce the viscosity of the cellulose solution, unlike DMSO.
	/
	Figure 12. Dependences of a) complex viscosity η* and b) storage G′ (triangle) and loss G″ (square) moduli on angular frequency ω for cellulose solutions in pure [mTBNH][OAc] and in [mTBNH][OAc]/DMI binary solvent. The ratio of [mTBNH][OAc]/DMI is given in the legend. The central part demonstrates the appearance of cellulose solutions in [mTBNH][OAc]/DMI mixtures.
	The viscoelastic behavior of cellulose solutions in SB-IL with DMI and DMPU is nearly identical. Hence, only the angular frequency dependencies of η*, G’, and G” for cellulose solutions in SB-IL/DMI binary solvents with different ratios are shown in Figure 12. When cellulose is dissolved in 2:1 SB-IL/DMI and 2:1 SB-IL/DMPU mixtures, the viscosity of the resulting solutions is lower than that of cellulose in pure SB-IL due to the dilution effect. The absence of gelation can be seen from the frequency dependencies of the G′ and G” moduli in Figure 12b, which exhibit typical concentrated polymer solution behavior: the G’ is lower than the G” at low frequencies but becomes dominant at higher frequencies. 
	However, as the content of these green co-solvents in the binary mixtures increases to a 1:1 SB-IL/co-solvent ratio, the viscosity of the cellulose solutions increases as shown in Figure 3a. Further addition of DMI or DMPU, up to a 1:2 ratio, leads to an even greater increase in cellulose viscosity. This increase suggests higher possibilities of strong macromolecular aggregation. The solution's appearance also changes from transparent to opaque, as seen in the photos of cellulose solutions in the middle of Figure 12. Both G′ and G” show only slight dependence on angular frequency, with G′ > G” throughout the entire measurable range, which is characteristic of a gel or a viscoelastic solid. Additionally, the values of G′ and G” for cellulose in 1:1 and 1:2 SB-IL/DMI (and SB-IL/DMPU) are 1 and 2 orders of magnitude higher, respectively, compared to the values for cellulose in pure SB-IL.
	The further viscoelastic behavior of the cellulose/SB-IL/co-solvent mixtures and the gel formation at higher co-solvent concentrations can also be explained by considering interdependencies of storage (G’) and loss (G”) moduli using Cole-Cole plots. The experimental data for all cellulose/SB-IL/DMSO-based solutions closely follow the same straight line as shown in Figure 13a and overlap with the data for the cellulose solution in pure SB-IL. The consistent Cole-Cole plots indicate that DMSO does not alter the microstructure of the cellulose solution. The pre-gel state of the cellulose solution in 1:2 SB-IL/DMSO can be observed as a low-frequency deviation in the Cole-Cole plots. In Figure 13b, the Cole-Cole plots for cellulose solutions in SB-IL/GVL solvents are shown. The data for the cellulose solutions in 2:1 and 1:1 SB-IL/GVL mixtures align along the same straight line. However, in the 1:2 SB-IL/GVL system, the microstructure of the system changes, and the Cole-Cole plots no longer overlap with others.
	/
	Figure 13. Cole-Cole plots for cellulose solution in (a) [mTBNH][OAc]/DMSO, (b) [mTBNH][OAc]/GVL, and (c) [mTBNH][OAc]/DMI binary solvents. The ratio of SB-IL/co-solvent is given in the legend.
	It has been observed that the addition of DMI does not lead to new interactions between the cellulose macromolecules until they lose their solubility, resulting in gel formation. The experimental data for the cellulose solution in pure SB-IL and the SB-IL/DMI 2:1 solution overlap, suggesting that the microstructure remains unchanged. However, when a higher concentration of DMI is added, gel formation is initiated through microphase separation, as indicated by the shift in the Cole-Cole dependencies in Figure 13c. 
	The 2:1 SB-IL/co-solvent composition was selected for comparative analysis among the co-solvents because it is the only common composition that forms typical polymer solutions for all the co-solvents studied.
	Figure 14 illustrates that the cellulose solution in 2:1 SB-IL/DMSO shows the lowest viscosity among all the other cellulose solutions. DMSO exhibits the highest dilution capacity, likely due to the comparatively low viscosity of the 2:1 SB-IL/DMSO solvent (30 mPa·s) among all binary solvents tested. The viscosity of the cellulose solution with DMI added to SB-IL is almost identical to those of DMPU, being five and 10 times higher than those for GVL and DMSO, respectively. However, the viscosity of DMPU- and DMI-based cellulose solutions is five times lower than that in pure SB-IL. It should be noted that the viscosities of 2:1 SB-IL/ DMI and SB-IL/DMPU binary solvents are also rather close to each other (58 and 60 mPa s, respectively) and higher than SB-IL/DMSO (30 mPa s) and SB-IL/GVL (50 mPa s).
	/
	Figure 14. Shear rate dependence of shear viscosity for cellulose solutions in 2:1 [mTBNH][OAc]/co-solvent. Inset demonstrates the shear rate dependence of the relative viscosity of cellulose solutions. Used co-solvents are listed in the legend.
	The relative viscosity is used to account for the impact of binary solvent viscosity (SB-IL/co-solvent) on cellulose/SB-IL/co-solvent solutions. Defined as the ratio of the solution’s viscosity (η for the cellulose/SB-IL/co-solvent solution) to the viscosity of the pure solvent (ηs for the SB-IL/co-solvent), the relative viscosity reflects the extent to which the solution's viscosity increases compared to the solvent.
	The inset of Figure 14 depicts the relative viscosity of all the 2:1 cellulose/SB-IL/co-solvent solutions examined. The curves for cellulose in SB-IL/DMPU and SB-IL/DMI are nearly identical to those for pure IL, indicating that DMPU and DMI primarily act as diluents, reducing the viscosity of the cellulose solution. Conversely, the relative viscosity at zero shear for GVL- and DMSO-based solutions is approximately two and five times lower, respectively, than that of pure SB-IL solutions. This suggests that GVL, like DMSO, enhances the solvation of SB-IL cation by promoting the dissociation of SB-IL anion and cation. A similar solvation effect of [BMIM][OAc] by DMSO has been reported by Zhao et al. (2013) and (Xu et al. (2013).
	The relaxation time, (τ) exhibited a clear variation with changes in the co-solvent. Table 2 represents the relaxation times determined from the crossing points for all 2:1 cellulose solutions. The cellulose solution in pure IL showed the highest τ, which decreased in the order of SB-IL/DMPU > SB-IL/DMI > SB-IL/GVL > SB-IL/DMSO.
	The concentrated polymer solutions consist of partially disrupted structures of the polymers themselves. In concentrated solutions, cellulose can form such structures due to its strong potential for intra- and intermolecular hydrogen bonding and a high degree of entanglement. The ability to break these structures depends on the balance between the structural energy and the energy of polymer-solvent interactions. Poor solvents are unable to disrupt these robust structures, while a good solvent can penetrate and break them down. As a result, the structures tend to be looser in good solvents, while in poor solvents, they remain larger and less mobile. As a result, the relaxation time τ of a polymer solution in a poor solvent is longer than that in a good solvent (Tager, 1975; Cravotto, 2008). Based on the τ values for the systems studied, it can be concluded that SB-IL/DMPU and SB-IL/DMI act as “poorer” solvent systems for cellulose dissolution compared to SB-IL/GVL and SB-IL/DMSO. A similar effect was reported for tetraalkylphosphonium IL combined with DMPU and DMI by Xia et al. (2021).
	Table 2. Relaxation time ( and activation energy Ea for cellulose solutions in 2:1 [mTBNH][OAc]/Co-solvent mixtures.
	Ea, kJ/mol
	τ, s
	Cellulose in…
	45.3
	3.17
	SB-IL Pure
	41.3
	0.53
	2:1 SB-IL: DMPU
	40.7
	0.50
	2:1 SB-IL: DMI
	36.9
	0.020
	2:1 SB-IL: GVL
	33.7
	0.017
	2:1 SB-IL: DMSO
	                                                               𝜂0=𝐴𝑒𝐸𝑎𝑅𝑇                                                            Eq. 2
	The thermodynamic quality of a solvent can be efficiently analyzed through the viscosity-temperature dependence of fluids. Accordingly, the influence of temperature (T) on the viscosity properties of 2:1 cellulose/SB-IL/co-solvent solutions was examined. As reported previously by Lefroy et al. (2021) and Yuan et al. (2019), a widely used approach for analyzing viscosity-temperature dependence is the Arrhenius equation (Eq. 2).
	Here, Ea represents the activation energy, η0 denotes the zero-shear-rate viscosity measured at low shear rates, A is a constant, R is the universal gas constant, and T is the absolute temperature. 
	The activation energy (Ea) values can be determined from the slope of ln η0 versus 1/T in Figure 15 and are provided in Table 2.  
	In polymer solutions, Ea reflects the challenge of transitioning a polymer chain from one position or state to another as presented in the literature by Budtova and Navard (2015), and is influenced by the strength of interactions between polymer chains of identical molar mass, chemical composition, and microstructure. Table 2 shows that the Ea for cellulose solution in pure [mTBNH][OAc] is 45.3 kJ/mol, which is similar to the reported Ea values of 46 kJ/mol and 49 kJ/mol for MCC (DP 300) and spruce sulfite pulp (DP 1000) in [EMIM][OAc], respectively (Gericke, 2009). The Ea obtained for 2:1 [mTBNH][OAc]/GVL (36.9 kJ/mol) aligns closely with Ea = 35.1 kJ/mol for 3:2 [EMIM][OAc]/GVL, as reported by Yuan et al. (2019). To our knowledge, activation energy data are unavailable for cellulose solutions in IL/DMPU and IL/DMI, making direct comparisons impossible. The activation energy of cellulose/SB-IL/co-solvent systems decreases progressively based on the type of co-solvent in the order of DMPU > DMI > GVL > DMSO. Differences in activation energies suggest that the co-solvent affects the energy barrier for flow, with slightly more energy required for flow in DMPU- and DMI-based solutions than in GVL and DMSO. The lower Ea values align with the observation that dissolution rates for SB-IL/co-solvent mixtures are faster than those of pure IL. This further indicates that co-solvents may enhance the efficiency of cellulose chemical modifications, such as transesterification.
	/
	Figure 15. Arrhenius equation plots for cellulose in 2:1 [mTBNH][OAc]/Co-solvent. Used co-solvents are listed in the legend.
	It can be concluded that DMSO is effective as a co-solvent with [mTBNH][OAc] for cellulose dissolution up to a 1:2 SB-IL/co-solvent ratio. GVL works at a 1:1 ratio, while DMI and DMPU require 2:1 for homogeneity. Although [mTBNH][OAc]/green co-solvent mixtures exhibit lower viscosity than pure [mTBNH][OAc], the co-solvent concentrations for forming homogeneous solutions are limited. These green co-solvents offer alternatives to DMSO but should be used moderately, keeping co-solvent content below 50% by weight. 
	After exploring the application of SB-IL/co-solvent-based solvent systems for cellulose dissolution and regeneration, this research aims to broaden the understanding of SB-IL’s applications in cellulose modification. This work focuses on the catalyst-free synthesis of cellulose esters (CEs) via homogeneous transesterification of cellulose with vinyl esters (VEs) in the 1:1 [mTBNH][OAc]/DMSO under mild reaction conditions via sustainable and environmentally friendly process. The 1:1 [mTBNH][OAc]/DMSO ratio was chosen for this research due to its optimal balance between cellulose dissolution and reaction efficiency, providing better accessibility for acylating agents and improved reaction control. Additionally, this ratio uses a lower amount of SB-IL, which helps reduce the cost, as SB-IL is more expensive than DMSO, making it more cost-effective for extensive optimization experiments. 
	As shown in Table 3, cellulose transesterification in [mTBNH][OAc] with long-chain VEs achieved a DS of up to 1.8. The DS of the CEs is calculated by 1H NMR according to Eq. 1. Comparable DS values were reported by Kakko et al. (2017) for cellulose acetate and propionate in [DBNH][OAc] and long-chain CEs in DMAc/LiCl by Samaranayake and Glasser (1993), though the latter is less favourable for sustainable applications. 
	Table 3. Synthesis of cellulose esters via transesterification with vinyl esters in a 1:1 [mTBNH][OAc]/DMSO solvent system.
	The DS and Mn of CEs decrease with increasing fatty acid chain length due to higher steric hindrance. While cellulose laurate (CL), myristate (CM), and palmitates (CP) (DS > 1) are soluble in many organic solvents, cellulose stearate (CS-a) exhibits much lower DS and is insoluble.
	DS is crucial for the thermoplastic behavior of CEs, ideally needing a value of ≥ 1.5. While CL and CM reached DS ~ 1.3, higher DS for palmitate and stearate requires modified reaction conditions. For example, increasing the reaction temperature to 80 °C improved DS for cellulose palmitate to 1.8, though Mn decreased due to cellulose backbone cleavage. Degradation of cellulose backbone during transesterification at ≥ 80 °C is evident from intrinsic viscosity [η] measurements, which directly correlate with molar mass. The higher the [η], the higher the MOLAR MASS. While CP-a and CP-b show [η] of 2.5 and 2.8 dL/g, respectively, CP-c has a significantly lower value of 1.1 dL/g, confirming cellulose backbone cleavage.
	According to Le Chatelier’s Principle, using excess vinyl esters (AGU:VE = 1:5 and 1:6) drives the reaction toward higher cellulose ester yield. As seen in Table 3, increasing the molar ratio improved the DS of CS-b to 1.4 and CP-b to 1.3, though further increases may complicate purification and SB-IL recycling due to unreacted VEs.
	After successful cellulose transesterification in SB-IL/DMSO, this chapter focuses on the detailed optimization of reaction conditions for cellulose transesterification. Given the better performance of the cellulose palmitates (CPs) in the previous study, the synthesis of CPs in a 1:1 [mTBNH][OAc]/DMSO using vinyl palmitate (VP) as the acylating agent was selected for the optimization study. It provides details on how various reaction parameters like reaction temperature, reaction time, and the molar ratio (VP:AGU) affect the DS of CPs (Table 4). 
	To investigate the effect of reaction temperature on DS, CPs were synthesized between 60 °C and 120 °C, with a constant molar ratio (3 eq. VP/AGU) and a 2-hour reaction time. As shown in Table 4, DS initially increased with temperature which became the highest at 2.3 (CP-5) before dropping to 0.5 (CP-8). A significant increase in DS from 0.7 (CP-1) to 1.5 (CP-3) occurred as the temperature rose from 60 °C to 70 °C. However, after reaching 80 °C, DS decreased sharply to 1.0 (CP-6) and declined gradually across the studied temperature range. CP yield followed a similar trend, rising gradually from 60 °C to 75 °C before declining rapidly until 90 °C. Beyond 75 °C, the reaction mixture’s color changed from orange to dark brown, suggesting potential degradation of the solvent system, reactants, or CPs. Similar trends were reported by Hinner et al. (2016) for cellulose laurate and by Zhou et al. (2014) for cellulose octanoate, which showed decreased DS and yield at elevated temperatures respectively.
	Table 4. DS of CPs synthesized by transesterification of cellulose with VP in a 1:1 [mTBNH][OAc]/DMSO.
	Yield (%)
	DS (±0.1)
	Reaction parameters
	Sample
	Molar ratio
	Time
	Temperature
	(VP:AGU)
	(h)
	(°C)
	(mol/mol)
	42
	0.7
	3:1
	2
	60
	CP-1
	60
	1.2
	3:1
	2
	65
	CP-2
	79
	1.5
	3:1
	2
	70
	CP-3
	85
	1.8
	3:1
	2
	75
	CP-4
	71
	2.3
	3:1
	2
	80
	CP-5
	36
	1.0
	3:1
	2
	90
	CP-6
	33
	0.9
	3:1
	2
	100
	CP-7
	31
	0.5
	3:1
	2
	120
	CP-8
	38
	0.7
	3:1
	1
	70
	CP-9
	60
	1.3
	3:1
	1.5
	70
	CP-10
	80
	1.2
	3:1
	2.5
	70
	CP-11
	52
	1.1
	3:1
	3
	70
	CP-12
	38
	1.0
	3:1
	4
	70
	CP-13
	35
	1.0
	3:1
	5
	70
	CP-14
	81
	1.6
	4:1
	2
	70
	CP-15
	82
	1.6
	5:1
	2
	70
	CP-16
	83
	1.6
	6:1
	2
	70
	CP-17
	83
	1.6
	7:1
	2
	70
	CP-18
	83
	1.6
	9:1
	2
	70
	CP-19
	83
	1.6
	12:1
	2
	70
	CP-20
	To examine the effect of reaction time on the DS of CPs, we periodically sampled the reaction mixture at intervals between 1 and 5 hours, keeping the temperature constant at 70 °C and using a molar ratio of 3 eq. VP/AGU. Table 4 shows the relationship between DS and percent yield OF CPs over time. In the initial one hour, transesterification progressed rapidly, increasing DS from 0.7 (CP-9) to 1.5 (CP-3), a 2.1-fold rise. However, after 2 hours, DS began to decline along with the discoloration of reaction mixtures which suggests possible degradation. The percent yield of CPs increased gradually until 2.5 hours, then decreased, further indicating degradation of the reaction components. The drop in yield over extended reaction times likely results from cellulose degradation, similar to findings by Huang et al. (2011) during prolonged cellulose esterification. The decline in DS over time may be due to competition between transesterification and partial hydrolysis of ester groups by moisture in the reaction medium (Freire, 2006).
	To explore how the molar ratio affects the DS, we varied the VP/AGU ratio from 3:1 to 12:1, keeping the temperature at 70 °C and the reaction time at 2 hours. The DS increased steadily with the molar ratio, stabilizing at ratios above 5:1 (Table 4). The absence of discoloration of the reaction mixtures indicated no degradation. However, the large aliphatic chain of VP caused steric hindrance, leading to the stabilization of DS and yield beyond the 5:1 ratio, a trend also observed by Hinner et al. (2016) and Zhou et al. (2014). While a higher VP amount enhances DS, excess unreacted VP can complicate post-reaction work-up and hinder the recycling of the SB-IL.
	In the ¹H NMR spectra of all CPs, peaks between 5.30–3.00 ppm correspond to H-1 to H-6’ of the AGU in cellulose. Signals at 2.393–2.223, 1.695–1.460, and 1.424–1.125 ppm are attributed to methylene protons (H-8 to H-21), while signals at 0.955–0.794 ppm correspond to the terminal methyl protons (H-22). The 1H NMR of CP-5 (DS = 2.3) is shown in Figure 16. 
	/
	Figure 16. 1H NMR spectrum of CP-5 (DS = 2.3) in Chloroform-d at 40 °C. 
	In the ¹³C NMR spectrum of CP (Figure 17), signals at 34.08, 31.96, 24.90, 22.71, and 14.09 ppm correspond to C-8, C-20, C-9, C-21, and C-22 in the aliphatic side chain. Carbons C(10–19) appear between 30.85–28.77 ppm, while AGU carbons C-1, C-1ʹ, C-4, C-2,3,5, and C-6 are observed at 104.29, 101.58, 82.20, 74.68–72.24, and 62.52 ppm, respectively. Carbonyl carbons at 173.09–170.16 ppm confirm the attachment of the fatty acid chain, with three peaks indicating substitution at OH groups on positions 2, 3, and 6, following the order C6–OH > C2–OH > C3–OH.
	/
	Figure 17. 13C NMR spectrum of CP-5 (DS = 2.3) in Chloroform-d at 40 °C. 
	It can be concluded that CPs degrade at a reaction temperature of 75 °C and a reaction time of 2.5 hours. Beyond a molar ratio (VP:AGU) of 5:1, the DS of the CPs remains constant. Considering all the above observations, the reaction temperature of 70 °C; reaction time of 2 hours, and molar ratio of 5 equivalents of vinyl ester to an anhydroglucose unit will be used for the transesterification of cellulose in the solvent systems containing SB-IL, [mTBNH][OAc]. Although these optimized reaction parameters are obtained for CPs, these conditions were generally applicable to all cellulose esters and were used for further experiments.
	To investigate the impact of green co-solvents on the transesterification of cellulose and the properties of the resulting cellulose esters (CEs), a detailed synthesis of CEs was conducted via homogeneous transesterification. A 2 wt% cellulose solution in a 2:1 [mTBNH][OAc]/green co-solvent with vinyl esters (VEs) was used, under conditions of 70 °C reaction temperature, 2 hours reaction time, and a molar ratio (VE:AGU) of 5:1. The weight ratios of SB-IL and co-solvents, cellulose concentration, and the dissolution and reaction parameters were selected based on previous studies outlined in Sections 3.1 and 3.2. The green co-solvents employed included GVL, DMI, SLF, and DMPU, while the acylating agents were predominantly vinyl laurate (VL), myristate (VM), and palmitate (VP).
	Although cellulose laurates (CLs), cellulose myristates (CMs), and cellulose palmitates (CPs) were synthesized, the analysis of the structural, thermal, rheological, mechanical, and surface properties primarily focuses on the cellulose myristates (CMs) in the following chapters, due to their similar overall behavior.
	The DS of cellulose myristates (CMs) was calculated using 1H NMR spectroscopy with Eq. 1 and described in Table 5. The DS increases in the order of CM-GVL > CM-DMI > CM-SLF > CM-DMPU. 
	Table 5. Reaction parameters in 2:1 [mTBNH][OAc]/green co-solvent mixtures, and the DS of the synthesized CEs.
	The XRD patterns of CMs confirm a highly amorphous structure, indicating the loss of native cellulose I crystallinity after transesterification. The peak intensity at 2θ = 20° decreases in the order: CM-DMPU > CM-SLF > CM-DMI > CM-GVL (Figure 18). This trend in amorphization may correspond to the DS of the samples: the higher the DS, the greater the amorphization.
	/
	Figure 18. XRD patterns of native cellulose and CMs synthesized in different [mTBNH][OAc]/green co-solvent mixtures. 
	The thermal stability of CMs in powder form was analyzed using TGA/DTG from 30 °C to 600 °C. As shown in Figure 19, all samples exhibited high thermal stability and started to decompose around 320 °C. At 50% weight loss, the decomposition temperatures were approximately 355 °C for CM-GVL and CM-DMI, 361 °C for CM-SLF, and 367 °C for CM-DMPU. These temperatures are comparable to those of cellulose laurates reported by Wen et al. (2017). Above 400 °C, samples undergo pyrolysis. 
	/
	Figure 19. TGA/DTG curves of CMs prepared in different [mTBNH][OAc]/green co-solvents. Samples are tested in powder form.
	The DTG curves (see Figure 19 inset) showed the maximum degradation rate at around 353 °C for CM-GVL and CM-SLF, and 355 °C for CM-DMI and CM-DMPU, indicating nearly identical decomposition temperatures.
	The melt flow behavior of CMs was analyzed to assess the thermoplastic properties of the materials. Figure 20 illustrates the angular frequency dependence of the complex viscosity (η*) and storage (G’) and loss (G”) moduli of CMs in various green co-solvents, using double-logarithmic scales. As shown in Figure 20a, all CMs exhibit shear-thinning behavior across the angular frequency range, with no linear viscosity observed. Among them, CM-DMPU has the highest viscosity, while CM-GVL shows the lowest. The viscosity reduction in CM samples from various co-solvents cannot be explained by their molar mass alone. CM-DMPU, CM-SLF, CM-DMI, and CM-GVL have weight-average molar masses of 202 kg/mol, 302 kg/mol, 311 kg/mol, and 591 kg/mol, respectively. Despite CM-GVL having the highest molar mass, it shows the lowest viscosity. Figure 20b indicates that both storage (G′) and loss (G”) moduli have minimal frequency dependence, with G′ consistently exceeding G”. This indicates that the rheological behavior of CMs is primarily governed by an elastic or solid-like response. The dominance of the elastic response can be attributed to the deformation and movement of the cellulose backbone in the CM macromolecule. Interestingly, the magnitude of the complex moduli of CMs follows the order DMPU > SLF > DMI > GVL, aligning with the viscosity data but is in the reverse order of the DS values for the samples. Melt elasticity is the key factor that dictates the behavior of a molten material. This elasticity leads to effects like die swell during processing. A higher G′ value results in greater die swell and thicker products. 
	/
	Figure 20. Dependences of (a) complex viscosity η* and (b) storage G′ (circle) and loss G” (square) moduli on angular frequency ω for CM films prepared in various green co-solvents, taken at 190 °C.
	Similar angular dependencies of complex viscosity and moduli were observed for cellulose laurates (CL-DMPU, CL-GVL) and cellulose palmitate (CP-DMPU) samples, as shown in Figure 21. Variations in viscosity and moduli can be attributed to the type of green co-solvent used, and its indirect influence on the properties of the cellulose esters, or to the DS of the synthesized CEs.
	/
	Figure 21. Dependences of (a) complex viscosity η* and (b) storage G′ (circle) and loss G” (square) moduli on angular frequency ω for CL and CP films prepared in various green co-solvents, taken at 190 °C.
	The Cole-Cole plots in Figure 22 show that the G′ and G′′ values for all CMs, regardless of co-solvent type, follow the same straight line, indicating consistent microstructure (Ilyin, 2020). Interestingly, the experimental points for CL and CP samples align with the same CM line, suggesting that the behavior of these materials is primarily influenced by the DS of the cellulose esters.
	/
	Figure 22. Cole-Cole plots for CMs, CLs, and CP films obtained in [mTBNH][OAc]/green co-solvent systems.
	To examine the impact of DS on the complex moduli and complex viscosities of CMs, two additional CMs with lower DS, CM-GVL-2, and CM-GVL-3, were synthesized as detailed in Table 5. These CMs were prepared using the same SB-IL/GVL systems to eliminate any influence from the co-solvent nature. As shown in Figure 23a, the complex modulus data for CM-GVL-1, -2, and -3 all lie on the same straight line. However, there is a translational shift based on DS: higher DS results in lower complex modulus values. Additionally, complex viscosity decreases with increasing DS, as seen in Figure 23b. Therefore, it can be concluded that the degree of substitution significantly affects both the viscosities and complex moduli of CMs.
	/
	Figure 23. (a) Cole-Cole plots for CMs with different DS obtained in [mTBNH][OAc]/green co-solvent systems. The values of DS are listed over the line; (b) Dependence of complex viscosities η* on angular frequency ω for CMs with various DS.
	The G-moduli reflect sample stiffness which further affects polymer chain structure and interchain interactions. (Mead, 2011) found through stress-optical analysis that esterification does not affect cellulose backbone stiffness, but fatty acid side chains act as plasticizers, reducing contour length concentration. This explains the decrease in G-moduli for CM films with increasing DS: higher DS enhances thermoplasticity. This aligns with XRD data, indicating that higher DS results in more amorphous, and therefore less rigid, CMs.
	The rigidity of the samples can be influenced by the dissolution of CMs in pyridine, which is affected by their DS. The low solubility capacity of SB-IL/DMPU, for example, results in lower DS of CM-DMPU and may cause crystalline regions in cellulose that add rigidity to the samples. In contrast, more homogeneous dissolution in solvents like SB-IL/GVL leads to higher DS in the synthesized CMs, reducing rigidity further.
	The mechanical properties of CMs were evaluated by tensile testing, with DS playing a key role in all characteristics. Three CM samples with varying DS namely CM-GVL-1, CM-GVL-2, and CM-GVL-3, prepared in the same SB-IL/GVL solvent at different reaction times as explained in Table 5, were tested using tensile tests. Stress-strain curves for these CMs at room temperature are shown in Figure 24a.
	/
	Figure 24. Stress-stain curves of CM films with different DS prepared in (a) 2:1 [mTBNH][OAc]/GVL and (b) 2:1 [mTBNH][OAc]/green co-solvents. DS for the samples are listed in Table 5.
	As DS increases, the samples exhibit more thermoplastic behavior, leading to higher strain at break. Meanwhile, Young’s modulus (initial slope of the stress-strain curve) and the yield point decrease. This is likely due to the increased plasticizing effect of the myristate chains at higher DS, as seen in the rheological behavior section. Young’s modulus correlates with storage modulus: higher DS reduces sample rigidity. Similar trends were observed in cellulose laurates by Duchatel-Crépy et al. (2020) and other cellulose esters by Katsuhara et al. (2023) and Crépy et al. (2009). 
	Hydrophobicity is a key characteristic of films, making them ideal for food packaging by providing resistance to liquids and extending shelf life (Asim, 2022). A higher DS is expected to increase the contact angle (Willberg-Keyrilainen, 2017; Crépy, 2009). Contact angle measurements (CAM) assessed CM films for surface wettability. Figure 25a shows the average contact angles of different CMs, which decrease from 104.8° to 84.9° in the order CM-DMPU > CM-SLF > CM-DMI > CM-GVL, even though the DS increases. 
	/
	Figure 25. (a) Average contact angles of CMs (in film form), and (b) SEM images of CMs (in film form) synthesized different [mTBNH][OAc]/green co-solvents.
	This unexpected trend contrasts with that reported by Wen et al. (2017), who suggest that esterifying cellulose with a hydrophobic aliphatic chain reduces its hydrophilic properties, especially when all OH groups are substituted.
	SEM was used to analyze surface properties to investigate the unusual wettability behavior of CM films. The unexpected decrease in contact angles may be linked to the films’ surface roughness. SEM images (Figure 25b) suggest that crystallites (aggregates) on the film surface contribute to this roughness. CM-DMPU has the roughest surface, followed by CM-SLF and CM-DMI, with CM-GVL being the smoothest. According to Wenzel (1936), increased surface roughness enhances contact angle and thus hydrophobicity. Thus, the higher contact angles in CM-DMPU and CM-SLF, both above 90°, are likely due to their rougher surfaces.
	All the above results demonstrate the following order - CM-DMPU, CM-SLF, CM-DMI, and CM-GVL - results in a) an increase in DS; b) the amorphization of cellulose esters; and c) improved mechanical properties and processing performance due to enhanced internal plasticization. The degradation temperatures of CMs prepared using different green co-solvents were observed to remain consistent. Moreover, contact angle measurements confirmed the hydrophobic nature of the films. Surface roughness plays a critical role in determining the hydrophobicity of the CM films. Greater surface roughness was noted in CM-DMPU and CM-SLF, attributed to the presence of aggregates, which increased the contact angle of the cellulose myristate films despite their lower DS compared to others.
	Conclusions
	This study aimed to develop novel and sustainable solvent systems for cellulose dissolution and transesterification while exploring the properties of the resulting CEs. To achieve this, cellulose dissolution behavior in SB-IL combined with various green co-solvents was assessed using rheology, identifying the most effective SB-IL/co-solvent combinations and their optimal ratios. Transesterification processes were optimized to get optimal reaction conditions and to achieve the highest DS in CEs, with a focus on the influence of green co-solvents on DS and the chemical, physical, and mechanical properties of the synthesized CEs using XRD, TGA, rheology, tensile strength testing, CAM, and SEM. Based on the study the following conclusions can be drawn:
	 This study concludes that DMSO is an effective co-solvent with [mTBNH][OAc] for cellulose dissolution at ratios 2:1, 1:1, and 1:2, while GVL works well at 1:1, and DMI and DMPU at 2:1. Co-solvent content should not exceed 50% for effective cellulose dissolution. GVL and DMSO enhance solvation by aiding SB-IL dissociation by solvating the ions, and the activation energies of flow for cellulose in SB-IL/co-solvent decreases in the order of DMPU > DMI > GVL > DMSO. This suggests that co-solvents not only facilitate cellulose dissolution but also enhance the efficiency of chemical modifications such as transesterification.
	 Optimal reaction conditions for CE synthesis were determined to be a temperature of 70°C, a reaction time of 2 hours, and a molar ratio of 5:1 (VE:AGU) in SB-IL/[mTBNH][OAc] solvent systems. While initially optimized for cellulose palmitates, these conditions were found to be broadly applicable to all cellulose esters and were adopted for subsequent experiments.
	 It was revealed that the order DMPU → SLF → DMI → GVL reflects increasing DS, amorphization, and improved mechanical and processing performance due to enhanced plasticization. Degradation temperatures remained consistent, while contact angle measurements confirmed film hydrophobicity, influenced by surface roughness. Aggregates in CM-DMPU and CM-SLF, caused by lower solubility and incomplete substitution, contributed to higher rigidity, viscosities, G-moduli, stress levels, and Young’s modulus.
	The investigated solvent systems have the potential for future use in the sustainable synthesis of CEs through reactive extrusion, supporting eco-friendly manufacturing practices. However, further investigation is warranted to elucidate the complex interactions between SB-IL, co-solvents, and the cellulose polymer. A critical area of focus lies in understanding the specific roles and interactions of the cation and anion components of the SB-IL with co-solvents and cellulose. Additionally, exploring the potential interactions between vinyl esters and the SB-IL/co-solvent-based systems could yield insights into enhancing system efficacy. 
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	Abstract
	Cellulose Dissolution and Transesterification in Superbase Ionic Liquid [mTBNH][OAc] with Green Co-solvents
	The thesis explores the potential of various green co-solvents such as γ-Valerolactone (GVL), dimethyl isosorbide (DMI), sulfolane (SLF), and N,N-Dimethylpropyleneurea (DMPU) when mixed with distillable superbase ionic liquid (SB-IL), 5-methyl-1,5,7-triaza-bicyclo-[4.3.0]non-6-enium acetate ([mTBNH][OAc]) to improve cellulose dissolution and transesterification efficiency. This SB-IL demonstrates high dissolving power for cellulose and chemical durability for recycling. However, its high viscosity limits the cellulose concentration in the solution, and its cost poses a barrier to commercialization. To address these challenges, bio-based, low-cost, and low-viscosity co-solvents were introduced to reduce the cost and viscosity of the SB-IL. 
	Several studies have been carried out to study cellulose dissolution and transesterification using different ILs in combination with different polar aprotic co-solvents. Limited studies explore cellulose's dissolution behavior in ionic liquids (ILs) combined with green co-solvents. [mTBNH][OAc] mixed with green co-solvents mentioned above as a dissolution or modification medium for cellulose has not been studied. Therefore, this study evaluates the dissolution of cellulose in a mixture of [mTBNH][OAc] with green co-solvents, focusing on their impacts on the structure and properties of cellulose esters (CEs) produced in these solvent systems. 
	The rheological behavior of cellulose/SB-IL/co-solvent solutions was studied as a foundation for cellulose transesterification in these SB-IL/co-solvents. The impact of green co-solvent type and content on rheological properties was assessed under steady and oscillatory shear conditions. Cellulose dissolution and activation energies in the SB-IL with co-solvents GVL, DMPU, and DMI, were compared to those using dimethyl sulfoxide (DMSO) as a co-solvent. Rheology revealed that low co-solvent concentrations (≤ 50 wt%) reduce viscosity, while high concentrations (≥ 50 wt%) induce gelation or phase separation. Flow activation energy in SB-IL/co-solvent systems is lower than in pure SB-IL, decreasing in the order of DMPU > DMI > GVL > DMSO. GVL and DMSO enhance solvation by promoting SB-IL dissociation through ion solvation. Overall, lower activation energies in co-solvent mixtures lead to higher dissolution rates, indicating that co-solvents aid cellulose dissolution and boost the efficiency of chemical modifications like transesterification. 
	Following successful cellulose dissolution in SB-IL [mTBNH][OAc], its role as a medium for cellulose transesterification was with DMSO as a co-solvent. The effects of reaction temperature, time, and vinyl ester to anhydroglucose unit (VE:AGU) molar ratio on the degree of substitution (DS) were evaluated by nuclear magnetic resonance spectroscopy (NMR). CEs with varying DS (0.5–2.3) were synthesized. Higher temperatures (≥ 75 °C) and longer reaction times (≥ 2.5 hours) reduced the DS of CEs, likely due to cellulose degradation. A reaction temperature of 70 °C, a reaction time of 2 hours, and a 5:1 molar ratio were identified as optimal for cellulose transesterification in the SB-IL/DMSO solvent system. 
	Finally, the study investigated the impact of green co-solvents on the chemical and physical properties of CEs. CEs with DS up to 1.6 were synthesized via transesterification under optimal reaction conditions using a solvent system containing SB-IL and various green co-solvents. The choice of co-solvent influences the DS in the CEs in the following order: DMPU < SLF < DMI < GVL. Rheological study showed that the internal plasticization efficiency of the esters increased with higher DS. Thermogravimetric analysis (TGA) revealed that all cellulose esters exhibited nearly identical degradation temperatures, Strain at break of CEs increase as DS increases, while 
	Young’s modulus and yield point decrease due to the plasticizing effect of ester chains, reducing overall rigidity. Additionally, the contact angle measurements revealed the hydrophobic character of CE films. 
	The findings of this study pave the way for significant advancements in the development of sustainable solvent systems tailored for cellulose dissolution and transesterification. These advancements promise to improve the functional properties of CEs, especially in their utilization for eco-friendly packaging applications. 
	Lühikokkuvõte
	Tselluloosi lahustamine ja ümberesterdamine superaluselises ioonvedelikus [mTBNH][OAc] koos roheliste kaaslahustitega
	Doktoritöös uuritakse erinevate roheliste kaaslahustite, nagu γ-valerolaktooni (GVL), dimetüülisosorbiidi (DMI), sulfolaani (SLF) ja N,N-dimetüülpropüleenuureai (DMPU) potentsiaali, kui need on segatud destilleeritava superaluselise ioonse vedelikuga (SB-IL), 5-metüül-1,5,7-triasabitsüklo-[4.3.0]non-6-eeniumatsetaadiga ([mTBNH][OAc]), et parandada tselluloosi lahustumist ja ümberesterdamise efektiivsust. Sellel SB-IL-il on kõrge tselluloosi lahustumisvõime ja keemiline vastupidavus taaskasutusel. Selle kõrge viskoossus piirab aga tselluloosi kontsentratsiooni lahuses ja selle kõrge maksumus takistab kommertsialiseerimist. Nende probleemide lahendamiseks võeti kasutusele biopõhised, odavad ja madala viskoossusega kaaslahustid, et vähendada SB-IL hinda ja viskoossust. 
	Tselluloosi lahustumise ja ümberesterdamise uurimiseks on läbi viidud mitmeid uuringuid, kasutades erinevaid IL-sid koos erinevate polaarsete aprotoonsete kaaslahustitega. Mõningad uuringud on käsitlenud ka tselluloosi lahustumiskäitumist ioonsetes vedelikes (IL) kombineerituna roheliste kaaslahustitega. [mTBNH][OAc]-i segatuna ülalnimetatud roheliste kaaslahustitega ei ole tselluloosi lahustamis- või modifikatsioonikeskkonnana uuritud. Seetõttu hinnatakse käesolevas uuringus tselluloosi lahustumist [mTBNH][OAc] segus roheliste kaaslahustitega, keskendudes nende mõjule antud lahustisüsteemides sünteesitud tselluloosi estrite (CE-de) struktuurile ja omadustele. 
	Tselluloosi/SB-IL/kaaslahusti lahuste reoloogilist käitumist uuriti tselluloosi ümberesterdamise alusena nendes SB-IL/kaaslahustites. Rohelise kaaslahusti tüübi ja sisalduse mõju reoloogilistele omadustele hinnati püsiva ja võnkuva nihkekiiruse korral. Tselluloosi lahustumis- ja aktiveerimisenergiat SB-IL-is koos kaaslahustitega GVL-s, DMPU-s ja DMI-s, võrreldi tulemustega, mis saadi dimetüülsulfoksiidi (DMSO) kasutamisel kaaslahustina. Reoloogia uuring näitas, et madal kaaslahusti kontsentratsioon (≤ 50 massiprotsenti) vähendas viskoossust, samas kui kõrge kontsentratsioon (≥ 50 massiprotsenti) kutsus esile geelistumise või faaside eraldumise. Voolamise aktivatsioonienergia oli SB-IL/kaaslahusti süsteemides madalam kui puhta SB-IL korral, vähenedes kaaslahusti liikide järjekorras DMPU > DMI > GVL > DMSO. GVL ja DMSO suurendavad solvatatsiooni, soodustades SB-IL dissotsiatsiooni ioonide solvatatsiooni kaudu. Üldiselt põhjustavad kaaslahusti segude madalamad aktivatsioonienergiad kiirema lahustumise, mis näitab, et kaaslahustid soodustavad tselluloosi lahustumist ja suurendavad keemiliste modifikatsioonide, näiteks ümberesterdamise, tõhusust. 
	Pärast tselluloosi edukat lahustumist SB-IL-s [mTBNH][OAc] uuriti selle rolli tselluloosi ümberesterdamise keskkonnana, kasutades kaaslahustina DMSO-d. Reaktsiooni temperatuuri, aja ja vinüülestri ning anhüdroglükoosiühiku molaarsuhte (VE:AGU) mõju asendusastmele (DS) hinnati tuumamagnetresonantsspektroskoopia (NMR) abil. Sünteesiti erinevate asendusastmetega (0,5–2,3) CE-d. Kõrgemad temperatuurid (≥ 75 °C) ja pikemad reaktsiooniajad (≥ 2,5 tundi) vähendasid CE-de DS-i, tõenäoliselt tselluloosi lagunemise tõttu. Reaktsioonitemperatuur 70 °C, reaktsiooniaeg 2 tundi ja molaarsuhe 5:1 leiti olevat optimaalsed tselluloosi ümberesterdamiseks SB-IL/DMSO lahustisüsteemis. 
	Viimaks uuriti roheliste kaaslahustite mõju CE-de keemilistele ja füüsikalistele omadustele. Ümberesterdamise teel sünteesiti optimaalsetes reaktsioonitingimustes CE-d, mille DS oli kuni 1,6, kasutades SB-IL-i ja erinevaid rohelisi kaaslahusteid sisaldavat lahustisüsteemi. Kaaslahusti valik mõjutas DS-i CE-des järgmises järjekorras: DMPU < SLF < DMI < GVL. Reoloogiline uuring näitas, et estrite sisemise plastifitseerimise efektiivsus suurenes DS-i kasvades. Termogravimeetriline analüüs (TGA) näitas, et kõigi tselluloosi estrite lagunemistemperatuurid olid peaaegu identsed. DS-i kasvuga kasvas CE-de deformatsioon purunemisel, samal ajal kui Youngi moodul ja voolavuspunkt vähenesid estri ahelate plastifitseeriva toime tõttu, vähendades üldist jäikust. Lisaks näitasid kontaktnurga mõõtmised CE kilede hüdrofoobset iseloomu. 
	Selle uuringu tulemused sillutavad teed olulistele edusammudele jätkusuutlike lahustisüsteemide väljatöötamisel, mis on kohandatud tselluloosi lahustamiseks ja ümberesterdamiseks. Need edusammud lubavad parandada CE-de funktsionaalseid omadusi, eriti nende kasutamisel keskkonnasõbralike pakkematerjalidena. 
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