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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. 

Ionic 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][OAc] 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 γ-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 [mTBNH][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, [mTBNH][OAc] combined with green co-solvents such as GVL, 
DMI, 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 [mTBNH][OAc]/green 
co-solvent systems for synthesizing cellulose esters (CEs) through transesterification was 
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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 Anhydroglucose unit 
CAM Contact angle measurement 
CEs Cellulose esters 
CL Cellulose laurate 
CM Cellulose myristate 
CP Cellulose palmitate 
CS Cellulose stearate 
DMAc N,N-Dimethylacetamide 
DMF N,N-Dimethylformamide 
DMI Dimethyl isosorbide 
DMPU N,N-Dimethylpropyleneurea 
DMSO Dimethyl sulfoxide 
DP Degree of polymerization 
DS Degree of substitution 
DTG Differential thermogravimetric analysis 
GPC Gel permeation chromatography 
GVL γ-Valerolactone 
ILs Ionic liquids 
Mn Number average molar mass 
[mTBNH] 5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-enium
[mTBNH][OAc] 5-methyl-1,5,7-triazabicyclo[4.3.0]non-6-enium acetate
Mw Weight average molar mass 
NMR Nuclear magnetic resonance 
NRRs Non-renewable resources 
RRs Renewable resources 
SB-IL Superbase ionic liquid 
SEC Size exclusion chromatography 
SEM Scanning electron microscopy 
SLF Sulfolane 
TGA Thermogravimetric analysis 
TMS Tetramethylsilane 
VEs Vinyl esters 
VL Vinyl laurate 
VM Vinyl myristate 
VP Vinyl palmitate 
VS Vinyl stearate 
XRD X-ray diffraction
Ea Activation energy 
ω Angular frequency 
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η* Complex viscosity 
ωC Crossover point 
Ɖ Dispersity of molar mass 
η Intrinsic viscosity 
G’’ Loss modulus 
τ Relaxation time 
γ˙ Shear rate 
G’ Storage modulus 
λ Wavelength 
η0 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 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. 

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).  
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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 (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). 

1.2.2 Structure 
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.  
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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 
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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 
(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).

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 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. 

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(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 
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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 (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. 

1.3.2 Ionic liquids 
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.  
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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 (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. 
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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. 

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- 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 
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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 (Gören, 2016). 

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][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



23 

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. 

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; Gouvêa, 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 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.
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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), 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.  

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, [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. 
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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 [mTBNH][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][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. 

2.2.2 Homogeneous transesterification of cellulose in [mTBNH][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 [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 dispersity 
Ɖ = 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 
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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. 

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): 

 𝐷𝐷𝐷𝐷 =  10 × 𝐼𝐼𝐶𝐶𝐶𝐶3/ 3

𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴+ 𝐼𝐼𝐶𝐶𝐶𝐶3/3
   Eq. 1 

where 𝐼𝐼𝐶𝐶𝐶𝐶3is the integral of terminal methyl protons of the aliphatic fatty acid chain 
region and 𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴  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. 
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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 [mTBNH][OAc]/green co-solvents 
(Publication III) 
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 
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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.
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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. 
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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. 
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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). 
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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 (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; 
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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 τ and activation energy Ea for cellulose solutions in 2:1 [mTBNH][OAc]/ 
Co-solvent mixtures. 

Cellulose in… τ, s Ea, kJ/mol 

SB-IL Pure 3.17 45.3 

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 
(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).

 𝜂𝜂0 = 𝐴𝐴𝑒𝑒𝐸𝐸𝑎𝑎 𝑅𝑅𝑅𝑅⁄                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 
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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. 

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.  

3.2 Homogeneous Transesterification of Cellulose in 
[mTBNH][OAc]/DMSO with Vinyl Esters (Publications I and II) 
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.  
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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 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. 

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 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).  

Sample Reaction conditions DS Mn, kDa Ɖ 
Time, 
h 

Temperature, °C Molar ratio 
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 1.40 471.2 1.41 
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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 
(°C) 

Time 
(h) 

Molar ratio 
(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 
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 

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 1H and 13C NMR 
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. 
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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. 

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 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. 

Sample Reaction conditions Green co-solvent DS 

Time, h Temperature, °C Molar ratio 
VE:AGU 

CM-
DMPU 

2 70 5:1 DMPU 1.23 

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 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. 
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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. 
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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 (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 (Gʹ) and loss (G”) moduli have minimal frequency
dependence, with Gʹ 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 Gʹ 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. 
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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 Gʹ and Gʹʹ 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 
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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. 

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.
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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. 
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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 [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 
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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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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.  
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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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Appendix  

Publication I 
Tarasova, E., Savale, N., Krasnou, I., Kudrjašova, M., Rjabovs, V., Reile, I., Vares, L., 
Kallakas, H., Kers, J., Krumme, A. (2023). Preparation of thermoplastic cellulose esters in 
[mTBNH][OAC] ionic liquid by transesterification reaction. Polymers, 15(19), 3979. 
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<QRSTUV<WX<PYZ<[\F<]̂_̀abcd<MN<Z_eeceM]_<fgcbga_<hZfiYj<kl<Gmbknkl_ino<hPOo<\pq@<Lr<sZt<Hd âm<gln<]Meu_la<b_vkMl]<gb_<e_Na<Mca<NMb<̀egbkamt<Dcee<]̂_̀abcd<k]<gugkegwe_<kl<xĉ M̂baklv<JlNMbdgakMljt<yz_<ngag<MN<{x<Mwagkl_n<NbMd<[\F<]̂_̀abg<gb_<̂b_]_la_n<kl<ygwe_<Pt<|eazMcvz<az_<_̀eeceM]_<]MecakMl<uk]̀M]kam<n_̀b_g]_]<}kaz<kl̀b_g]klv<{\xE<̀Mla_la<kl<g<wklgbm<]Meu_la@<az_<{x]<MN<]gd ê_]<gb_<lMa<dc̀z<̀zglv_n<clake<az_<bgakM<P~P<Jf~{\xEt<yz_<Ncbaz_b<kl̀b_g]_<kl<{\xE<̀Mla_la<n_̀b_g]_]<az_<{x<MN<Zf]<Pto<akd_]t<yz_b_NMb_@<ka<̀gl<w_<̀Ml̀ecn_n<azga<¢£¤¥¦§̈©ª�«¬®-!"��%,���«"'','�-"̄ �,%��"°«̄ ±�²��³(%� ��"± 2°ª�2 µ́���¶«#·�!�(�� -�'/"��%"&���-�%"'"���,���%�'�%��(#̧,''-!"��%,��-�/��'��'"��¹,!!�%���&º���%������²#¹"/"%�'���"�!�-����!%�/"��" "&%""��-,�-���,������/"�""��� "#$�"%"-,'�-�%"!%"-"��" ��$��'"�#»¼½¾§	©$,���'"-(���"-�-���"'','�-"'�,%��"-�(�%��-"-�"%�.������%"���������"'','�-"����/��(''�,%��"°¿̄ ²��ªÀªº̄À)¹Á-�'/"��-(-�"�#Â¼ÃÄ¾§ Å§¼ÆÇ£ÈÉÊÈÉË£Ç£ÈÉÌ ÍÂ ÎÉÏÐÍ¼ ÑÍÒ»£Ã§ÏÓ »§ÃÄ§¦¼Ç¥¦§Ï¶Ê ÔÕÖ×ØÙ«̄ ±Ú � �� ªÀ� � ��-�',�'"«̄ ±� � Ú� ªÀ� �#Ú ���#� ª#Ú1«̄ ±� � �� ªÀ� ª#� ��ª#� �#�ª«̄ ±� 1 Ú� ªÀ� ª#Ú �2�#� ª#��«̄ ±� 2 Ú� ªÀ� �#� ��1#� ª#2�«̄ ±ª� � �� ªÀ� ª#22 2��#� ª#ª1«̄ ±ªª � �� ªÀ� ª#2� �ª�#2 ª#1�Û  ������''(�¹·«�"�-,%"�"��-����" ���"%"��«̄ -�"%"!"%��%�" ��-��"�"'','�-""-�"%-�"%"�''-�',�'"��!(%� ��"�"Ü�"!�«̄ ±Ú#¹·«�,%/"-��-�, �" «̄ -�%"!%"-"��" ��¹,!!�%���&º���%������̧ �&,%"¹�#$���/"-��&��"��""��"������"%"���������"����"�%��-"-�"%�.���������"%"������-�"%"��%%�" �,����°«̄ ±�²�1°«̄ ±�²��� 2°«̄ ±�²��,%-����"-��"�"�!"%��,%"��Ú�¶«



��������	
	�������� ��������������� ��!���"#$%$��&'()(�*&%��+)��,*&$)(-(�"$&'�&&'(./*��0(%�*)(�$(�0#(1+"�#%�2"��2()&%1($��)(�*&%��!3�)(4�1+"(�&'(./�0&�%�(��&5'��)(�*&%��67�89:%$�++)�4%1�&("#�!;&%1($'%2'()&'��&'(./�0&�%�(��&�'��)(�*&%��67�8��$((<�0"(�:!�&='��)(�*&%���&'(./%$(-(�'%2'()��*'%(-%�2-�",($���!�67�8�:!>�?(-()�$&�)&%�2�&5'&'(*�"�)��&'()(�*&%��1(�%,1$&�)&(�*'��2%�2�)�1��)@#(""�?6�&5':���(-(�0)�?�6�&=':!<'(*�"�)*'��2(*��0(�$%2���(%&'()A��)*("","�$(�(2)���&%��!<�*"�)%�#�A�'�$0((�'("���)�'�&�%��()(�&&(1+()�&,)($�)��1&(1+()�&,)(�;�B7���B7�9�B7� ��B7����(-(�  �B7!C�$%2�$��A��(2)���&%��'�-(0((��(&(*&(�!3<AD$+(*&)����""A�$&)(�&(��&�%��()(�&&(1+()�&,)($?()(%�(�&%*�"E*�"�)'�$��&0((�*'��2(�!A&*��0(*��*",�(�&'�&A�%$$&�0"(�&&'($&,�%(�&(1+()�&,)($!>�?(-()�/F7��&�6$((<�0"(�:��*("","�$("�,)�&($$'�?&'�&$�1+"($,��()2�$�1(�(2)���&%��?%&'+)�"��2(�)(�*&%��&%1($!<�@%�2%�&��**�,�&&'(-%$*�$%&#8�-()�2(GG��*("","�$(6 ;�@.�:�GG��-%�#""�,)�&(6��;.�:�����(H�%&(�(2)((��$,0$&%&,&%���%&%$+�$$%0"(&�($&%1�&(&'(1�"�)1�$$��*("","�$("�,)�&(�&*()&�%�./$6��&(&'�&-%$*�$%&#8�-()�2(GG%$�"?�#$�"%&&"(0%&'%2'()&'��G�:!<'(($&%1�&(�1�"�)1�$$��7�8�%$*"�$(&�&'((4+()%1(�&�""#�0&�%�(���(!>�?(-()�&'(($&%1�&(�GG��7�89$'�,"�0(�)�,��=��@.��?'%"(&'(I���7�89%$��"#�=9@.�!F4+()%1(�&�""#�0&�%�(�I���7�8��(*)(�$($��?�&���5@.��?'%*'%$&?%*("�?()&'��&'(($&%1�&(�GG6�)�,��;��@.�:��� !�&%1($"�?()&'��7�89!<'((��(*&��)(�*&%��&(1+()�&,)(��./?�$%�-($&%2�&(�0#,$%�2&')((&(1+()�&,)($��)&'(&)��$($&()%H*�&%���?'%"(&'(&%1(��)(�*&%��6�':���1�"�))�&%�������6 ��:?()(@(+&&'($�1(!A�&'(H)$&)(�*&%�����B7?�$,$(���)&'(&)��$($&()%H*�&%���#%("�%�2�(2)(($��$,0$&%&,&%��(J,�"&�K()�L��&)��$($&()%H*�&%���&)��1&(1+()�&,)(?�$+�$$%0"(!3,)&'())(�*&%��$?()(*�))%(��,&�&;�B7�)(-(�"%�2&'�&��("(-�&%����&'(&(1+()�&,)("(��$&�$,**($$�,"&)��$($&()%H*�&%����*("","�$(?%&'�./��!;!<'(%�*)(�$(%�&'(./*��0((4+"�%�(�0#&'('%2'()M(4%0%"%&#��&'(*("","�$(*'�%�����(�$%())(1�-�"���*(&�"�('#�(�$�0#8+)��,*&��&'()(�*&%��!<'("�$&)(�*&%��?�$*���,*&(��&9�B7�2%-%�2*("","�$("�,)�&(?%&'�./� !�!�$%1%"�)(��(*&��&(1+()�&,)(?�$�(&(*&(���)*("","�$(+�"1%&�&($!>�?(-()��&9�B7���'%2'()&(1+()�&,)($�&'()(�*&%-($�",&%��$&,)�(���)@0)�?��%��%*�&%�2&'('#�)�"#$%$+)�*($$��A����N�)*("","�$(($&()$!/F7��&�6$((<�0"(�:$'�?(�&'�&*�1+�)(�&�&'(,�1��%H(�G77�&'(1�"(*,"�)?(%2'&$I���&'(�*#"�&(�$�1+"($%�*)(�$(�?%&'%�*)(�$%�2./!>�?(-()�$�1+"($,��()2��(2)���&%���0�&'?%&'+)�"��2(�)(�*&%��&%1($����&'%2')(�*&%��&(1+()�&,)($O9�B7!<'(GG��7�8��0&�%�(��&9�B7%$$1�""()&'��&'�&��7�8�$#�&'($%K(��&;�B7!<'($�1(%$&),(��)$�1+"($+)(+�)(��&�'��)(�*&%������%��()(�&&(1+()�&,)($EGG��7�8  %$�++)�4%1�&("# !�&%1($$1�""()&'��&'�&��7�8 �6$((<�0"(�:!D%2'&�?�#�?('�-(��$,%&�0"((4+"���&%����)&'%$*'�%��(2)���&%��!/�1(?'�&���"�2%*�""#&�P.QC>RPS�*R%��%*"%J,%�P5�R�%&*��0($,22($&(�&'�&�(2)���&%����&'(*("","�$(0�*@0��($&�)&$?%&'&'(2(�()�&%�����*(&%*�*%��?'%*'%�%&%�""#?�$(�&)�++(�0#&'((4*($$��1<QC!<'()(��)(���)&'(&)��$($&()%H*�&%��+)�*($$%�P1<QC>RPS�7R&(1+()�&,)($��)(8�*&%��"�?()&'��9�B7$'�,"�0((1+"�#(�!<'(�+&%1,1*���%&%��$?()(*'�$(��$��B7����'�?'%*'2%-(&'('%2'($&./?%&'�,&�(2)���&%��!>�?(-()�%&$'�,"�0($&)($$(�'()(&'�&%��,)*�$(&'(�(2)���&%����*("","�$(($&()$%$��&�0%2%$$,(!<�@%�2%�&��**�,�&-()#'%2'1�"�)1�$$($��H��"+)��,*&$�$�1(�(*)(�$(%�GG��*("","�$(($&()$*��(-(�0(����-��&�2(��)+)�*($$%�2���&'()1�+"�$&%*+)�+()&%($��+)��,*&$!<'(*'�$(��+&%1,1)(�*&%��*���%&%��$?()(�++"%(�&�&'($#�&'($%$��"��2()6&'��"�,)�&(:3�7F$���1("#*("","�$(1#)%$&�&(67G:�*("","�$(+�"1%&�&(67T:����*("","�$($&(�)�&(67/:!<'(+�)�1(&()$��$#�&'($%$�)("%$&(�%�<�0"(�!/&),*&,)(���"#$%$���""$�1+"($,$%�2CGD���3<AD��&()�*#"�&%���%$*�-()(�&'(�&&�*'1(�&��&'(�"@#"*'�%�$��&�*("","�$(! >N �7CGD$+(*&)���7G�7T����7/$�1+"($�)(+)($(�&(�%�/,++�)&%�2A���)1�&%��!



��������	
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Krumme, A. (2024). Optimization and degradation studies of cellulose transesterification 
to palmitate esters in superbase ionic liquid. Carbohydrate Research, 537, 109047. 
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	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.
	Ionic 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][OAc] 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 γ-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 [mTBNH][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, [mTBNH][OAc] combined with green co-solvents such as GVL, DMI, 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 [mTBNH][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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	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.
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	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.
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	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).
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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 (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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