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Co-Solvent Facilitated in situ Esterification of Cellulose
in 1-Ethyl-3-Methylimidazolium Acetate

Carina Olsson* and Gunnar Westman

The homogeneous conversion of cellulose to cellulose propionate with
propionic acid anhydride in the ionic liquid 1-ethyl-3-methylimidazolium
acetate and two different co-solvents, dimethyl sulfoxide and 1-
methylimidazole, was studied. The software MODDE was used to
generate an experimental design and evaluate the significance of the
studied parameters. The methods H and *3C nuclear magnetic resonance
(NMR) spectrometry and ion chromatography were used to analyze the
obtained materials both qualitatively and quantitatively. The NMR
spectrometry of dissolved cellulose esters confirmed there was covalent
bonding with an even distribution pattern. From both ion chromatography
and NMR spectroscopic data, it was concluded that by adding large
amounts of co-solvent and using a high reagent-to-anhydroglucose unit
ratio, it was possible to reduce the amount of acetylation caused by
acetate anions in the ionic liquid. At the same time, it was shown that the
reaction time and temperature was not at all significant in this respect.
There was no notable difference detected in the degree of substitution
between the reactions performed using dimethyl sulfoxide or 1-
methylimidazole as a co-solvent.

Keywords: lonic liquid; Cellulose derivatization; Esterification; Design of Experiment; Co-solvent

Contact information: Department of Chemical and Biological Engineering, Chalmers University of
Technology, SE-41296 Goteborg, Sweden; *Corresponding author: carina.olsson@swerea.se

INTRODUCTION

In the last decade, the increasing interest in organic salt melts, commonly referred
to as ionic liquids (IL), has played a large role in research on cellulose processing. Though
the concept of molten salts as solvents for cellulose was investigated in the 1930s
(Graenacher 1934; Graenacher and Sallman 1939) and the 1960s (Husemann and Siefert
1969), the first widely successful IL in this field was 1-butyl-3-methylimidazolium
chloride (BMIMCI). This was considered the breakthrough solvent and is still widely used
today (Swatloski et al. 2002). lonic liquids can be used for dissolving cellulose, and also
as media in cellulose derivatization (Heinze et al. 2008; Zhang et al. 2015). Again,
BMIMCI has proven to be a successful solvent in this case, which for the first time has
allowed the large-scale homogeneous acylation of cellulose with different anhydrides and
chlorides, as well as carbanilation with good yields (Heinze et al. 2005; Barthel and Heinze
2006; Kohler et al. 2007). Cellulose fatty esters have also been successfully synthesized in
BMIMCI (Singh et al. 2015).

Another closely related IL, 1-ethyl-3-methylimidazolium acetate ([EMIm][OACc]),
soon proved advantageous as a complementary solvent to BMIMCI. It has a lower melting
point, lower viscosity, and it is even liquid at room temperature. Furthermore,
[EMIm][OACc] is less toxic than BMIMCI and most importantly displays a superior
dissolution power (Kohler et al. 2007). These features make it a desirable solvent for
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dissolution as well as homogeneous chemical functionalization of cellulose, with an even
distribution of substituents along the cellulose chain as well as within each anhydroglucose
unit (AGU). However, it has been shown that [EMIm][OACc] is not an inert solvent, but
actually reacts with cellulose in some cases. It has been reported that when cellulose,
dissolved in [EMIm][OACc], is allowed to react with furoyl-, tosyl-, and trityl- chloride as
well as SOs-complexes, the result is not the expected esters but rather a cellulose acetate
(Kohler et al. 2007). It is assumed that the acetate anion reacts with the derivatization agent
and forms a very reactive anhydride intermediate, which ultimately is the molecular species
that reacts with cellulose. The corresponding side reaction has not yet been noted in
BMIMCI. Also, by chemically labeling the acetate anion, it has been possible to detect
acetylation of the cellulose backbone with a degree of substitution (DS) of approximately
0.015, even without the addition of any acetylating reagent, except for the solvent itself
(Karatzos et al. 2012). These side reactions are not always necessarily a drawback because
they can be developed to discover new routes for cellulose functionalization. If the
reactions are understood, they could potentially lead to a route toward well-defined
cellulose derivatives (Gericke et al. 2012). However, obvious drawbacks that can never be
ignored include an uncertainty in the acylation pattern, problems in the production of pure
esters, and the inevitable loss of solvent as the acetate is consumed in the acetylation
reaction. In this case, this means that complete recycling of the solvent is not possible. To
reduce or potentially avoid these problems, an alternative approach that includes large
amounts of a co-solvent is proposed in this study. There are three main advantages to using
co-solvents in homogeneous cellulose derivatization in ILs. First, co-solvents lower the
viscosity of the solution, which facilitates mixing and mass transfer. Second, in the specific
case of using [EMIm][OACc] as a solvent, the addition of large amounts of a co-solvent
reduces the amount of acetate ions available for cellulose acetylation as the side reaction.
Third, in some cases, secondary solvents are actually required for a successful reaction to
take place at all (Kohler et al. 2008).

In this project, the aim was to evaluate the effect of co-solvents on the acylation of
cellulose in [EMIm][OACc]. It has been shown that this can produce cellulose acetate
instead of the intended ester, and by adding co-solvents in large amounts, the hypothesis is
that this can be circumvented or at least diminished. Two different co-solvents were used,
dimethyl sulfoxide (DMSO) and 1-methylimidazole (MIM). DMSO is a well-known co-
solvent for cellulose and has been used in homogeneous derivatization, e.g., in combination
with tetrabutylammonium fluoride (Ass et al. 2004; Ramos et al. 2005) or ILs (Liu et al.
2006). The co-solvent MIM has many interesting properties and has been reported to act
as a catalyst in cellulose chemistry (Kohler et al. 2008).

EXPERIMENTAL

The homogeneous acylation of cellulose in mixtures of IL and co-solvents was
performed according to an experimental plan designed using the software MODDE 9.0
(Umetrics, Umea, Sweden). The design parameters were the reaction time (t), reaction
temperature (T), the molar ratio of the reagent to AGU (rr), and the solvent composition
(% IL), as shown in Table 1. The experiments were performed equally for the two co-
solvents, MIM and DMSO, in a total of 18 samples. In addition, three replicate samples
using DMSO as the co-solvent were performed. The results of the experimental work were
evaluated in MODDE and a Multiple Linear Regression (MLR) was carried out.
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Table 1. Parameters and their Quantities in the Experimental Design

Solvent
Time Temperature Reagent: AGU Composition
(min) (°C) (mol/mol) (% IL)
5 30 3 10
30 50 5 50
60 70 10 100

Materials

Microcrystalline cellulose (MCC, Avicel PH101, Mw= 53470, Mn= 24235) (FMC
biopolymers, Cork, Ireland) was dried at 60 °C overnight and then stored in a desiccator
until use. Sigma Aldrich (Saint Louis, USA) provided the reagents 1-methylimidazole
(99%), propionic anhydride (> 99%) and dimethyl sulfoxide (> 99.5%). BASF
(Ludwigshafen, Germany) provided 1-ethyl-3-methylimidazolium acetate (> 90%, LOT
STBC9122V). All chemicals were stored dry and used without further purification. The
Karl Fisher titration method detected only a very small amount of water (< 0.3%) in the
ionic liquid. DMSO-ds, DMF-d7, and CDCIs were purchased from ARMAR chemicals
(Déttingen, Switzerland) in ampoules and used immediately after opening.

Methods
Dissolution of cellulose and synthesis of cellulose esters
The microcrystalline cellulose (1.0 g) was dispersed in mixtures of [EMIm][OACc]
and the co-solvent at room temperature and then stirred until dissolved at 30, 50, or 70 °C
to produce 10 wt.% solutions that were visually clear and without any remaining particles.
Propionic anhydride was added to the clear cellulose solutions in amounts
according to the experimental design. The reaction was allowed to proceed for 5, 30, or 60
min before it was quenched by adding the reaction mixture to 200 mL of methanol. The
product was then separated by filtration, washed, and finally dialyzed against deionized
water for 10 days before lyophilization (freeze-drying) and analysis.

Analysis of cellulose esters

The H and BC NMR spectra of the cellulose esters were recorded in DMSO-ds,
DMF-d7, or CDClIs (20 mg/mL) depending on the DS, with a Varian 400-MR spectrometer
(Oxford, UK) running at 400 MHz at room temperature using 32 scans. The cellulose
derivatives were further hydrolyzed in 72% H2SO4 according to a procedure based on
previous literature (Theander and Westerlund 1986). The hydrolysates were analyzed for
anions, and quantified using acetate and propionate standards (Sigma Aldrich, Saint Louis,
USA) by ion chromatography (IC) in aqueous Na2COs (3.6 mM) at 45 °C on a Metrohm
850 Professional IC Anion MCS (Herisau, Switzerland), equipped with a Metrosep A Supp
7 column, and using MagIC Net 3.0 software (Herisau, Switzerland).

RESULTS AND DISCUSSION

The homogeneous reactions of the cellulose with the propionic acid anhydride in
[EMIm][OACc] with and without a co-solvent were studied and the degree of propionate
over acetate substitution was calculated after the ion chromatography of hydrolyzed
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products. A multiple linear regression was calculated on the accumulated results for both
DMSO and MIM to predict the propionate degree of substitution (DSprop) as a function of
the parameters listed in Table 1. It was found that the amount of co-solvent significantly
predicted the value of DSprop (= -0.168, p= 4.08e-6), as did the reagent ratio (f= 0.0926,
p= 1.62e-3). Time or temperature were not significant. The overall model fit was R?=
0.879, with F(2,16)= 29.05, p< 0.000. As expected, this means that by increasing the
amount of the propionic anhydride reagent the resulting product will have a higher
propionate DS. Furthermore, and more importantly, it shows that a decreased relative
amount of IL, i.e., an increased relative amount of co-solvent, also yields a higher
propionate DS, and thus plays an important role.

Fig. 1 shows the DS of propionate, relative to the DS of acetate, in the hydrolyzed
products, as quantified by IC, for both the sample series with DMSO and that with MIM
as the co-solvent. It indicates that for samples without a co-solvent (% IL=100), all samples
showed low propionate contents. For the samples with 50% IL, the results were more
varied, but still very low in propionate content. For the samples prepared in 10 mol%
[EMIm][OACc] and 90 mol% co-solvent (% IL= 10), the propionate content was higher.
There is also a wide distribution in the propionate:acetate ratio, which is directly linked to
the amount of propionate anhydride added in the reaction, expressed as the molar ratio
anhydride per anhydroglucose unit AGU (rr= 10, rr=5, or rr= 3). This shows, again, the
positive correlation for the amount of reagent and the negative correlation for the amount
of [EMIm][OACc].
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Fig. 1. Amounts of propionate, relative to acetate, in cellulose derivatives produced in either

[EMIM][OAC]/DMSO or [EMIm][OACc]/MIM, with the % IL in the solvent being 10%, 50%, and
100%

The DS followed the same trend as noted in Fig. 1. This might be related to the
lower solution viscosity, which will contribute to higher mass transfer rates in the reaction
mixture. The co-solvent MIM is known to catalyze some reactions. For the
trimethylsilylation of cellulose in imidazolium based ionic liquids, it was found that the
amount of MIM, which is a starting molecule for the synthesis of the solvent, had an impact
on the degree of substitution in the final product (Kohler et al. 2008). Furthermore, in
DMAC/LICI, the esterification of cellulose by carboxylic acid anhydrides is efficiently
catalyzed by imidazole (Nawaz et al. 2013). Thus, it seems that MIM (and its analogues)
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can have an impact on different kinds of cellulose derivatization routes. In Fig. 1, there
seems to be no difference when using DMSO or MIM as the co-solvent in this case, which
to some degree seems surprising. However, it must be emphasized that a crude quality of
[EMIm][OACc] was used in these experiments, which is known to contain some trace of
MIM. Therefore, the potential catalytic effect of MIM might in this case be noticed even
in the case where no extra MIM is added.

The cellulose acetate propionate samples were dissolved in their appropriate
deuterated solvents, and the NMR spectra were recorded. In the *H NMR spectrometry, the
propionate and acetate signals can be readily separated. Well-resolved NMR spectrometry
can often be utilized to follow derivatization patterns, e.g., preferences of
acetylation/propionation on the different hydroxyl groups. Fig. 2 shows three samples,
from a highly substituted cellulose propionate (Fig. 2a) to a very low amount of propionate
compared to acetate (Fig. 2c). The peak integrals fully coincide with the results from the

ion chromatography.
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Fig. 2. The 'H NMR spectra of cellulose acetate propionate prepared with a propionic anhydride
to AGU ratio (rr) of 10 in a binary solvent of [EMIm][OAc] and DMSO comprising: a) 10% IL,
b) 50% IL, and c) 100% IL

The peaks in the cropped NMR spectra in Fig. 2 originate from the overlapping
propionate CHz signals (6 =~ 2.2 to 2.4 ppm), the acetate CHs signals (6 ~ 2.1 to 1.8 ppm),
and finally the overlapping propionate CHs signals (6 ~ 1.1 to 0.8 ppm) (Cheng et al. 2011).
The acetate CHs has three peaks, originating from the C6, C2, and C3 site on the glucose
unit, respectively, which confirm covalent bonding. Both the propionate CHsz and the
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propionate CH2, however, only display two peaks because of the overlap between the C2
and C3 site signals.

The 3C NMR spectrometry was able to resolve the propionate peaks and confirm
an even distribution on C6, C2, and C3, as shown in the 3C NMR spectrum in Fig. 3.
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Fig. 3. 13C NMR spectrum of cellulose acetate propionate prepared in 10% [EMIm][OAc], rr=5

The proposed mechanistic steps for the reactions leading to the cellulose acetate
propionate product are depicted in Fig. 4. First, a reaction is proposed between some of the
acetate in the IL with propionic anhydride, forming an asymmetric propionic acetic
anhydride, and second the reaction is proposed between any anhydride and cellulose,
forming the corresponding cellulose ester.
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Fig. 4. Proposed reactions for (1) formation of an asymmetric anhydride and (2) esterification of
cellulose

CONCLUSIONS

1. The amount of co-solvent (DMSO or MIM) and the amount of reagent turned out to be
significant parameters (p< 0.01) for diminishing acetylation, while the time and the
temperature of the reaction were not. A low amount of IL and a high amount of reagent
gave the highest propionyl:acetyl ratio, i.e., the targeted ester and very little unwanted
acetylation.
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2. The H and *C NMR spectrometry of the dissolved polymer confirmed the presence
of covalent bonding with an even distribution pattern, as well as the trend already
established by IC. In no case was acetylation fully avoided.

3. There was no notable difference detected in the degree of substitution between the
reactions performed using dimethyl sulfoxide or 1-methylimidazole as a co-solvent.

ACKNOWLEDGMENTS

This work was performed within the framework of the research cluster Avancell-
Centre for Fibre Engineering. The Sddra Skogsdgarna Foundation for Research,
Development, and Education is gratefully acknowledged for its financial support.

REFERENCES CITED

Ass, B. A. P., Frollini, E., and Heinze, T. (2004). “Studies on the homogeneous
acetylation of cellulose in the novel solvent dimethyl sulfoxide/tetrabutylammonium
fluoride trinydrate,” Macromolecular Bioscience 4(11), 1008-1013. DOI:
10.1002/mabi.200400088

Barthel, S., and Heinze, T. (2006). “Acylation and carbanilation of cellulose in ionic
liquids,” Green Chemistry 8(3), 301-306. DOI: 10.1039/b513157j

Cheng, H. N., Dowd, M. K., Shogren, R. L., and Biswas, A. (2011). “Conversion of
cotton byproducts to mixed cellulose esters,” Carbohydrate Polymers 86(3), 1130-
1136. DOI: 10.1016/j.carbpol.2011.06.002

Gericke, M., Fardim, P., and Heinze, T. (2012). “lonic liquids — Promising but
challenging solvents for homogeneous derivatization of cellulose,” Molecules 17(6),
7458-7502. DOI: 10.3390/molecules17067458

Graenacher, C. (1934). “Cellulose solution,” U. S. Patent No. 1943176.

Graenacher, C., and Sallman, R. (1939). “Cellulose solutions and process of making the
same,” U. S. Patent No. 2179181-A.

Heinze, T., Schwikal, K., and Barthel, S. (2005). “Tonic liquids as reaction medium in
cellulose functionalization,” Macromolecular Bioscience 5(6), 520-525. DOI:
10.1002/mabi.200500039

Heinze, T., Dorn, S., Schobitz, M., Liebert, T., Kohler, S., and Meister, F. (2008).
“Interactions of ionic liquids with polysaccharides- 2: Cellulose,” Macromolecular
Symposia 262(1), 8-22. DOI: 10.1002/masy.200850202

Husemann, V. E., and Siefert, E. (1969). “N-athyl-pyridinium-chlorid als Losungsmittel
und Reaktionsmedium fur Cellulose,” Die Makromolekulare Chemie 128(1), 288-
291. DOI: 10.1002/macp.1969.021280130

Karatzos, S. K., Edye, L. A., and Wellard, R. M. (2012). “The undesirable acetylation of
cellulose by the acetate ion of 1-ethyl-3-methylimidazolium acetate,” Cellulose 19(1),
307-312. DOI: 10.1007/s10570-011-9621-0

Kohler, S., Liebert, T., Schobitz, M., Schaller, J., Meister, F., Gunther, W., and Heinze,
T. (2007). “Interactions of ionic liquids with polysaccharides 1: Unexpected
acetylation of cellulose with 1-ethyl-3-methylimidazolium acetate,” Macromolecular
Rapid Communications 28(24), 2311-2317. DOI: 10.1002/marc.200700529

Olsson and Westman (2017). “Co-solvents for IL,” BioResources 12(1), 1395-1402. 1401



PEER-REVIEWED ARTICLE b | oresources.com

Kohler, S., Liebert, T., and Heinze, T. (2008). “Interactions of ionic liquids with
polysaccharides. VI: Pure cellulose nanoparticles from trimethylsilyl cellulose
synthesized in ionic liquids,” Journal of Polymer Science Part A- Polymer Chemistry
46(12), 4070-4080. DOI: 10.1002/pola.22749

Liu, C. F., Sun, R. C., Zhang, A. P., Ren, J. L., and Geng, Z. C. (2006). “Structural and
thermal characterization of sugarcane bagasse cellulose succinates prepared in ionic
liquid,” Polymer Degradation and Stability 91(12), 3040-3047. DOI:
10.1016/j.polymdegradstab.2006.08.004

Nawaz, H., Pires, P. A. R., and El Seoud, O. A. (2013). “Kinetics and mechanism of
imidazole-catalyzed acylation of cellulose in LiCI/N,N-dimethylacetamide,”
Carbohydrate Polymers 92(2), 997-1005. DOI: 10.1016/j.carbpol.2012.10.009

Ramos, L. A., Frollini, E., and Heinze, T. (2005). “Carboxymethylation of cellulose in
the new solvent dimethyl sulfoxide/tetrabutylammonium fluoride,” Carbohydrate
Polymers 60(2), 259-267. DOI: 10.1016/j.carbpol.2005.01.010

Singh, R. K., Gupta, P., Sharma, O. P., and Ray, S. S. (2015). “Homogeneous synthesis
of cellulose fatty esters in ionic liquid (1-butyl-3-methylimidazolium chloride) and
study of their comparative antifriction property,” Journal of Industrial and
Engineering Chemistry 24, 14-19. DOI: 10.1016/j.jiec.2014.09.031

Swatloski, R. P., Spear, S. K., Holbrey, J. D., and Rogers, R. D. (2002). “Dissolution of
cellulose with ionic liquids,” Journal of the American Chemical Society 124(18),
4974-4975. DOI: 10.1021/ja025790m

Theander, O., and Westerlund, E. A. (1986). “Studies on dietary fiber. 3: Improved
procedures for analysis of dietary fiber,” Journal of Agricultural and Food Chemistry
34(2), 330-336. DOI: 10.1021/jf00068a045

Zhang, J., Chen, W., Feng, Y., Wu, J., Yu, J., He, J., and Zhang, J. (2015).
“Homogeneous esterification of cellulose in room temperature ionic liquids,”
Polymer International 64(8), 963-970. DOI: 10.1002/pi.4883

Article submitted: October 6, 2016; Peer review completed: December 4, 2016; Revised
version received: December 22, 2016; Accepted: December 27, 2016: Published: January
10, 2017.

DOI: 10.15376/biores.12.1.1395-1402

Olsson and Westman (2017). “Co-solvents for IL,” BioResources 12(1), 1395-1402. 1402



