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Abstract Cellulose acetate is widely used in films,
filters, textiles, lacquer and cosmetic products. Herein
we demonstrate the production of cellulose esters
under homogeneous conditions using 1,5-diazabicy-
clo[4.3.0]non-5-ene acetate ([DBNH][OAc]) as sol-
vent. The reagents have been chosen such that the
system is recyclable, i.e. by-products are low boiling
and easy to remove. It is demonstrated that cellulose
acetate can be synthesized with different degree of
substitution (DS) values, and that some commonly
used acylation regents, like vinyl carboxylates react
well without additional base catalyst. Low to high DS
values are possible with good recovery of high purity
ionic liquid (IL). A linear correlation method of two
separate methods, IR and *'P NMR, is proposed to
reliably assess the DS of the products. The recycla-
bility of the solvent is demonstrated by acetylating
cellulose with isopropenyl acetate to high degree and
regeneration into water. After regeneration of cellu-
lose acetate from the IL with addition of water, the
residual water was entrained using n-butanol to
minimize hydrolysis of [DBNH][OAc], to allow for
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high recovery and high purity of the ionic liquid. Thus,
an overall scheme for batch cellulose acetylation and
recovery of [DBNH][OAc] from aqueous solutions is
proposed.
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Introduction

Cellulose acetate is one of the first synthetic industrial
polymers, as the process for cellulose acetate produc-
tion was patented already in 1894 (Cross et al. 1894).
The industrial production of cellulose acetate is based
on heterogeneous modification of cellulose using
acetic anhydride (Ac,0) with sulfuric acid catalysis
(Klemm et al. 1998), which affords cellulose triacetate
(DS 3). Afterwards the product is hydrolyzed to
desirable degree of substitution (DS). Extensive
literature concerning the acetylation of cellulose has
been published and more recently there are many
articles concerning acetylation in ionic liquids, where
cellulose acetate with different DS values and uniform
distribution of substituents can be obtained directly
(Barthel and Heinze 2006; Jogunola et al. 2016; Wu
et al. 2004; Yang et al. 2014).
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Tonic liquids (ILs) have gained considerable atten-
tion during recent years due to their unique solvation
and physiochemical properties (Gericke et al. 2012).
The chemical properties of ILs vary according to the
composition. For instance, the ability to dissolve
cellulose is often dependent on the basicity of the IL
(Fukaya et al. 2006, 2008; King et al. 2012; Parviainen
et al. 2013), but there are exceptions, e.g.,
tetraalkylphosphonium salts (Hauru et al. 2012;
Holding et al. 2014), which are basic but require a
dipolar aprotic co-solvent to dissolve cellulose. In
previous literature, the use of imidazolium based ILs,
with alkyl substituents (ethyl, methyl, and allyl) and
chloride, bromide or acetate anions, typifies most
publications on cellulose dissolving ILs (Heinze et al.
2008; Swatloski et al. 2002). In regard to developing
commercial processes, the potential environmental
impacts of ILs are also of concern. Several recent
articles have also assessed the toxicity of different
biomass dissolving ionic liquids. Those with shorter
anion and cation alkyl chain length are considered to
be of lower toxicity (Ruokonen et al. 2016; Witos et al.
2017). This also corresponds with the better capability
to dissolve cellulose as cellulose dissolution capability
typically decreases as cation or anion volume gets too
large (Isik et al. 2014).

Recyclability of ionic liquids is an important and
quite often overlooked aspect. One recycling approach
for ILs is based on the use of more labile organic
superbase-carboxylic acid conjugates. Above process-
ing temperatures these conjugates dissociate to the
neutral starting components, which allows for distil-
lability of the IL. One of these that is of current interest
is [DBNH][OAc], which can be recycled and purified
by distillation to either pure IL or to its starting
compounds (Parviainen et al. 2013, 2015).
[DBNH][OACc] is a robust solvent for cellulose and
pulp, recycled paper and even cotton, e.g., used cotton
clothes. Further, high quality cellulosic textile fibers
can be produced from cellulose [DBNH][OAc] solu-
tions by spinning thin filaments into an antisolvent, as
in IONCELL-F process (Michud et al. 2016; Sixta
et al. 2015). Therefore, [DBNH][OAc] is also of
interest as a reaction medium, as the same solvent and
process could be used to obtain chemically modified
cellulosic fibers or materials. The current Lyocell
process, using NMMO, is limited due to the undesired
side reactions (Rosenau et al. 2001).
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The acetylation of cellulose has been studied in
different ionic liquids with several esterification
reagents. In the first report on the topic of acetylation
in IL the reaction was carried out with Ac,O using
1-allyl-3-methyl-imidazolium chloride ([Amim]Cl) as
solvent (Wu et al. 2004). Acetic acid is a side product,
which can be difficult to remove from the IL solution
and may also lead to partial hydrolysis (degradation)
of the cellulose polymer, if some water is present.
Barthel and Heinze (2006) and Hinner et al. (2016)
have studied esterification of cellulose with longer
fatty acid chlorides in ionic liquids, e.g., [Bmim]ClI
and [Emim]Cl. Isopropenyl acetate (IpeAc) has been
used in 1-ethyl-3-methylimidazolium acetate ([Emi-
m][OAc]) to form cellulose acetates (Kakuchi et al.
2015). Notably, the side-product of the acetylation
reaction with IpeAc is acetone which is easy to
evaporate from the synthesis mixture and does not
usually introduce side reactions. The same group have
just recently published an article, where [Emim][OAc]
and other imidazolium based ionic liquids were used
in DMSO mixtures for assessment of the mechanistic
effects of ILs (Kakuchi et al. 2017). Vinyl esters can
also be used in cellulose esterification reactions, as an
acylation reagent, but have been used in “traditional”
solvents with catalysts or activators (Chen et al. 2016;
Cetin et al. 2009; Heinze et al. 2003; Jebrane et al.
2011; Jebrane and Sebe 2007).

Binary systems consisting of IL and an organic co-
solvent have also been used to produce cellulose
esters. Typical co-solvents include dimethyl sulfoxide
(DMSO) (Kakuchi et al. 2017; Xu et al. 2013) or
dimethylacetamide (DMA) (Rinaldi 2011), but ace-
tonitrile (ACN) (Nawaz et al. 2014) and acetone
(Jogunola et al. 2016) have also been used. However,
having an additional co-solvent may actually compli-
cate the workup and recovery of all components. The
use of acidic ILs like 1-vinyl-3-(3-sulfopropyl)imida-
zolium hydrogensulfate ([VSim]HSO,) has been sug-
gested to increase the efficiency of the acetylation
reaction in Ac,0, but the effect on product molecular
weight was not reported (Tian et al. 2014) and
anhydrides are already highly activated species.

Besides cellulose, acetylation of other biomass
components has been of interest. As an example,
efficient acetylation of hemicelluloses with Ac,O was
achieved in [DBNH][OAc], as a slight excess of the
base (DBN) can be used to scavenge the released acid
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thus avoiding possible hydrolytic reactions (Stepan
et al. 2013).

In our studies, we have been concentrating on the
organic superbase-derived ILs, as these are efficient
solvents for cellulose and can be efficiently recycled.
One of these is [DBNH][OAc], which is not only an
efficient solvent for cellulose, but high-quality textile
fibers can be produced upon regeneration of cellulose
solutions into water (IONCELL-F process) (Michud
et al. 2016; Parviainen et al. 2013, 2015; Sixta et al.
2015). Therefore, it would be highly beneficial to
control the modification to cellulose esters before
regeneration to fibers (for textile and non-wovens) or
films. In the current work, we describe the reaction
conditions for homogeneous esterification of pre-
hydrolysis kraft (PHK) pulp, manufactured from
Eucalyptus urograndis and microcrystalline cellulose
(MCC) in [DBNH][OACc]. The recyclability of the IL
after reaction, with mass balances and purity of
recovered ionic liquid is also demonstrated in prelim-
inary fashion.

Experimental
Materials

The starting materials were eucalyptus (Eucalyptus
urograndis) PHK pulp with DPy 2300, DP, 313
(Bahia Specialty Cellulose, Brazil) and Avicel® PH-
101 MCC with DPy 416 and DP, 112 from Sigma
Aldrich. Before reactions PHK pulp was ground with a
Bamix (bar blender) or Wiley mill, dried under
vacuum and stored in a desiccator. All the reagents
were used without further purification. 1.5-Diazabi-
cyclo[4.3.0]non-5-ene (DBN) was obtained from
Fluorochem and glacial acetic acid (AcOH) from
Fisher Chemical. The following additional reagents
were purchased from Sigma Aldrich: acetic anhydride
(Ac0), propionic anhydride, vinyl propionate
(VinPr), isopropenyl acetate (IpeAc), 2-chloro-
4.,4.5,5-tetramethyl-1,3,2-dioxaphospholane  (2-Cl-
TMDP), pyridine (py), 4-(dimethylamino)pyridine,
deuterated chloroform (CDCIl;) and dimethyl sulfox-
ide-dg (DMSO-dg), N,N-dimethylacetamide (DMA)
and anhydrous lithium chloride (LiCl). Vinyl acetate
(VinAc) was obtained from Supelco, Chromium (III)
acetylacetonate (Cr(acac);) from Fluka, endo-N-

hydroxy-5-norborenene-2,3-dicarboximide (e-HNDI)
from abcr GmbH and ethanol (96 and 99%) from Altia.

The ionic liquid [DBNH][OAc] was prepared from
glacial acetic acid and DBN according to Parviainen
et al. (2013) with slight modifications: The reaction
was performed in a two necked flask with a reflux
condenser, under argon atmosphere and stirred mag-
netically. The superbase DBN (168.5 g, 1.3 mol) was
measured to the flask and one equivalent of acetic acid
(81.5 g, 1.3 mol) was weighed to a dropping funnel.
The reaction media was heated to 60 °C and acetic
acid addition was made at a moderate pace (2 h
addition time). A pale yellow liquid was formed and
the mixture was left to settle at 70 °C for 1 h before
cooling. The purity of the liquid was verified with '"H
NMR in DMSO-dg.

Typical dissolution and esterification procedure

[DBNH][OAc] was melted (70 °C) and weighed
(10 g) to the reaction vessel. Cellulose powder
(0.5 g) was weighed and added to the solution. The
mixture was stirred under argon atmosphere at 70 °C
for 0.5-1 h, until cellulose had dissolved and the
reaction medium was a clear viscous solution. The
reaction temperature was 60-70 °C, slightly depend-
ing on the reactants boiling point and (presumed)
reactivity. The acylation reagent IpeAc, VinAc, VinPr
or Ac,0 was added in one portion through a septum.
The amount of acylation reagent depended on the
desired obtainable DS being 0.25, 1, 3 or 9 eq’s per
AGU. (see supporting information) When acetylation
was performed with Ac,0, 1.01 eq of DBN was added
prior to the acetylating reagent to scavenge the
released acetic acid. The reactions were quenched
with addition of 30 ml of ethanol (96%).

The precipitated reaction products were collected
by suction filtration using Whatman 1 filter paper. The
product was washed with ethanol in a Soxhlet
apparatus overnight. The washed sample was filtered
and pre-dried in a Biichner funnel, rinsed once with
acetone to enhance the drying, and dried under
vacuum overnight. The ethanol solution containing
[DBNH][OACc] was collected and evaporated using a
rotary evaporator. Final traces of the ethanol were
removed under high vacuum on a Schlenk line.

@ Springer
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Demonstration of IL recycling from aqueous
solutions

For IL recycling demonstration from aqueous solu-
tions, the reaction was stopped with addition of
ethanol and the reaction product washed with distilled
water. The liquid phases were combined. The removal
of water and the purification of the IL was carried out
by entraining using a rotary evaporator, with repeated
additions of n-butanol. Finally, the fractional distilla-
tion of the recovered IL was performed in a Kugelrohr
distillation apparatus, where two different tempera-
tures (140 and 160 °C) were used to collect different
fractions at 0.7 mbar pressure.

Analytical methods

Attenuated total reflectance infrared spectroscopy
(ATR-IR)

FTIR spectra were collected (400-4000 cm™ ) from
solid samples with a Bruker alpha-P FTIR spectrom-
eter with a diamond ATR. The ATR-IR -spectra were
baseline corrected and normalized to the cellulose C—
O-C backbone signal (1010 cm™") intensity.

Gel permeation chromatography (GPC)

Molar mass determination was performed using
Agilent Infinity 1260 LC-system including degasser,
pump, auto sampler, and refractive index detector
(RID) from 1200-series. The gel permeation columns
were Agilent PLgel guard column (50*%7.5 mm) with
PLgel MIXED 10 pum (300%7.5 mm) column con-
nected in series. The mobile phase 0.5% LiClI/DMA
was used at a flow rate of 1 ml/min. The GPC system
was calibrated with Agilent pullulan polysaccharide
standard kit, which consists of 10 standards in the
range of 180-708,000 Da. The Agilent Open Lab CDS
ChemStation Edition (Rev. C.01.03) with Agilent
GPC-Addon data analysis software (Rev. B.01.02)
was used to calculate the molar mass distributions.
The sample preparation for GPC analysis has been
made according to (Timpa 1991) with some modifi-
cations. The blank samples (17.5 mg) and low DS -
samples from reactions were weighed in small glass
vials, 1.25 ml of DMA was pipetted and the vial was
stirred and heated at 130 °C for 2 h. The swollen gel
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was cooled to 90 °C and LiCl was added to the system
(7 wt% LiCl in 1.25 ml of DMA). The mixture was let
to cool down to r.t. and stirred overnight to obtain a
clear solution. The solution was diluted with DMA so
that the concentration of LiCl was the same as in the
eluent. In the case of samples with higher DS the
sample was diluted in the eluent and heated at 60 °C
for 2 h. All samples and eluent were filtered through
Millipore® HPLC —membrane filters (HVLP
0.45 pm).

NMR spectroscopy

Quantitative *'"P NMR spectra were measured using a
Varian Unity INOVA 600 spectrometer (600 MHz
proton frequency) equipped with a 5-mm direct
detection broadband probe-head at 27 °C. Quantita-
tive *'P NMR were collected with 512 transients using
90° flip angle, 84,000 Hz spectral width, 1 s acquisi-
tion time and 10 s relaxation delay. The DS values
were determined using a method described previously
(King et al. 2010). When the presumed DS of the
product was low, e.g., one or less, the NMR samples
were prepared as described in King et al. (2010), using
DMA/LICl (3 wt%) (solubilized like the GPC sam-
ples) instead of [Amim]CI.

A known amount (between 10 and 25 mg) of the
cellulose acetate was weighed in a small 10 ml glass
vial. Pyridine (150 pl), CDCl3 (1 ml), 2-CI-TMDP
(200 pl), e-HNDI (125 pl of 1.6:1 v/v in pyridine:
CDCl3) and Cr(acac)z (1 ml of 0.08 M solution in
CDCl;) were added in sequence with vortexing after
every solvent or reactant addition. The analysis was
performed immediately after the derivatization. If the
sample was solubilized in DMA/LiCl, no CDCl;
addition was made after the pyridine addition.

The calculation of the results have been made
according to King et al. (2010), in which two different
formulas were used for complete DS determination.
First the amount of substituted hydroxyls (OHj) are
calculated (1). In the formula (1) IS, is the molarity
of the used internal standard in mmol/l, the volume of
the used internal standard in pl is IS,. Ig stands for
the relation of the integrals (I jkoxy/Iis) Obtained from
signals and their integrals in the spectrum; IS is seen in
the spectrum as e-HNDI-TMDP at 152 ppm. The
cellulose free hydroxyls form alkoxy-TMDP and are
seen in the spectrum at 143.5-150 ppm (Fig. 3). In
addition, in the formula (1) is the mass of the sample in
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g (W) and a constant of 1,000,000, for unit compen-
sation. The actual DS is calculated in the second
formula (2) in which, the maximum DS (DS,,.,) is
used to calculate the real DS with the OHg, molecular
weight of the substituent (MW,) and free hydroxyl per
weight unit of cellulose (OH, = 3/162.14 g/mol =
0.019 mol/g). The maximum DS depends on the
amount of used acylation reagent.

o ISmol X ISW,[ X IR

OHj =
$ 71,000,000 x Ws

(1)

1 1
DS31p = DSpay X | —-osOflc__ 2
3P (MWS+O+L,S—1> )
"H-'3C HSQC spectra were measured with a Varian
Unity INOVA 600 (600 MHz proton frequency) using
an indirect detection 5 mm probe-head. For these,
approximately 20 mg of sample was dissolved in 1 ml
of DMSO-dg and the spectra were recorded at 60 °C
due to the sample’s viscosity. The amount of 100 t;
acquisitions with 32 scans were collected with 10.16 s
repetition time.

"H NMR spectra for IL purity determination were
recorded either with a Varian Unity INOVA 500
spectrometer (500 MHz proton frequency) equipped
with a 5-mm triple resonance (IH, 13 C, 5N ) z-gradient
probe-head at 27 °C or with Varian Mercury Plus 300
spectrometer (300 MHz proton frequency) at 27 °C.
"H NMR were collected with 16-64 transients using
45° flip angle, 5000 Hz spectral width, 1 s acquisition
time and 1 s relaxation delay.

Results and discussion

Acylation of cellulose samples in [DBNH][OAc] was
carried out with acetic anhydride (Ac,0), isopropenyl
acetate (IpeAc), vinyl acetate (VinAc) or vinyl
propionate (VinPr). When conducting these reactions,
a few things need to be considered: the boiling point of
the reagent, side products and their properties.
Acetylation with Ac,O produces acetic acid as the
side product. Thus, in these reactions, a slight excess
of DBN was used to scavenge released acid and to
minimize the hydrolysis of cellulose. Notably, this
only produces new [DBNH][OAc] to the system and
thus avoids contamination of the ionic liquid. For a
sustainable process this would require conversion of a

portion of [DBNH][OAc] back to DBN. This is
possible through distillation of the recovered ionic
liquid (King et al. 2011). Recent results have indicated
that DBN actually has a higher vapor pressure than
acetic acid in the mixture, allowing for partial
separation of the components (Ahmad et al. 2016).
Thus, the motivation for this method is sound.

Acylation with isopropenyl carboxylates produce
acetone as by-product (Scheme 1). In contrast to
Kakuchi et al. (2015, 2017), in [DBNH][OAc] no
additional base or activation was required to obtain
excellent reactivity. As the IL is derived from the
conjugation of a superbase (DBN) and acetic acid,
traces of superbase (from equilibration) likely con-
tribute to catalyzing the reaction. Reaction with vinyl
carboxylates produces acetaldehyde as by-product.
Both acetone and acetaldehyde are easy to remove
from the reaction mixture and are relatively non-toxic,
but flammable. In prior literature, the reactions made
with VinAc were either catalyzed with a base; K,COs3,
Na,CO;5 (Cetin et al. 2009; Jebrane and Sebe 2007,
Jebrane et al. 2011), or cellulose was activated with
NaOH (Chen et al. 2016).

In general, the progress of acylation reactions of
cellulose is easy to follow by IR spectroscopy, from
the appearance of the ester carbonyl signal at
~ 1740 cm™" associated with the decrease of the
intensity of the hydroxyl signal band at ~ 3400 cm™'
(Fig. 1). The cellulose C—O-C signal intensity around
1100 cm™" stays unchanged during the esterification
reaction. Therefore, it is a good reference point to
assess intensity or volume changes of carbonyl
signals. Even though ATR-IR is not an inherently
quantitative technique (the signal intensities depend of
several issues, including IR light penetration depth
into the sample), the normalized intensity of the
carbonyl signal was shown to give good correlation
with the DS values, compared to the *'P NMR
analyses (see below).

The relation of integrals from the ATR-IR spectra
show a linear correlation with the DS values deter-
mined by *'P NMR and the correlation between these
methods is excellent (Fig. 2). The results show that
ATR-IR is a rapid but somewhat crude method to
access the DS of acetylated celluloses and *'P NMR
can be used to obtain external calibration for the ATR-
IR. Further, ATR-IR spectroscopy is a sensitive
method to track impurities, e.g., identifying possible
residual IL in the regenerated product. In the case of

@ Springer
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H
)J\OJJ\
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[DBNH][OAC]
HO OH 70°c,1h R

Scheme 1 Acylation of cellulose in [DBNH][OAc]. The
forming side products are acetone for IpeAc (a) and acetalde-
hyde for VinAc and VinPr (b). With Ac,O, an excess DBN is

0.25eq 1eq -==--- 3eq mrereen 9eq
T %
T e T TR pmnnmAmR AR e _\:",‘-'.“f‘l ‘ﬁl‘ l’:"‘\..-o.‘
4000 3400 2800 2200 1600 1000 400

Fig. 1 Baseline corrected and normalized ATR-IR spectra of
cellulose acetates from the reactions of eucalyptus PHK pulp
with IpeAc. The product with the lowest DS value has the
strongest hydroxyl (OH) signal at 3400 cm”'and weakest
carbonyl (C=0) signal around 1740 cm™'. With the high DS
sample (DS = 2.97), lowest 9 eq. line, the hydroxyl signal is
essentially absent

[DBNH][OACc], the possible remaining IL could be
identified from signals at 1300 (COO), 1370 (CHy),
1580 (COO™) and 1670 (C=0) cm ..

More accurate DS values for the reaction products
were assessed using 3'p NMR (King et al. 2010). An
example of a *'P NMR spectrum for the reaction made
with 9 eq. of Ac,0 is shown in Fig. 3. The spectrum is
referenced to the 4,4,5,5-tetramethyl-1,3,2-dioxaphos-
pholane anhydride (TMDP-anhydride) at 132.2 ppm.
The signal at 175 ppm is the unreacted (excess)
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used (c¢), and thus the released acetic acid is bound to the base,
and [DBNH][OACc] is formed. R = CH;CO (Ac), R" = methyl
or ethyl and R” = Ac or CH;CH,CO (Pr)

phosphorylating reagent, which needs to be present in
order to verify that the amount of reactant has been
sufficient for complete phosphitylation. The DS values
were calculated from *'P NMR spectra according
King et al. (2010) and are listed in Table 1. The
reactions were repeated, and also conducted under
different conditions to assess the effect of time/
temperature, or possible experimental errors. The
results of the duplicated reactions were similar to the
original ones (< 5% variation in yield and DS). The
DS values were determined to be between 0.25 and 3.
They corresponded well with the amount of reagents
used (Table 1). With Ac,0O and IpeAc the acetylation
reaction is almost quantitative. However, the reactions
made with vinyl carboxylates (vinyl acetate and vinyl
propionate) achieve a maximum DS value of ~ 1.5,
e.g., the use of excess reagent, higher temperature or
increased reaction time did not increase the maximum
obtainable DS. In prior literature, the amount of the
reagent required, typically acetic anhydride, has been
5-8 eq’s per AGU to reach almost complete esterifi-
cation of hydroxyl groups (DS 0.64-2.92) (Heinze
etal. 2005; Jogunola et al. 2016; Kosan et al. 2010; Wu
et al. 2004). Acyl chlorides have also been used and
full reactivity was achieved (DS 3) with 5 eq of
reactant, as they are known to be more reactive
(Barthel and Heinze 2006). However, the by-product
from acid chlorides is hydrochloric acid, which may
increase chances for depolymerization. For vinylic
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Fig. 2 Linear correlations
of the >'P NMR and ATR-IR
results. Reactions from:
Ac,0 (orange), IpeAc
(yellow), VinAc (grey) and
VinPr (blue). The linear
correlation of all data points
is represented as a black
line. (Color figure online)

31p NMR DS

3.5

Acetic anhydride

0.2 0.3

Vinyl acetate

0.4
ATR-IR Ratio
Isopropenyl acetate
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Fig. 3 Expansion of a *'P NMR spectrum of (Eucalyptus PHK pulp) the product from reaction of Ac,0 (9 eq.) with cellulose at 70 °C

in [DBNH][OACc]. The calculated DS of the product is 2.80
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Table 1 DS values for different reagents where variable amounts of reagent were used

Reagent 0.25 eq/AGU 1 eq/AGU 3 eq/AGU

DS Yield % DPw DS Yield % DPw DS Yield % DPw
Ac,O 0.23 95 1914 0.85 88 2260 2.80 88 1864
VinAc 0.24 98 2123 0.84 88 2607 1.58 90 1230
VinPr 0.23 94 1752 0.85 86 1260 1.34 85 976
IpeAc 0.23 92 1660 0.89 82 1582 2.97 95 1154

The results have been calculated from 1 h reaction samples, made from eucalyptus pulp cellulose (DPw 2300), which were analyzed

using *'P NMR

reagents, cellulose acylations have not been made in
ILs, but in DMF and catalyzed with pyridine or
potassium carbonate (K,COj3) (Cetin et al. 2009;
Jebrane et al. 2011; Jebrane and Sebe 2007) or in
DMSO, with sodium hydroxide (NaOH) addition
(Chen et al. 2016). Unfortunately, only Chen et al.
have reported the DS and DP values for the products.
In their study the reaction was fast, but some
degradation of the product occurred, since the DP’s
decreased. The recovered DS values were high, more
than 2.52. However, Jebrane and Sebe (2007) reported
mass losses, probably due to the solubility of the
product to the regeneration solvents.

In general, in our reaction conditions the maximum
DS was obtained under 2 h reaction time, for all of the
reagents (Ac,O, VinAc, VinPr, and IpeAc). Even at
moderate temperature (65 °C), the acetylation of
cellulose hydroxyls is rapid and complete when the
amount of Ac,O or IpeAc is sufficient. To our
understanding, the reason for such rapid reaction must
be the [DBNH][OAC] itself. It is a relatively effective
IL for dissolution of cellulose, with potential for
several equilibrating basic species in solution, which
may catalyze the reaction. In prior literature, the yields
of the acylated products have often not been reported.
However, in the DMSO/TBAF solvent system, the
conversion and yield of cellulose acetate is moderate
with a prolonged reaction time (Heinze et al. 2003).
The reason for such result is TBAF, which deacety-
lates the cellulose esters regioselectively from the
positions of 2 and 3 (Zheng et al. 2013). With
imidazolium-based e.g., [Emim][OAc], [Bmim][Cl],
[Amim][C]], ILs the dissolution times are longer,
typically 3-24 h (Heinze et al. 2005), compared with
our system (0.5—1 h). Reaching high DS often requires
high temperature, 80-110 °C, long reaction times
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3-24 h (Kakuchi et al. 2015), catalyst (Luan et al.
2013) or co-solvent (Jogunola et al. 2016; Kakuchi
et al. 2017; Rinaldi 2011; Schenzel et al. 2014; Xu
et al. 2013). Lower temperatures have also been
reported but the reaction time has been 24 h and the
product produced had a low DS of 0.64 (Wu et al.
2004). The role of the addition of the organic co-
solvent is usually to keep the system homogeneous
throughout the reaction, as the acylated cellulose
(product) is not always soluble in pure IL. Further,
organic co-solvents can be used to reduce the viscosity
of the reaction media, and possibly to lower the capital
and running costs, as less ionic liquid might be
required. However, the use of co-solvents might
complicate the recycling of the system.

High DS samples of cellulose acetate become
soluble in CDCls, which enables direct measurement
of "H NMR spectra in the solution state and thus
provides another tool to assess DS values using NMR
(see supporting information). The results from 'H and
3'P NMR measurements agreed well with each other.
Also the regioselectivity of the reaction was assessed
with "H NMR after perpropinylation (or peracylation)
with  propionic  anhydride and 4-(dimethy-
lamino)pyridine catalyst according to Tezuka and
Tsuchiya (1995). In [DBNH][OAc], all the reagents
showed typical reactivity with the —OH groups of
cellulose (see supporting material), e.g., largest reac-
tivity (preference) for the O-6 position (Liebert et al.
2005; Xu et al. 2011). The reactivity of the positions
0-2 and O-3 was almost equal (6 > 2 ~ 3). Notably,
this is not always the case, as with larger substituents
O-3 position can be hindered (Xu et al. 2011) or the
reactivity of the positions of O-2 and O-3 may vary,
depending on the solvent and acylation reagent (Abe
et al. 2016).
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Fig. 4 Expansion of a 'H-'3C HSQC spectra of acetylated products from the reactions of MCC with IpeAc (black) and Eucalyptus
PHK pulp with Ac,O (red). Both products have DS of ~ 3. (Color figure online)

As cellulose is a linear homopolymer, cellulose
triacetates obtained from reactions with excess of
Ac,O and IpeAc, show only one 'H-'>C HSQC
correlation in the acetal region ~ & 6/100 ppm
(Fig. 4). However, in the case of the cellulose acylated
with excess of vinyl carboxylates, several signals are
detected around ~ 100 ppm in '*C. This is due to the
fact that vinyl carboxylates react well to produce low
DS value products but do not achieve full acetylation
(max. DS ~ 1.5). Chemical shifts of ~ 100 ppm in
3C NMR are diagnostic for hemiacetal- and acetal
structures. With lower DS values a wider range of
substitution patterns are possible, as substitution of
OH can be in various positions. Therefore, the HSQC
spectra has multiple signals due to the different
(acetylated) AGU combinations. For instance, a signal
at 102 ppm in '>C NMR analysis is indicative for
structures where the C-2 position is not acetylated (see
supporting information).

Previously, it has been shown that the reactivities of
woody components and biopolymers are different
when performing base catalyzed reactions with Ac,O
and VinAc in DMF (Jebrane et al. 2011). However, in
[DBNH][OACc], the reaction was fast with both Ac,0O
and VinAc, as after 30 min with 9 Eq (3 eq per

hydroxyl group) of reagent at 70 °C, the Ac,O had
already reacted fully, but VinAc reaction had stalled at
its maximum. This can be seen from both the ATR-IR
and the GPC analyses. From the ATR-IR spectra
(Fig. 5) it is apparent that the ester carbonyl signal
(1740 cm™") has reached its largest intensity value
after 30 min with Ac,O and after 10 min with VinAc.
However, the signal intensity with VinAc is only half
that of the Ac,O product. With prolonged reaction
times (24 or 26 h) the carbonyl signal intensity
remains the same with Ac,O reaction samples but
slowly decreases with the VinAc samples. The GPC
data (Fig. 6), from the same reactions show that
compared to the unmodified cellulose sample, the
molecular weights (MW) of the acetylated samples
increase with low DS samples but cellulose undergoes
slight hydrolytic degradation with prolonged reaction
times (Table 1; Fig. 6). It is also evident that more
hydrolysis occurs especially when reactant is used in
high excess. With Ac,O, the released acetic acid could
possibly cause the degradation of the cellulose back-
bone, prior being scavenged by the excess of DBN.
However, there is an evident drop in DP with VinAc,
VinPr and IpeAc with larger amounts of reagents. In
the current system, the DP of some of the products
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Fig. 5 Expansion of the normalized ATR-IR-spectra from
cellulose acetylation products: Kinetic evaluation of samples
from reactions made using 9 eq’s at 70 °C with Ac,0 (a) and
VinAc (b). The maximum signal is obtained in 10-30 min in
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Fig. 6 A bar chart demonstrating the variation in number
average and weight average molecular weights DP, and DP,,
during kinetic evaluation of reactivity. The samples were from
reactions made using 9 eq’s at 70 °C with Ac,0 (a) and VinAc

decreased to almost 1/3 that of the original pulp
(DPw = 2300), when the amount of reagent was 3 eq
(Table 1). At the moment we have no proper expla-
nation for this chain degradation. Somewhat specula-
tively we can argue that this effect is due to high
reactivity of the vinylic reagents (local effects/
energy).

In order to be able to calculate the yields from the
esterification reactions, the real DS values for each
sample were evaluated. The analysis of the DS values
were performed using *'P NMR and the DS correlated
average MW per AGU for each sample was calculated
(3). In the formula (3) M(AGU) is the molecular
weight of one anhydroglucose unit (AGU), DSC'P
NMR) is the result obtained from the *'P NMR, M(Ac)
is the molecular weight of the substituent, e.g., acetate
and M(H) is the molecular weight of the substituted
hydrogen. For instance, the calculated MW for
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both cases but the intensity of the carbonyl signal in reaction b is
only half of that from reaction A. A scatter plot on the right
shows how the intensity of the signal decreases in the vinyl
acetate (b) reaction compared to reaction A
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(b). The corresponding GPC molecular mass distribution
(MMD) curves are presented on the right (see supporting
information). (Color figure online)

cellulose acetate with a DS value of 0.89 is
199.6 g/mol for one AGU.

Mw(product) = M(AGU) + (DS(*' PNMR))
x M(Ac) — (DS(*'P NMR))
x M(H) (3)

After calculating these two results the yield can be
determined (Table 1). The DS correlated yields are
from moderate to good, being more than 80% with all
of the reagents. Even though a portion of the
acetylated materials may be soluble in ethanol, water
or acetone, the recovered yields were still quite high.
Obviously, some material is lost in the washing and
drying sequences but results are likely to be
representative.
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Recycling of solvent [DBNH][OAc]

[DBNH][OACc] can be purified by distillation, as it
undergoes reverse reaction to DBN and acetic acid at
elevated temperatures. (Parviainen et al. 2013) How-
ever, recycling of [DBNH][OAc] from aqueous solu-
tions has some challenges as DBN can undergo
hydrolysis, under certain conditions, when it is in
contact with water. (Parviainen et al. 2015) However,
alcoholysis under similar conditions does not proceed.
Thus, n-butanol was selected to study the entrainment
of water from the IL, to avoid hydrolysis. This
approach is based on the fact that the boiling point
of n-butanol (117.7 °C) is higher than for water. Yet,
the strong interaction between n-butanol hydroxyl
groups and IL might allow for selective distillation of
the lower boiling water, even though water also
strongly interacts with the ionic liquid. The hypothesis
is that water can be completely entrained from the
solvent system with successive additions of n-butanol.
After the water was completely removed, the residual
n-butanol was removed under high vacuum. It is not
yet clear whether the evaporation of water could be
azeotropic in this system, or whether the separation
can be more related to the difference in boiling points
between the pure liquids, as some ionic liquids are
known to break azeotropes (Roughton et al. 2012).
Quite likely, in the current case, the water removal is a
combination of both of these. It is known that
azeotropic distillation with n-butanol can remove a
larger portion of water during distillation than for
example ethanol or hexane (Haynes 2017). With other
suitable water-azeotrope forming solvents it is diffi-
cult to remove all of the remaining water, since their
boiling points are typically below 100 °C.

Finally, we analyzed the concentrated
[DBNH][OACc] after all solvent evaporation. The 'H
NMR spectrum showed (see supporting information)
that some impurities remained but the major compo-
nent was [DBNH][OAc]. By using a Kugelrohr
evaporation apparatus, the IL was distilled into 4
fractions. The distillation was conducted at 0.7 mbar
pressure at 140 and 160 °C. A 3-bulb setup was used,
with two bulbs in the oven. The evaporated fractions
were condensed at two different temperatures, with
one sample for each temperature collected to the
innermost bulb and one on the outermost bulb, using a
dry ice-acetone cold trap (— 78 °C). The mass
balances of the collected fractions (F1-F4) and
distillation residue (R) are listed in the Table 2.

The corresponding 'H NMR spectra are shown in
Fig. 7. In fraction 1, there are traces of n-butanol but
DBN was the main product. In fraction 2, pure

F1
YO R L)

‘ ‘ F2

JLA_JU L*_»'g/v“‘ r\L k3

1H (ppm)

Fig. 7 "H NMR spectra of the collected distillation fractions
(F1-F4) and distillation residue (R), after reaction, quenching
and entraining of water using n-butanol. (Color figure online)

Table 2 The mass balances of the fractional distillation of the recovered ionic liquid in a Kugelrohr, after reaction

Fraction Temp (°C) Yield (wt%) DBN (Wt%) AcOH (wt%) APP (wt%) n-Butanol (wt%) DBNR (%) AcOH R (%)

1 140 5 95 0
2 140 80 66.8 332
3 160 0 0 0
4 160 3 52.7 41.8
Residue 160 12 - -
Total 100

0 5 7.0 0.0
0 0 79.3 81.5
0 0 0.0 0.0
5.4 0 2.3 3.8

88.7 85.3

The pressure was 0.7 mbar. AcOH is acetic acid, APP (1-(3-aminopropyl)-2-pyrrolidone) is the product from the hydrolysis of DBN
in the mixture. R % is the recovery % for the individual components
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be alcohols for the quenching and regeneration step

[DBNH][OACc] was obtained with good (80%) recov-
ery. Fraction 3 contained only traces of the IL.
Fraction 4 was the first sample that contained hydrol-
ysis product. This was 5 wt% of 1-(3-aminopropyl)-2-
pyrrolidonium [APPH] cation, which is obtained from
hydrolysis of the [DBNH] cation. A distillation
residue of 12 wt% was remaining but the procedure
is unoptimised so we expect this to decrease.

When we compare the HSQC spectra before and
after the distillation we can see that some 1-(3-
aminopropyl)-2-pyrrolidone acetate (APPAc), and
hydrolyzed IL [APPH] are formed during the distil-
lation (see supporting information). However, it is
possible to convert the hydrolysis product back to
DBN by distillation under certain conditions (unpub-
lished). A possible circulation system for the entire
process (i.e. cellulose acetylation and solvent recov-
ery) is presented in the Fig. 8. Obviously, the use of
water as the regeneration solvent in this process
introduces the possibility of hydrolysis during recy-
cling but this could be avoided either by using alcohol
as regeneration solvent or as entrainer during the
recycling stage.

Conclusions

In the current work, we demonstrate the fast and
efficient acylation of cellulose with isopropenyl
acetate, vinyl acetate and vinyl propionate in
[DBNH][OACc], in the absence of additional catalyst.
Using these reagents, the byproducts are low boiling,
such as acetaldehyde or acetone, allowing for separa-
tion from the reaction components by distillation.
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Acetylation was also achieved using Ac,0O, where
DBN was used to scavenge the released acetic acid.
Under these conditions, no side products are formed
but rather new IL is generated. The reactions with
Ac,0 and IpeAc were fast and essentially quantitative.
No major differences in reactivity were found between
these two reagents. IpeAc has the advantage that it
needs no additional base during acetylation. However,
it is a more expensive reagent and acetone must be
separated after the reaction. The effect of the reaction
temperature on the course of the reactions was
examined, for Ac,O and VinAc. The minimum
temperature used for the reactions in [DBNH][OAc]
was close to the melting point of the pure IL (63 °C).
At these temperatures the reactions were almost
instantaneous.

We found that with Ac,O or IpeAc in
[DBNH][OACc], it is possible to tune the DS values
the products between 0.25 and 2.97. On the other hand,
the vinylic reagents react well to produce low DS
values but the maximum obtainable DS value
is ~ 1.5. Comparison of the DS determination using
3P NMR and ATR-IR showed a strong linear
correlation between these independent methods. Thus,
a simple correlation can be used to determine DS,
which does not require NMR.

In the current work, we have also demonstrated that
the IL can be recovered and recycled by distillation.
n-Butanol can be used to entrain water before distil-
lation, thus, avoiding significant hydrolysis. The mass
balances in these initial experiments are very promis-
ing. However, also other recycling systems for IL’s are
to be considered to recognize the most cost-effective
recycling pathways.
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