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Abstract Herein, we demonstrate the activation of

commercial chemical cellulose pulps towards chem-

ical modification by a pre-treatment step with tetra-

butylphosphonium acetate ([P4444][OAc]). A

heterogeneous (non-dissolving) pre-treatment was

applied allowing for a significant reduction in crys-

tallinity, without concomitant formation of the ther-

modynamically stable cellulose II. An increase in

chemical reactivity was demonstrated using two

model reactions; (1) acetylation (organic swelling

conditions), where high degrees of substitution (DS)

were obtained without the need for a catalyst, and (2)

4-acetamido-TEMPO oxidation (aqueous swelling

conditions), where significant degrees of oxidation

(DO) were obtained, beyond those for the untreated

pulps. In both tests a notable improvement in cellulose

reactivity was observed. Regioselectivity of acetyla-

tion was assessed using 2D NMR for one low and one

high DS sample. The low DS showed a small degree of

acetylation of the 6-OH, whereas, the high DS from

the pre-treated sample showed mainly mixtures of

triacetate and diacetates. Important mechanistic infor-

mation is attained for future development of aqueous

and organic-based reactions involving this ionic liquid

pre-treatment.

Keywords Mercerization � Cellulose acetate �
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Introduction

Cellulose is the most abundant natural polymer

produced by living organisms and it is the most

important skeletal component in plants, due to its rigid

structure (Klemm et al. 2005). As the main component

of biomass, cellulose has a major role in the nature�s

circulation of carbon, with plants acting as a huge sink

for excess atmospheric CO2 (Pan et al. 2011). Thus,

cellulose is considered to be a vast source of environ-

mentally friendly, sustainable and biocompatible raw

material (Klemm et al. 1998). The rigid highly-

ordered structure of crystalline cellulose provides

desirable mechanical properties. However, the lack of

a true melting point makes its low-cost processing

very difficult.
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One way around this problem is to apply one of the

well-known heterogeneous chemical modification

methods for plasticization of cellulose. Cellulose

nitrate formation, from reaction with nitric acid, is

the classical example. However, these methods add

cost to the final products. The accessibility and

chemical reactivity of cellulose, under heterogeneous

conditions, depend on several factors, such as the

chemical composition, molecular weight distribution,

crystallinity, porosity and morphology (fibrillar com-

plexity) of the fibers (Krässig 1993).

Alternatively, cellulose can be dissolved in a

suitable direct dissolution solvent. However, the

complexity of cellulose solvents is such that they are

typically expensive, toxic, and often not tolerant

towards many chemical reagents or are simply diffi-

cult to recycle. N-methylmorpholine-N-oxide

(NMMO) is a well-known low-cost and low-toxicity

bulk solvent for cellulose, already used for many years

in an industrial cellulosic fibre dissolution/regenera-

tion process (Lyocell process) (Rosenau et al. 2001).

There are also a limited number of electrolytic or

reactive solvent systems, such as DMSO/TBAF

(Ramos et al. 2005), DMAc/LiCl (Araki et al. 2006),

DMF/N2O4 (Philipp et al. 1987) and some inorganic

molten salt hydrates, such as LiClO4�H2O (Fischer

et al. 2003), capable of dissolving cellulose. All of

these have quite hazardous components.

However, in the recent decades, ionic liquids (ILs)

and deep eutectic solvents (DESs) have been consid-

ered as new solvents for cellulose dissolution and

biomass processing. DESs are often cheaper than ILs.

Those based on choline chloride, at least, are also low

toxicity. However, they suffer a few major drawbacks

in biomass processing; Low toxicity choline-based

structures are rather thermally unstable and the

solubility of cellulose in DESs is very poor, compared

with the solubility in key ILs (De Oliveira Vigier et al.

2015; Chen et al. 2019). Nevertheless, DESs still have

potential in the biomass research field (Chen and Mu

2019). Initial investigations have demonstrated appli-

cations that do not require cellulose dissolution

capabilities, in particular those that allow for enhanced

fibrillation (Li et al. 2017) or chemical modification

(Li et al. 2018) of lignocellulosics.

ILs have already been well studied as novel

solvents for cellulose dissolution and biomass pro-

cessing (Swatloski et al. 2002; Lasse et al. 2013;

Holding et al. 2014, 2016, 2017). ILs are often defined

as ‘molten organic salts’ with melting points below

100 �C (Skoda-Földes 2014; Chowdhury et al. 2007;

Siódmiak et al. 2012), whose chemical and physical

properties can be tuned by varying the cations,

homologous substituents and anions. Having essen-

tially no vapor pressure, they are non-flammable and

in contrast to traditional volatile organic compounds,

they are often spuriously described as ‘green’ solvents

(Zhu et al. 2006). However, they are known to dissolve

a wide range of organic compounds; from small polar

or non-polar molecules to rigid amphiphilic polymers,

such as cellulose.

The ability of ILs to dissolve cellulose is clearly

dependent on the high basicities imparted by the

anions (Fukaya et al. 2006, 2008; King et al. 2012;

Parviainen et al. 2013). However, there are some basic

ILs which require a dipolar aprotic co-solvent to

facilitate dissolution (Holding et al.

2014, 2016, 2017). Of these phosphonium homo-

logues, [P4444][OAc] (Fig. 1) is among the lowest

toxicity of the series towards several cell lines

(Ruokonen et al. 2016; Witos et al. 2017) and

comparable to the toxicity of various imidazolium-

based structures. Tetraalkylphosphoniums also have

higher thermal and chemical stabilities than the

commonly used imidazolium series. [bmim][OAc],

as a common imidazolium analogue for cellulose

dissolution, is known to react with cellulose via

imidazolium-C2 reactivity (Ebner et al. 2008; Rico del

Cerro et al. 2018; Clough et al. 2015). Therefore, there

are important advantages to phosphonium-based ILs,

if they can find application in cellulose processing.

Previously, the reduction in crystallinity after the

non-dissolving pre-treatment of microcrystalline cel-

lulose (MCC) with tetrabutylphosphonium acetate

([P4444][OAc], Fig. 1) has been shown (Holding et al.

2016; Pena et al. 2019). This led to increased

enzymatic digestibility using cellulases.

Herein, we present the increased chemical reactiv-

ity of high molecular weight technical kraft pulps,

towards acylation (organic swelling conditions) and

nitroxyl radical-catalysed oxidation (aqueous condi-

tions), after their pre-treatment with pure [P4444][OAc]

(non-dissolving conditions). The effect of the pre-

treatment on the regioselectivity of acetylation is

shown and on the morphology of the fibre structure

during aqueous oxidation. The results show clear

potential for increased reactivity under heterogeneous

reaction conditions.
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Experimental

Materials and methods

Three cellulosic pulps were used in our reactivity

studies; Enocell (bleached hardwood pre-hydrolysis

kraft pulp, Enocell Mill, Uimaharju, Stora Enso, 6.8%

xylan), birch (bleached birch kraft pulp, UPM Kaukas

Mill, 87.7% a-cellulose) and eucalyptus (eucalyptus

kraft pulp, UPMFray BentosMill, 87.4% a-cellulose).
[P4444][OAc] was prepared according to the literature

procedure (King et al. 2018). All the reagents and

solvents were high purity (C 98%) and were used as

obtained from the commercial suppliers, without

further purification. Selected AcNH-TEMPO-oxi-

dized cellulosic samples were studied with the help

of Olympus BX51TF microscope, equipped with

DP70 colour camera and adjustable polarized lenses.

Cross-polarizer angle was optimized for better image

contrast, producing differences in colour.

Products were characterized by Attenuated Total

Reflection Infra-Red spectroscopy (ATR-IR) and

liquid-state NMR spectroscopy on a Bruker NEO

Avance (600 MHz 1H-frequency), using either

DMSO-d6 or [P4444][OAc]:DMSO-d6 (20:80 wt%)

(King et al. 2018), to dissolve those samples that were

not soluble in DMSO-d6 alone (typically low DS

samples). Wide-angle X-ray scattering (WAXS) mea-

surements were performed on a PANalytical X’Pert

Pro MPD system. The diffracted intensity of Cu Ka
radiation (k = 1.54 Å, under a condition of 45 kV and

40 mA) was measured in a 2h range between 5� and
50�. Molar mass determination was performed by

GPC with an Agilent Infinity 1260, using LiCl/DMA

as mobile phase, according to previous literature

(Kakko et al. 2017; Kakuchi et al. 2015, 2017). (See

Sect. 7 of SI).

IL pre-treatment of cellulose pulps

A glass pressure tube was charged with the desired

amount of [P4444][OAc], and melted at around 80 �C.
Once the IL was melted, 10 wt% of the desired pulp

was soaked into the IL. The mixture was homogenized

using a rotary homogenizer and heated at 120 �C for

5 h. The pre-treated pulp was stored in a sealed flask

under argon atmosphere for further homogeneous

experiments. Additionally, a portion of this material

was thoroughly washed with distilled water to remove

the IL, filtered, dried under vacuum and stored in a

sealed flask prior to further heterogeneous reactions.

Crystallinity index determination

The crystallinity index (CI) is frequently reported

using the Segal method (Segal et al. 1959) as a simple

data processing method to measure crystallinity val-

ues. However, its accuracy still open to discussion

(Nam et al. 2016), which has motivated the use of

other methods, such as those based on deconvolution

(with or without amorphous subtraction) of the 1D

data, or 13C CP-MAS NMR spectra with C4 signal

deconvolution (Park et al. 2010).

In our studies the CI is calculated by deconvolution

(pseudoVoigt fitting) of the 1D X-ray diffractograms,

over 2h values of 5�–50�. A suitable amorphous

standard is critical, as is the glass background support.

Therefore, we prepared an amorphous standard, using

the higher purity pre-hydrolysis kraft pulp (Enocell),

by dissolution and regeneration of the pulp in/from

trifluoroacetic acid (TFA) (See Sect. 4a of SI). This

method also requires a curve fitting software to

separate the background, amorphous and crystalline

contributions to the diffractograms. We used ‘Fityk’

(Wojdyr 2010), capable of peak and curve-fitting of

1D data. The flexibility of the software is such that it

allows us to define single functions, for use within

Fityk fitting, representing both the variable back-

ground and synthetic amorphous functions. This is

achieved by defining an equation for a linear combi-

nation of functions (LCOF), required to fit the

background and amorphous diffractograms (SI

Sect. 4b). When fitting these LCOFs to the actual

experimental data, the LCOF can be represented by a

single variable (in our case height, corresponding to a

specific total area of the LCOF), which can then be

used in calculation of the CI values, during the final

Fig. 1 Structure and position assignment for the ionic liquid

tetrabutylphosphonium acetate ([P4444][OAc]), used in this

study for crystallinity reducing pre-treatments and liquid state

NMR analyses
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deconvolution-fitting procedure. Thus, we are able to

fit the crystalline phases, glass background and a pre-

defined ‘amorphous’ phase. Commonly used functions

for deconvolution of the diffraction pattern are Gaus-

sian, Lorentzian and Voigt (pseudoVoigt for faster

data processing). Functionals are typically applied to

the peak areas that contain the five diffraction planes

corresponding to the (1�10), (110), (012), (200) and

(004) Miller indices (French 2014). (See Sect. 4b of

SI). In our case we fitted these with pseudoVoigt

functions (30:70 Gaussian:Lorentzian) and 2 extra

peaks which represent crystallinity contributions in

the regions from 35� to 50�. These were fitted

alongside the glass background and experimental

amorphous contributions. The full procedure is given

in the SI.

CI values are calculated according to Eq. (1), as the

% ratio of the area of the crystalline signals (ACel-I) to

the total area (ATot).

CI ¼ 100� ACel�I=ATot

� �
ð1Þ

Acetylation

Reactivity studies of pre-treated and non-treated

cellulose pulps were performed by reacting * 1 wt%

of pulp at 165 �C for 18 h in either of two different

acetylating agents, acetic anhydride (AA) and the less

reactive isopropenyl acetate (IPA). This high dilution

procedure was designed to assess changes in reactivity

of the pulps and is not intended to be a preparatory

procedure. Three different approaches for each type of

pulp were conducted in parallel. These include

reaction of (1) the untreated pulp (heterogeneous

reaction), (2) the pre-treated pulp, with the consecu-

tive aqueous IL removal step (heterogeneous reaction,

IL-PT-W) and (3) the pre-treated pulp without the

consecutive IL removal step (IL-PT-NW). This is

termed as a ‘homogeneous reaction’ by the virtue of

the fact that when acetylating agent is added, the

cellulose rapidly swells and mostly dissolves during

the reaction. The full procedures are given in Sect. 5b

& 5c of SI.

The acetylation products were analyzed by 1H

NMR for quantification of DS values, and by HSQC

(Heteronuclear Single-Quantum Correlation) and

HSQC-TOCSY (Total Correlation Spectroscopy) for

regioselectivity determination (See Sect. 5d of SI).

The degree of substitution (DS) of the samples were

obtained by integration of the 1H cellulose backbone

spectral region (IC, 5.82–2.80 ppm) and the acetate

spectral region (IA, 2.40–1.60 ppm). The DS values

were calculated according to Eq. (2).

DS ¼ IA=3=IC=7

� �
ð2Þ

For those samples that were soluble in DMSO-d6
(DS range 1.61–2.92), Eq. 2 was applied directly. For

the samples that were not soluble in DMSO-d6 (DS

range 0–0.42) the electrolyte [P4444][OAc]:DMSO-d6
(20:40 wt%) (King et al. 2018), was used to dissolve

the samples and the integral values were obtained after

running the diffusion-edited 1H spectra. As the

diffusion-edited 1H has the tendency to overestimate

integrals for faster moving species (acetate Me vs

cellulose backbone CHs), a correction factor was

applied to these results. This was determined by linear

correlation of the DS values, determined through the

diffusion-edited experiments (in electrolyte) vs stan-

dard 1H experiment (in DMSO-d6). Three reference

samples of known DS (0.7, 1.30, 1.92) were synthe-

sized from the Enocell pulp (94% cellulose), for this

purpose. (See Sect. 5a of SI).

AcNH-TEMPO-oxidation

Oxidation of the raw and pre-treated materials was

achieved using the AcNH-TEMPO/NaClO/NaClO2

system at pH 5.8, as described in previous literature

(Kitaoka et al. 1999; Saito et al. 2010; Hirota et al.

2009). Acidic oxidation conditions, in the presence of

NaClO2, was applied, to allow for conversion of

intermediated aldehydes/acetals to carboxylates. A

further acidification protocol was applied to all the

samples in preparation for GPC analyses, as polymeric

sodium salts typically do not dissolve in LiCl/DMA.

Full procedures are given in Sect. 6 of SI.

Degrees of oxidation

The degree of oxidation (%DO) of individual fractions,

represented as the % of the theoretical maximum and

the values in mmol/g, derived from the AcNH-

TEMPO oxidations, were determined from deconvo-

lution of the ATR-IR data (carbonyl vs C–O stretch

regions). For individual peak area determinations, we

used ‘Fityk’ (Wojdyr 2010). The data is regarded as
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semi-quantitative as a correlation between the IR data

and conductometric titration (directly yielding the

carboxylate content in mmol/g) was performed for key

samples. Detailed data processing is provided in the

Sect. 6 of SI.

Results and discussion

Three model kraft pulps were used in this study: (1)

Enocell bleached hardwood (birch and * 4% aspen)

pre-hydrolysis kraft pulp (B-H-PHK-P, 6.8% xylan),

(2) Birch bleached hardwood kraft pulp (B-H-K-P,

20.8% xylan), Eucalpytus bleached hardwood kraft

pulp (B-H-K-P, 26.2% xylan). As with our previous

studies on tetraalkylphosphonium acetate ionic liquids

(Holding et al. 2014, 2016, 2017, 2018; Pena et al.

2019), we observed that the pre-treatment of three

different kraft pulps with pure [P4444][OAc] at 120 �C
did not dissolve the material, but rather the material

became partially swollen during the IL pre-treatment.

After washing away the IL from the samples, the dried

materials still retained similar appearance as the

untreated samples. In Pena et al. (2019) the authors

pressed the sample free of the bulk of the IL. This

feature is important as it reduces the amount of

washing water required in the recovery of the pre-

treated cellulose. This would have a benefit in

recycling of the system, reducing energy costs for

water evaporation. However, in the present study we

either directly washed away the IL, without pressing,

to simply yield IL-free material for reactivity assess-

ment or we retained the IL in the matrix during

reaction. This latter sample series was to observe the

effect of water washing/swelling and drying on the

reactivity as it is known that hornification can occur

upon drying of pulps, which significantly impedes

their reactivity.

Crystallinity reduction through IL pre-treatment

The removal of crystallinity, under the non-dissolving

conditions, was achieved by soaking 10 wt% of the

different cellulose samples in pure [P4444][OAc], at

120 �C for 5 h (no agitation). Samples for crystallinity

analysis were thoroughly washed with water and

freeze-dried. For comparison, under dissolving con-

ditions, 5 wt% of the pulps were suspended in

[P4444][OAc]:DMSO-d6 (35:65 wt%), at 65 �C

overnight (with magnetic stirring). After dissolution,

the samples were regenerated into water using an

Ultraturrax high-shear mixer. The high-shear was used

to ensure rapid regeneration the cellulose, avoiding

cellulose II crystallization. The samples were then

subjected to 1D wide-angle x-ray scattering (WAXS,

5�–50�) to allow for determination of crystallinity

changes, by peak deconvolution.

Samples for WAXS were initially prepared by

loading 50 mg of freeze-dried samples into a KBr

press (typically used for preparation of KBr discs for

transmittance FT-IR analysis) and pressed for 45 s at

9 psi. The samples were placed on a glass stage and

the height calibrated for surface reflection. The

method used for crystallinity index (CI) determination

was a sequence involving no baseline correction and

fitting (optimization) of functions representing the

glass background and amorphous contribution, along-

side 7 pseudoVoigt functions, corresponding to the

main diffraction planes in cellulose I (see the SI for the

full procedure). TFA dissolution/regeneration was

used to yield a sample as close to amorphous as

possible (Sect. 3 of SI), for the amorphous background

contribution. This diffractogram (Fig. S2 in the SI)

still shows some periodic ordering (peak maximum at

20.6�) that cannot be attributed to actual extended

crystalline regions and if a single Gaussian function

(FWHM = 8) was fitted to the peak maximum, the

periodic plane size would only be * 11 Å, corre-

sponding roughly to the length of one cellobiose unit.

This is characteristic of ‘amorphous’ cellulose sam-

ples prepared through alternative methods, e.g. ball-

milling or regeneration from trimethylsilylcellulose. It

is a remnant of the crystallinity that cannot be removed

with simple treatments. Herein, we consider this to be

‘amorphous’. While this offers an ambiguous defini-

tion of cellulose crystallinity, through WAXS analy-

sis, this is consistent with previous reports using

amorphous standards. The X-ray diffraction patterns

for the raw materials and IL pre-treated samples are

shown in Fig. 2. The main diffraction peak regions for

cellulose I (1�10 at * 14.5�, 110 at * 16.5�, 012

at * 20.5�, 200 at * 23.0� & 004 at * 34.5�)
(French 2014) were used in the calculation, alongside

two additional broad peaks in the 34–50 region,

representing the crystalline contribution in these

regions.
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The IL pre-treated Enocell pulp (Fig. 2a) exhibits

mainly one broad asymmetric diffraction peak, very

similar to the amorphous reference (Fig. S2 in the SI).

However, small shoulders, corresponding to the (110)

and (1�10) diffraction planes in cellulose I, are still

present but are more obvious in the IL pre-treated

birch and eucalyptus pulps (Fig. 2b, c, respectively).

None of the samples show the characteristic diffrac-

tion planes for cellulose II, the most obvious of which

would be the (1�10) plane at * 12.5�. However, a
slight splitting or shoulders on the (200) peak can be

observed indicating some small amount of cellulose II

phase formation. The results indicate that the crys-

tallinity was most efficiently removed from the higher

purity Enocell pulp after non-dissolving pre-treat-

ment. In the case of the kraft pulps (not pre-hydrol-

ysed), surface adsorbed hemicelluloses or increased

molecular weight may be a restricting factor for

decrystallisation. However, when the samples pre-

treated by dissolution and regeneration (Fig. 2d–f)

were analyzed, there is clearly a larger reduction in

scattered x-rays for these samples compared to the

non-dissolving pre-treatment. This is concomitant

with a large reduction in intensity corresponding to

the main cellulose I diffraction planes, as with the non-

dissolved pre-treated samples. However, when the

diffractograms are deconvoluted, the average (of 3

pulps) CI values are actually slightly higher than for

the non-dissolving pre-treatments giving 30.4% and

27.6% crystallinity, respectively. After measuring the

height of the pressed discs for the untreated and

dissolved/regenerated samples, it is clear that the

densities of the materials recovered after the pre-

treatments are different, allowing for differences in

scattering intensity. The untreated samples had aver-

age (of 3 pulps) disc heights of 0.28 mm and the

dissolved/regenerated disc height average was

0.49 mm. This suggests that the dissolution/regener-

ation procedure produces a more porous material,

which may be beneficial for chemical conversion.

In addition, the average crystallite sizes for the

main (200) peak, calculated using the fitted peak full-

width half maximum (FWHM) values and the Scherrer

equation (see SI, Eq. 2), are smaller for the dissolved

and regenerated samples (2.4 nm) than for the non-

dissolving pre-treatment (3.7 nm) or the untreated

pulps (4.2 nm). Thus, while the crystallinity values for

the dissolved and regenerated samples are slightly

higher than for the non-dissolved samples, the crys-

tallite sizes are smaller indicating more effective

disruption of the crystalline structure, than is indicated

by the CI values alone. This smaller crystallite size

may be representative of the fact that these samples

were homogenized (fully dissolved) and rapidly

regenerated using high shear. Whereas, the non-

dissolving pre-treatments are more akin to a Mercer-

ization-type process (heterogeneous in nature), where

outer polymeric surfaces of the elemental crystal-

lites/fibrils are etched/swollen first. In the non-dis-

solving IL case, the surface chains are likely slowly

swollen into the bulk amorphous phase. This most

likely consists of a mass transfer-restricted bulk of

partially solvated cellulose chains in glassy IL, which

do not have the mobility to reorient into antiparallel

motifs, as required for conversion to cellulose II and

what is observed for Mercerization. After washing

away the IL, the samples then simply regenerate in

place. Thus, the larger residual (200) crystallite sizes

observed for the non-dissolved pre-treated samples,

compared to the dissolved and regenerated samples,

are likely the residual core crystallites that are not

extracted into the bulk due to mass transfer limitations.

The full crystallite sizes are given in the SI (Table S2).

Changes in crystallinity due to increase or decrease

in the hemicellulose content were also ruled out.

Xylan is the main hemicellulose in hardwood kraft

pulps. We determined the xylan contents (wt%) by

quantitative 1H NMR analysis in [P4444-
][OAc]:DMSO-d6 (20:80 wt%) (King et al. 2018).

The 1H data was spline baseline corrected and

deconvoluted, by applying Gaussian functions for

the polymeric anhydroglucose H1 and anhydroxylose

H1 peaks. Assuming the xylan contained no other

sugar units, this allowed for calculation of the wt%

xylan contents for the untreated and pre-treated pulps

(Table 1). The results show that there are only slight

reductions in xylan contents after the pre-treatments.

Full details are given in the supporting information.

The results from the crystallinity analysis are

shown in Fig. 3. Naturally we must assume that there

is error in this calculation due to the poor peak

resolution that the small crystallite sizes afford (poor

resolution of peaks) and the number of different

phenomena that affect peak shape. However, it is clear

that the crystallinities of the pre-treated Enocell, birch

and eucalyptus pulps were reduced significantly. Next
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was to demonstrate if there is an enhancement in

chemical reactivity.

Enhanced reactivity

To assess the reactivity of the pre-treated cellulose,

two model reactions were chosen; (1) an acetylation

reaction under organic swelling conditions and (2)

nitroxyl radical-mediated oxidation (aqueous condi-

tions). These reactions were chosen due to the

importance and wide application of these cellulose

derivatives (Fischer et al. 2008; Jelı́nková et al. 2002;

Zimnitsky et al. 2006). Acetylation of cellulose has

been widely studied in common non-derivatising

cellulose solvents (Heinze et al. 2003; Jebrane and

Sèbe 2007; Jebrane et al. 2011; Chen et al. 2016). This

reaction is commonly performed in the presence of

catalysts (Jebrane et al. 2011; Li et al. 2009; Chen et al.

2014) with different acetylating agents, such as AA

(Wu et al. 2004; Nawaz et al. 2014; Jogunola et al.

2016; Granström et al. 2008), and recently with vinyl

acetate (VinAc) or IPA (Kakko et al. 2017; Kakuchi

et al. 2015, 2017). The same reaction is commonly

performed industrially using AA and catalytic

Fig. 2 WAXS diffractograms for untreated pulps (red) and pre-

treated pulps (blue): a Enocell B-H-PHK-P after non-dissolving

pre-treatment. b birch B-H-K-P pulp after non-dissolving pre-

treatment, c eucalyptus B-H-K-P pulp after non-dissolving pre-

treatment, d Enocell B-H-PHK-P after dissolving pre-treatment,

e birch B-H-K-P pulp after dissolving pre-treatment, f eucalyp-
tus B-H-K-P pulp after dissolving pre-treatment
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sulphuric acid, under heterogeneous conditions. Selec-

tive oxidation of cellulose at C6 has been heavily

studied using the popular 2,2,6,6-tetram-

ethylpiperidine-1-oxyl (TEMPO) (Isogai and Kato

1998; Isogai et al. 2011; Orelma et al. 2012; Fukui

et al. 2018; Guo et al. 2018) nitroxyl radical catalyst or

the much more water soluble 4-acetamido-2,2,6,6-

tetramethylpiperidine-1-oxyl (AcNH-TEMPO) cata-

lyst (Kitaoka et al. 1999; Saito et al. 2010; Hirota et al.

2009). The latter is what we used in our studies due to

its higher activity.

Acetylation

The non-dissolving IL pre-treated and raw (untreated)

pulps, as reference, were acetylated using both AA and

IPA as acetylation reagents (1 wt% pulp consistency

at 165 �C for 18 h). Two different types of pre-treated

samples were used: (1) a ‘heterogeneous route’ where

the samples were IL pre-treated and washed free of IL

(IL-PT-W), (2) a ‘homogeneous route’ where the

samples were IL pre-treated but not washed (IL-PT-

NW), to retain the swollen state of the molecules and

observe the difference in reactivity that this allows.

This is not technically a homogeneous reaction as the

reaction starts off in the solid state and then progresses

into solution over a period of time. These schemes led

to DS values ranging from 0 to 2.99.

Unfortunately, there is not one rapid method that

allows for DS determination over such a wide range.

Recently, a correlation of ATR-IR carbonyl vs C-O

stretch peak height ratios and more accurate DS

determination through 31P NMR spectroscopy has

been used for DS determination over a wide DS range

(Kakko et al. 2017; Kakuchi et al. 2015, 2017, King

et al. 2010). However, ATR-IR suffers from several

sources of error, such as having only a fixed sample

penetration depth next to the reflection surface,

leading to errors with heterogeneous samples. In

addition, there are no general calibration standards

available for acetylated celluloses and significant error

can be introduced to the data, based on the data

processing method applied. Therefore, to further

improve confidence in the present results, baseline

correction and peak deconvolution was applied to the

IR data. The ATR-IR results were also compared with

DS values obtained from 1H NMR integration over the

whole DS range (Fig. 4). Further complications arise

from the fact that we use relatively high purity

cellulose (Enocell B-H-PHK-P, * 6% hemicellu-

lose) vs kraft pulps (* 20–25% hemicellulose). Thus,

a general DS scale, based on a maximum of 3 for

cellulose triacetate, is not totally suitable but kept for

simplicity to illustrate the trends in Fig. 4, as we are

dealing with DS values ranging from very low to very

high.

As some of the low DS value products, obtained

mainly through the heterogeneous methods used in

this article, were not soluble in DMSO-d6 it was

necessary to dissolve these samples into the [P4444-
][OAc]:DMSO-d6 (20:80 wt%) electrolyte for NMR

analysis (King et al. 2018). This allowed for integra-

tion of the acetate versus cellulose backbone region

from the diffusion-edited 1H spectrum (King et al.

2018). This required application of a correction factor

which, although introduces further error, is necessary

as the diffusion-editing tends to overestimate the

degree of acetylation. This is due to large differences

in relaxation between the polysaccharide backbone

protons and the acetate methyl protons causing

disproportionate signal losses, prior to acquisition

(King et al. 2018). The combination of the ATR-IR

deconvolution and NMR methods was applied to give

more confidence to the general trends, in the form of

Table 1 wt% xylan contents, based on 1H NMR analysis and quantification of the anhydroxylose unit (AXU) H1 peaks and the

number-average molecular weights (DPN), from GPC analysis

Pulp Enocell B-H-PHK-P Birch B-H-K-P Eucalyptus B-H-K-P

Untreated pulp IL PT Wa Untreated pulp IL PT Wa Untreated pulp IL PT Wa

Xylan content (wt%) 6.8 5.4 26.2 22.8 20.8 18.9

DPN (g/mol) 330.4 272.5 330.9 320.3 365.7 273.5

aIL-PT-W is the IL pre-treated pulp with a further washing step to remove the IL before the addition of the acetylating reagent

(heterogeneous route)
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2D plots (IR data vs NMR data, Fig. 4). For ease of

reading, the data points are color coded in three

separate graphs, representing the pre-treatment type,

pulp source and acetylation reagent. The data is also

tabulated for numerical reference (Table 2). The DS

values from the NMR integration methods show a

good linear correlation with the ratios from the

deconvolution of the ATR-IR absorbance.

From the washed pre-treated samples (IL-PT-W),

the Enocell and birch, reacted with AA, clearly show

increased reactivity over the untreated samples. The

DS values were shown to be 1.61 and 1.90 for pre-

treated birch and Enocell, but 0.18 and 0.32 for

untreated birch and Enocell pulps, respectively. IL-

PT-W eucalyptus acetylated with AA only gave a DS

value of 0.19. The IPA reactions did not show

significant enhancement in reactivity for the IL-PT-

W samples. This shows that increase in reactivity is

possible with the IL pre-treatment, specifically with

the more reactive reagent, AA, where some autocatal-

ysis may occur.

The ‘homogeneous route’, where the cellulose

samples were dissolved (IL-PT-NW) clearly shows

higher reactivity than the heterogeneous route (IL-PT-

W), see Table 2. The differences in reactivity between

the homogeneous route (IL-PT-NW) and heteroge-

neous route (IL-PT-W) are not unexpected, as cellu-

lose in the heavily swollen state should give much

easier access to all hydroxyls, whereas, typical

heterogeneous acetylation reactions, in the absence

Fig. 3 CI values of the untreated and pre-treated pulps

Fig. 4 Linear correlation of DS values by the 1H NMR

integration method and ATR-IR ratios by the deconvolution

method. Correlation is shown by a the treatment of the pulp,

b the pulp source and c the acetylation reagent. IL-PT-W is the

IL pre-treated pulp with a further washing step to remove the IL,

before the addition of the acetylating reagent (heterogeneous

route) and IL-PT-NW is the non-washed IL pre-treated pulp,

which still contains the IL upon addition of the acetylation

reagents (homogeneous route)
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of an activating acid catalyst, should give very limited

reactivity. It is known that AA is a more reactive

reagent than IPA or other vinylic esters (Kakko et al.

2017). AA as acetylating reagent yields higher DS

values in comparison to IPA and it is in fact required to

get to DS values above 1.5 in the IL-PT-W samples.

However, in the case of the IL-PT-NW samples, IPA

also allows for conversion to high DS for all pulp

samples. Thus, hornification of the pulps after IL

removal and drying also seems to have a significant

effect on reactivity. Retention of the IL in the swollen

matrix could potentially be used to enhance reactivity

further. It is also interesting to note that the DS values

for the Enocell pulp did not reach the maximum of 3,

indicating that the reactions were not truly homoge-

neous by the end of the reaction. In other words, some

crystalline regions retained in the matrix prevent the

full reaction, in the absence of a truly homogeneous

reaction.

One possible explanation for increased reactivity

could also be a reduction in molecular weight.

However, the crystallinity removal does not introduce

any major decrease in MW during acetylation, as

determined by GPC (Fig. 5, Table 1 and Table S5–

S8). This also agrees with the recent report of Pena

et al. (2019). The untreated and pre-treated pulps were

all either fully or almost fully soluble in LiCl/N,N-

dimethylacetamide (DMA), the gel-permeation chro-

matography (GPC) mobile phase. This showed only a

minor reduction in the number-average molecular

weights (DPN) after pre-treatment and washing away

the IL (Table 1 and Table S5–S8). The GPC curves

show the absence of a higher molecular weight

shoulder in the pre-treated kraft pulps. However, this

may be due to a residual insolubility of these materials

in the mobile phase. Nevertheless, the decrease in DPN
values are not enough to be especially implicated in

the increased reactivity. However, there may of course

be some effect.

The removal of crystallinity should also moderate

the relative reactivity of hydroxyl units throughout the

sample, as certain restrictions caused by the crys-

tallinity are removed during the pre-treatment with

[P4444][OAc]. To assess this, the regioselectivity of the

reaction under heterogeneous conditions was studied

by multiplicity-edited HSQC spectroscopic analyses

(Fig. 6). Two examples, one low DS (Enocell-Un-

treated-AA) and one high DS (Enocell-IL-PT-W-AA)

were chosen for this study. The low DS sample (DS

0.32, Fig. 6a) shows characteristic correlations for

unmodified cellulose, with no acetylated correlations

visible, except close to the baseline noise (Ac-gem-6 is

clearly visible). However, analysis of the diffusion-

edited 1H spectra plainly show acetylated 1H2, 1H3

and gem-1H6 positions on cellulose (see supporting

information, Fig. S14)

This is a strong indication of a small amount of

cellulose triaceate (CTA) formation, as is expected

from acid-catalysed acetylations with AA (Sassi and

Chanzy 1995). A small proportion of correlations that

corresponding to xylan are quite clear. This is not

unexpected as Enocell B-H-PHK-P contains * 5%

xylan. The higher DS sample (DS 1.90, Fig. 6b)

clearly shows correlations for acetylated hydroxyls.

Most of the gem-6 positions are acetylated. In the 2,3-

OAc region, most of the acetylated 2 and 3 CH

resonance pairs are of the form where 2 & 3 hydroxyls

are both acetylated at the same time.

Table 2 DS values depending on the acetylating reagent, pulp type and pre-treatment of the pulp

Pulp Enocell Birch Eucalyptus

Treatment Untreated

pulp

IL PT

Wa
IL PT

NWb
Untreated

pulp

IL PT

Wa
IL PT

NWb
Untreated

pulp

IL PT

Wa
IL PT

NWb

Acetic anhydride (AA) as acetylating reagent

DS 0.32 1.90 2.68 0.18 1.61 2.81 0.42 0.19 2.59

Isopropenyl acetate (IPA) as acetylating reagent

DS 0 0.33 2.92 0 0.35 2.81 0 – 2.71

aIL-PT-W is the IL pre-treated pulp with a further washing step to remove the IL before the addition of the acetylating reagent

(heterogeneous route). bIL-PT-NW is the IL non-washed pre-treated pulp, which still contains the IL upon addition of the acetylation

reagents (homogeneous route)
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For the Enocell-IL-PT-W-AA sample (high DS),

additional resonances are also present which may

correspond to alternately unacetylated-acetylated 2 or

3 positions, in cellulose or xylan. Other correlations

also remain, corresponding to completely unacety-

lated cellulose. The visible 4 and 5 CH correlations

seem to be split into at least two separate regions each.

This splitting is also apparent for the acetylated gem-6

CH resonances. By using a combination of cellulose

acetate assignments, published by Kono et al. (2015),

and 2D HSQC-TOCSY it is possible to trace the

separate spin-systems to CTA and cellulose monoac-

etate (CMA), where only C6-OH is acetylated (see SI

Fig. S15). Additional spin-systems were not abundant

enough to be identified using this experiment. Thus,

the enhancement of reactivity in the heterogeneous

system, after IL pre-treatment, seems to offer a little

more ‘control’ over regioselectivity, in particular

leading to increased monoacetylation at C6–OH.

However, the main acetylation product is CTA,

consistent with a heterogeneous acetylation. Further

mechanistic studies and more detailed NMR analyses

are required to better understand this aspect of the

reactivity.

AcNH-TEMPO-mediated oxidation

To assess the effect of [P4444][OAc] pre-treatment for

oxidation reactions we employed the method of

Kitaoka et al. (1999) (AcNH-TEMPO) as model

reaction. The main hypothesis for choosing acidic

oxidation conditions was to avoid formation of

aldehyde/acetals, which have the potential to halt the

reaction at the acetal stage and cross-link the material,

preventing complete oxidation and accurate analyses.

NaClO2 under mildly acidic conditions is known to

Fig. 5 GPC traces for the untreated (black) and pre-treated (red) pulps: a Enocell, b birch, c eucalyptus

Fig. 6 Multiplicity-edited 1H-13C HSQC spectra of acetylated

Enocell samples: a low DS sample (Enocell-Untreated-AA) in

[P4444][OAc]:DMSO-d6 electrolyte (King et al. 2018), and

b high DS sample (Enocell-IL-PT-W-AA), in DMSO-d6, at

65 �C. Correlation assignment numbers represent the positions

in either cellulose (blue) or xylan (red). The numbers in

parenthesis show which hydroxyls in that spin-system are

acetylated for that resonance, with ‘X’ representing uncertainty

whether additional hydroxyls are acetylated or not. Assignments

are aided by, and consistent with, Kono et al. (2015)

123

Cellulose (2020) 27:5545–5562 5555



oxidize aldehydes to carboxylic acids and acidic

conditions are known to break acetals. Thus, acidic

conditions (pH 5.8) were chosen, in combination with

NaClO2 as co-oxidant, to allow for complete conver-

sion to carboxylate.

For oxidation studies Enocell and birch pulps were

chosen as representative examples of different pulp

types. After oxidation, water-insoluble fractions with

low carboxylate content were separated by centrifu-

gation from the reaction mixture, while water-dis-

persible fractions with higher carboxylate contents

were regenerated from the combined water super-

natant by ethanol precipitation and centrifugation (see

Sect. 6 of SI). Raw pulps in the oxidation process were

not solubilized or did not gel significantly in the

reaction media, thus, the amount of regenerated water-

dispersible fractions was very low. The freeze-dried

samples were analysed by ATR-IR, comparing the

peak areas of the carbonyl stretches (Gaussian fitting

between 1800 and 1600 cm-1) vs the normalized C–O

backbone stretch (Gaussian fitting between 1200 and

850 cm-1). All samples were acidified, under condi-

tions sufficient to protonate the carboxylates (pH 1),

prior to the measurements, to minimize peak broad-

ness and changes in absorbance intensity between

carboxylic acid and carboxylate forms. In addition,

three samples of insoluble fractions, in the Na salt

form, were titrated to determine the carboxylate

content, which was then compared against the ATR-

IR results. A linear correlation was drawn (see SI

Fig. S91) to allow for comparison of all samples using

IR which was then used for estimation of the

remaining carboxylate contents, in mmol/g. (Table 3)

Figure 7 shows that the [P4444][OAc] pre-treatment

increased the reactivity of the cellulose samples

significantly. Remarkable differences in the carboxy-

late content between untreated pulps and IL pre-

treated samples were found. The carboxylate contents

for both pulps are clearly decreasing in the following

order: IL-PT-NW[ IL-PT-W[Untreated pulp.

It is clear that the pre-treatments increase reactivity

towards aqueous nitroxyl radical oxidation and that

the samples retained in the swollen state, with IL (IL-

PT-NW), are even much more accessible than the

washed samples (IL-PT-W) clearly indicating the

benefits of retaining the IL in the cellulose towards

oxidation. It is worth noting that results for oxidation

of the untreated pulps are a little higher than those

reported in literature for a similar oxidation system

(Kitaoka et al. 1999; Saito et al. 2010). However, in

our case we are using the more active AcNH-TEMPO

catalyst, so this is not unexpected.

Table 3 shows the carboxylate contents and mass

fraction distributions of the water dispersible and

insoluble fractions. The carboxylate contents are also

represented by the degrees of oxidation (%DO), the

percentage of C6 converted to carboxylate, to better

understand how effective the oxidations are. While the

%DO for the IL pre-treated samples were clearly

increased compared to those of the untreated pulps,

they are still quite far from the theoretical maximum

%DO (a carboxylate content of 4.67 mmol/g for pure

cellulose conversion to the sodium polyglucuronate).

However, some studies of regenerated cellulose sam-

ples (cellulose II) have shown even higher carboxylate

contents (Hirota et al. 2009). The carboxylate contents

are somewhat lower (0.87–2.69 mmol/g) in the pre-

sent study versus (3.7–4.0 mmol/g) in Hirota et al.

(2009).

On the other hand, the morphology of regenerated

fibres is much simpler than those of bleached pulp

fibres so it is not surprising that the achieved

carboxylate contents are higher in the work of Hirota

et al. (2009). Clearly the IL pre-treatments allow for a

significant increase in reactivity towards nitroxyl

radical-type oxidations, based on the amorphous

cellulose content. However, retention of the morphol-

ogy and ultrastructure of the fibres, during the pre-

treatments, limits the complete reactivity of the

systems, compared to the literature regenerated fibres.

This is also apparent in the mass recoveries of the

insoluble and soluble fractions, with the pre-treated

samples showing increased soluble fractions, yet, with

an average retention of 60% insoluble fraction.

Changes in the morphology of the fibre structure

were also observed by obtaining microscope images

(with cross-polarizing filters) of the oxidised cellulosic

material (Na salts), as shown on the Fig. 8. The images

of the untreated fibres (Fig. 8a, d) show retention of

the fibrous structure after oxidation. This is most likely

based on difficulties in extensive swelling of the

complex fibre morphology. The IL pre-treatments
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(washed (IL-PT-W) and non-washed (IL-PT-NW),

Fig. 8b, c, e, f) largely show more thorough swelling

of the fibres after oxidation, such that there is

significantly reduced residual fibrillar structure.

Clearly the IL pre-treatment removes barriers to

swelling to a large degree, due to a combination of

partial removal of the fibrillar morphology and

reduction in crystallinity. Further work needs to be

done to decouple these effects, due to the potential

broad utility of these oxidations.

IL cost, toxicity, recyclability and cyclical

performance

In any process using complex solvents, cost and

toxicity are a major concern. Regarding this specific

IL the cost is dictated by cost of tributylphosphine,

which will likely not drop too far below a bulk price of

70 €/kg in the near future. Thus, the IL cost is rather

high, which will certainly limit the applicability of this

method. However, preliminary toxicity studies have

been performed (Ruokonen et al. 2016; Witos et al.

2017) which have identified that the tetrabutylphos-

phonium homologue does not exhibit any adverse

toxicity and is similar to other imidazolium-based

structures. In addition, tetraalkylphosphonium-based

ionic liquids are much more stable than other cation

classes, such as imidazolium or choline-based struc-

tures. This is also impacted on the recyclability of the

material during process cycling. To initially test this,

we cycled the process twice to measure the purity of

the IL after each cycle and to assess how the

‘decrystallization power’ changes. From Fig. 9 it can

be observed that the purity of the IL essentially does

not change. A small triplet at 0.88 ppm appears, which

may indicate some formation of tributylphosphine

oxide. However, this does not increase for the 2nd

cycle so may arise from reaction with some basic

impurity in the pure IL, which is removed after the first

cycle. The CI of the starting pulp is 60.6%. After the

first cycle this decreases to 20.3% (initial results) and

42.6% (recycling study). After the second cycle the CI

is 26.9%. Thus, while there is some variability in the

pre-treatment efficiency, significant crystallinity

reduction is possible after cycling the IL in the

process.

Table 3 %DO and carboxylate content for different pulp types and their fractional mass distributions, obtained by semi-quantitative

ATR-IR analyses, based on peak volume data

Pulp Enocell B-H-PHK-P Birch B-H-K-P

Treatment Untreated pulp IL PT Wa IL PT NWb Untreated pulp IL PT Wa IL PT NWb

Insol.e Sol.e Insol. Sol. Insol. Sol. Insol. Sol. Insol. Sol. Insol. Sol.

%DO
c (%) 22.0 34.4 18.5 37.1 47.0 63.9 23.5 36.2 38.5 61.5 36.5 62.4

Carboxylate content (mmol/g) 1.02 1.47 0.87 1.61 2.01 2.69 1.07 1.61 1.67 2.61 1.61 2.61

md (%) 96 4 40 60 66 34 91 9 76 24 58 42

aIL-PT-W is the IL pre-treated pulp with a further washing step to remove the IL before the addition of the acetylating reagent

(heterogeneous route). bIL-PT-NW is the IL non-washed pre-treated pulp, which still contains the IL upon addition of the acetylation

reagents (homogeneous route). c%DO = degree of oxidation. dm = mass of the fraction in percentage. eInsol. and Sol. are the insoluble

and soluble fractions, respectively

Fig. 7 Total carboxylate content for different pulps and pre-

treatment types based on ATR-IR peak volume data
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Conclusions

The non-dissolving pre-treatment step with pure

[P4444][OAc] reduces efficiently the crystallinity of

the kraft pulps to low levels. It was also shown that

dissolution and regeneration pre-treatment, with

[P4444][OAc]:DMSO (35:65 wt%) is also highly

effective for pulp crystallinity and density reduction.

The non-dissolving removal of crystallinity shows

an increase in reactivity in non-aqueous (organic

swelling) acetylation and aqueous nitroxyl radical-

catalysed oxidation of cellulose, as model reactions.

The homogeneous acetylation route, where the ionic

liquid was retained in the sample prior to reaction,

allowed for almost complete dissolution during the

reaction, resulting in high DS values (2.59–2.92) but

not full conversion to DS 3, indicating retention of

some crystalline domains. The heterogeneous routes,

where the ionic liquid is washed out prior to reaction,

yielded mostly insoluble products, except in the case

of pre-treated Enocell reacted with acetic anhydride

(DS 1.90) and birch reacted with acetic anhydride (DS

1.61). Isopropenyl acetate was not reactive enough to

allow for DS values above 0.35 with any of the

heterogeneous reactions. The aqueous acidic AcNH-

TEMPO-catalysed oxidations yielded carboxylates.

These were all heterogeneous reactions. The pre-

treated samples yielded significantly higher carboxy-

late contents compared to the untreated pulps. The pre-

treated samples with the ionic liquid still in the

cellulose matrix yielded higher reactivity still, indi-

cating that the presence of the ionic liquid after pre-

treatment maintains the cellulose in some kind of

gelled state, allowing for better penetration of reac-

tants. However, the morphology and ultrastructure of

the fibres is still retained somewhat during the pre-

treatments, limiting the degrees of oxidation on the

recovered insoluble fractions. Overall the degrees of

oxidation were lower than those achieved for cellulose

II fibres (wet-spun from cuprammonium) which

clearly have much simpler morphology.

Fig. 8 Microscope images (with variation of the cross-polar-

ising filter angle to improve contrast) of AcNH-TEMPO-

oxidised cellulosic materials: a untreated Enocell pulp,

b Enocell-IL-PT-W, c Enocell-IL-PT-NW, d untreated birch

pulp, e birch-IL-PT-W, f birch-IL-PT-NW
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The applied methodology clearly shows increased

reactivity for both non-aqueous and aqueous reactions.

It is hoped that this kind of pre-treatment might expand

the range of possible heterogeneous reactions

applicable to cellulose or to yield more homogenous

products, not accessible through the typical heteroge-

neous reactions applied to high purity celluloses.

Fig. 9 a WAXS diffractograms showing change in crystallinity from the starting Enocell pulp (black), 1st cycle (blue) and 2nd cycle

(purple), including the 1H NMR spectra for d fresh IL, c 1st cycle and b 2nd cycle
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