
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Tu, Wei Chien; Weigand, Lisa; Hummel, Michael; Sixta, Herbert; Brandt-Talbot, Agnieszka;
Hallett, Jason P.
Characterisation of cellulose pulps isolated from Miscanthus using a low-cost acidic ionic
liquid

Published in:
Cellulose

DOI:
10.1007/s10570-020-03073-1

Published: 01/05/2020

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Tu, W. C., Weigand, L., Hummel, M., Sixta, H., Brandt-Talbot, A., & Hallett, J. P. (2020). Characterisation of
cellulose pulps isolated from Miscanthus using a low-cost acidic ionic liquid. Cellulose, 27(8), 4745-4761.
https://doi.org/10.1007/s10570-020-03073-1

https://doi.org/10.1007/s10570-020-03073-1
https://doi.org/10.1007/s10570-020-03073-1


ORIGINAL RESEARCH

Characterisation of cellulose pulps isolated from Miscanthus
using a low-cost acidic ionic liquid

Wei-Chien Tu . Lisa Weigand . Michael Hummel . Herbert Sixta .

Agnieszka Brandt-Talbot . Jason P. Hallett

Received: 7 December 2018 / Accepted: 19 February 2020 / Published online: 12 March 2020

� The Author(s) 2020

Abstract The ionoSolv pretreatment generates a

cellulose pulp by extracting hemicellulose and lignin

using low-cost ionic liquids. In this study, cellulose

pulp was obtained fromMiscanthus9 giganteus using

the protic ionic liquid triethylammonium hydrogen

sulfate [N2220][HSO4] with 20% water as a co-solvent

and characterised in detail for its material properties as

a function of pretreatment severity. We measured the

particle size distribution, porosity and crystallinity of

the unbleached pulps and the molar weight distribu-

tion of the cellulose contained within. We report that

the surface area increased and the size of the pulp

particles decreased as ionoSolv processing progressed.

While the native cellulose I structure was maintained,

the average degree of polymerisation of the cellulose

was reduced to a DPn of around 300, showing the

cellulose polymers are shortened. We correlate the

pulp properties with enzymatic saccharification yields,

concluding that enzymatic saccharification of the

cellulose after ionoSolv pretreatment is mainly

enhanced by removing hemicellulose and lignin. We

also observed that overtreatment deteriorated saccha-

rification yield and that this coincides with cellulose

fibrils becoming coated with pseudolignin redeposited

from the ionic liquid solution, as demonstrated by FT-

IR spectroscopy. Pseudolignin deposition increases

the apparent lignin content, which is likely to increase

chemical demand in bleaching, suggesting that both

glucose release and material use benefit from a

minimum lignin content. Overall, this study demon-

strates that cellulose pulps isolated with ionoSolv

processing are not only a promising intermediate for

high-yield release of purified glucose for biorefining,

but also have attractive properties for materials

applications that require cellulose I fibrils.
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Introduction

Cellulose is a polymer made from glucose linked by

b(1 ? 4) glycosidic bonds. It is produced by plants,

algae and microbes such as fungi and bacteria (Chen

2014). It is usually the most abundant component in

the cell walls of woody (lignocellulosic) biomass.

Native cellulose is bundled into microfibrils, consist-

ing of long ordered crystalline regions that are

interrupted by short amorphous regions (Habibi et al.

2010). Adjustments to properties such as hydrophilic-

ity/hydrophobicity can be made through chemical

modification of its hydroxyl groups. For example,

acetylation can yield cellulose acetate which is spun

into textile fibres (Edgar et al. 2001). Abundance, low-

cost and desirable material properties such as high

strength, biodegradability and biocompatibility have

made isolated cellulose fibres and their derivatives

attractive in industries ranging from paper, packaging

and hygiene products to textiles, pharmaceuticals and

optics (Berg and Lingqvist 2017; Edgar et al. 2001;

Osong et al. 2016; Shatkin et al. 2014).

Cellulose is currently produced on an industrial

scale from wood after chemical pulping using Kraft,

soda or sulfite pulping (Ek et al. 2009), with the Kraft

process being dominant. Global annual production of

wood pulp from lignocellulose via the Kraft process

reached ca. 130 million tons in 2016 (FAO 2017),

accounting for two-thirds of new wood pulp

production and over 90% of the chemical pulp output.

Despite these processes being well established, iden-

tifying lower-cost, more environmentally friendly

methods of isolating cellulose from wood is of

continuing interest.

Methods to remove lignin from lignocellulosic

biomass are also applied to access the sugars contained

within lignocellulose for subsequent fermentation and

other chemical conversions (Clark 2007), especially

the glucose contained in the cellulose. Examples of

pretreatment technologies that remove lignin are

organosolv and alkaline pretreatment (Alvira et al.

2010; Zhao et al. 2009). Such early separation of

cellulose and lignin is regarded as beneficial for

fermentation yields due to absence of inhibitors,

however, more cost-efficient fractionation technolo-

gies are needed (da Costa et al. 2009). This has led to

the development of ionic liquid enabled lignocellulose

fractionation technologies. The use of ionic liquids for

lignocellulose pretreatment has attracted attention,

particularly for high sugar release from a variety of

lignocellulosic biomass types, making it a feedstock-

independent pretreatment technology (Brandt et al.

2013). The negligible vapour pressure of many ionic

liquids has the potential to simplify separations and

leads to near-quantitative solvent recovery (Kuzmina

2016), which is extremely important for process

economics of non-aqueous pretreatment methods. In

addition, the negligible volatility of ionic liquid

solvents can improve process safety and limit envi-

ronmental exposure. The ability to select from a wide

range of cations and anions allows for tailoring of the

ionic liquid solvent to suit the application, whether

catalysis and synthesis (Hallett and Welton 2011),
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electrochemical processing (Plechkova and Seddon

2008), or lignocellulose pretreatment for biorefining

(Brandt et al. 2013).

Ionic liquid pretreatment can be divided into two

approaches: one uses ionic liquids that dissolve or

swell the whole biomass including the cellulose

component, while the other approach uses ionic

liquids that selectively extract lignin and hemicellu-

lose (ionoSolv fractionation) (Brandt et al. 2013). The

latter approach results in the isolation of a cellulose-

rich pulp. Much of the research focus in the ionic

liquid pretreatment field has been on the ionic liquids

that swell and dissolve lignocellulose followed by an

antisolvent-induced regeneration (Li et al. 2010, 2011;

Sun et al. 2017). During this approach, a significant

loss of order in the cellulose portion has been

observed, due to an increased abundance of amor-

phous regions and conversion of some of the naturally

occurring cellulose I into thermodynamically more

stable cellulose II (Cheng et al. 2011). This makes the

cellulose (and hemicellulose) highly digestible but

unusable for applications where crystalline cellulose I

fibrils are required. This dissolution pretreatment

option commonly utilizes ionic liquids with a

dialkylimidazolium cation and a chloride or acetate

anion, as strong hydrogen bonding anions and poorly

associating cations are required (Brandt et al. 2013).

While sugar yields upon enzymatic saccharifica-

tion are typically high and glucose release very fast,

cellulose dissolving ionic liquids suffer from low

solvent stability (Clough et al. 2013), high solvent cost

(Brandt-Talbot et al. 2017), and a need for dry

conditions (Doherty et al. 2010), which renders this

approach technically and economically challenging

for large-scale applications (Baral and Shah 2016).

IonoSolv pretreatment focuses on the extraction

and dissolution of the lignin and hemicellulose

components, leaving a solid, cellulose-enriched pulp

after removing the IL by washing (Verdia et al. 2014).

IonoSolv pretreatment can be carried out with low cost

and easily synthesised ionic liquids, for example,

triethylammonium hydrogen sulfate, [N2220][HSO4]

(Brandt-Talbot et al. 2017). This IonoSolv ionic liquid

is protic, acidic and effective in the presence of

significant amounts of water. While the fractionation

effect has been demonstrated in multiple conditions on

a range of feedstocks (Chambon et al. 2018, 2019;

Gschwend et al. 2019; Weigand et al. 2017), and the

lignin has been characterised in detail (Brandt et al.

2015), the material properties of the resulting cellulose

pulp remain to be determined. To fill this gap, we

prepared a number of ionoSolv cellulose pulps from

the energy crop Miscanthus 9 giganteus, a high-

yielding perennial grass that is a potential biorefinery

feedstock, and analysed their polymer molar weight,

material porosity, particle size and the cellulose

crystallinity. The length of treatment time was varied

to assess the impact of increasing pretreatment sever-

ity on the properties of the cellulose pulp. The material

properties were correlated to the saccharification

yield, providing an explanation for why there is an

optimum sugar release from ionoSolv cellulose pulps.

Materials and methods

Miscanthus 9 giganteus was acquired from Silwood

Park campus, Imperial College London. The stem

biomass was air-dried, chopped, sieved to particle

sizes ranging between 180–850 lm and stored at room

temperature in plastic bags. The moisture content of

the M. giganteus biomass was measured using the

protocol ‘determination of total solids’ published by

the NREL (Sluiter et al. 2008).

Ionic liquid synthesis

Triethylamine (C 99%) and 5 M sulfuric acid were

procured from Sigma Aldrich and used as

received.[N2220][HSO4] was synthesised in a 1.0:1.0

acid to base ratio following the procedure outlined

previously (Gschwend et al. 2016). In summary, the

sulfuric acid was added dropwise into the triethy-

lamine cooled by an ice bath and stirred until

completely mixed. The water content in the ionic

liquid solution was reduced using a rotary evaporator

and adjusted to 20.0 wt% water, confirmed by Karl

Fischer titration using a V20 volumetric titrator

(Mettler Toledo). Titration to confirm the acid base

ratio was conducted using the G20S compact titrator

(Mettler Toledo). The 1H-NMR spectrum of the IL

solution was recorded on a 400 MHz Bruker instru-

ment and is shown in the ESI (Figure S1).
1H-NMR (400 MHz, DMSO-d6, ppm): 10.2–7.5

(N–H, broad singlet), 5.0–3.5 (HSO4
- and DOH,
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broad singlet), 3.08 (q, J = 7.3 Hz, 6H), 1.17 (t,

J = 7.3 Hz, 9H).

IonoSolv fractionation

IonoSolv fractionation was carried out as detailed

elsewhere (Gschwend et al. 2016). In brief, 1 g (oven-

dry weight) of theM. giganteus biomass was placed in

a 15 mL pressure tube (Ace Glass Inc), 10 g of a 20%

(wt/wt) [N2220][HSO4] water solution was added and

the suspension mixed using a vortex mixer. The filled

tubes were heated at 120 �C for 4 h, 8 h, and 24 h in a

fan-assisted oven, followed by cooling to room

temperature on the bench. The pretreated slurry was

transferred to a 50 mL centrifuge tube, washed with

40 mL absolute ethanol and allowed to sit for 1 h

before centrifugation for 50 min. The liquid was

decanted and the ethanol wash repeated three more

times. The washed pulp was subjected to 20 h of

Soxhlet extraction with absolute ethanol to remove

residual unbound ionic liquid. The resulting pulp was

air-dried for 48 h before being stored in a plastic bag at

room temperature in the dark.

Compositional analysis

Compositional analysis was carried out according to

the protocol Determination of Structural Carbohy-

drates and Lignin in Biomass (NREL/TP-510–42618)

published by the US National Renewable Energy

Laboratory, NREL (Sluiter et al. 2012). A Prominence

HPLC system (Shimadzu) with RI detector was used

to quantify the sugars, employing an Aminex HPX-

87P column operated at 85 �C with purified water at a

flow rate of 0.6 mL /min.

Enzymatic saccharification

The saccharification assay was performed according to

the protocol ‘Low Solids Enzymatic Saccharification

of Lignocellulosic Biomass’ (NREL/TP-510–42629)

published by the NREL (Resch et al. 2015). 20 lL of

cellulase enzymes (Ctec-2, Novozymes) per 100 mg

of lignocellulose or pulp were used. HPLC analysis

was used to determine yields using the same condi-

tions as detailed for compositional analysis.

X-ray diffraction (XRD) analysis

Miscanthus biomass and the isolated pulps were

ground and sieved to a particle size of 53 lm or less

and analysed using a PANalytical Empyrean instru-

ment, operated at 40 kV and 40 mA with a CuKa

radiation source. The patterns were collected in the 2h
range of 5�–50� with a step size of 0.033� and a

scanning rate of 70s per step. The recorded XRD

patterns were fitted with a standard Gaussian function

using the software Origin (OriginLab). The degree of

crystallinity of the lignocellulose and pulp was

calculated using the Segal method. The following

equation was used:

CI ¼ I200 � Iamð Þ
I200

� 100 ð1Þ

where I200 is the maximum intensity at position

2h = 22.5�, assigned to the crystalline portion of

cellulose in raw biomass or pulp, and Iam is the

minimum intensity at position 2h = 18�. The crystal-

lite size was calculated from the diffractogram

according to the Scherrer Eq. (2) using the full width

half maximum value (FWHM) of the peak at position

2h = 22.5�, including the correction factor for instru-

ment broadening.

s ¼ k � k
b � cosh ð2Þ

in which s = size of crystallites, k = constant shape

factor of crystallites (here 0.94), k = wavelength of

applied X-rays (here 0.1542 nm), b = line broadening

at FWHM in radians and h = Bragg angle in degrees.

Attenuated total reflection Fourier transform

infrared (ATR FT-IR) spectroscopy

A PerkinElmer Spectrum 100 FT-IR spectrometer

with a diamond ATR single reflection crystal was used

to analyse the feedstock and the pretreated pulps.

Initial background spectra were taken and subtracted

from the sample measurement. The spectra were

recorded between 500 and 4000 cm-1 with a resolu-

tion of 2 cm-1 (full spectra shown in the ESI,

Figure S2).
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Particle size analysis

Approximately 1 g of sample was placed into deion-

ized water and analysed using a Malvern Mastersizer

2000 with software version 5.60, which calculated the

average width and length of the particles. The results

were compared with microscope images of the

pretreated biomass using the Nikon Eclipse Ti and

NiS elements software (see Fig. S2 in ESI). Images

were collated, and particles measured via ImageJ

software.

Scanning electron microscopy (SEM)

A JSM 5610 LV scanning electron microscope (JEOL)

was used to image untreated and pretreated samples.

Samples were coated with a thin layer of gold and

images were captured up with 10 kV accelerated

voltage.

Gel permeation chromatography (GPC)

Untreated M. giganteus and the cellulose pulps were

analysed for their molar weight distribution at the

Department of Forest Products Technology at Aalto

University, Finland. Prior to the analysis, the samples

were ground to particles smaller than 60 mesh size and

delignified with sodium chlorite aqueous solution

according to the method of Wise et al. (1946). The

delignified samples were pre-activated by a water/

acetone/N,N-dimethylacetamide (DMAc) solvent

exchange sequence. The samples were then dissolved

at 90 g/L in a lithium chloride (LiCl)/DMAc mixture

at room temperature. The solutions were diluted to

9 g/L LiCl/DMAc and filtered through a 0.2 mm

syringe filter and analyzed with a Dionex Ultimate

3000 system with refractive index (RI) detection

(Shodex RI-101). The Mn (number average molar

mass) and Mw (weighted average molar mass) was

calculated using Chromeleon software, and the DP

determined by dividing the Mn by 162 g/mol.

Measurement of surface area according

to Brunauer–Emmett–Teller (BET)

Samples were degassed with nitrogen at 80 �C over-

night. Approximately 200 mg of sample was analysed

using a TriStar surface area and porosity analyser

(Micromeritics). The software calculated the amount

of nitrogen gas corresponding to the coverage by a

multiple layers using the BET method. Pore size was

determined via the adsorption average pore width

using the BET model. The software package TriStar

3000 V6.07 was utilized to fit the adsorption and

desorption isotherms using the Brunauer–Emmett–

Teller model and measurements were taken in

triplicate.

Results and discussion

In order to investigate the material properties of

ionoSolv cellulose pulps, milled Miscanthus was

heated with [N2220][HSO4] containing 20% water at

120 �C for 4 h, 8 h and 24 h, followed by washing

with ethanol and air-drying to obtain the pulps. The

untreated Miscanthus biomass and the resulting pulps

were subjected to a raft of characterisation methods,

which are discussed below.

Compositional analysis

We initially analysed the composition of the cellulose

pulps to determine the cellulose recovery, approxi-

mated by glucan recovery, and to quantify the lignin

and hemicellulose content in the pulps (Fig. 1).

It can be seen that ionoSolv pretreatment with

[N2220][HSO4] removed and dissolved the majority of

the lignin and the hemicellulose as reported previously

(Brandt-Talbot et al. 2017). The majority of the glucan

remained in the pulp, resulting in glucan recoveries of

84%, 83% and 81%, for the 4 h, 8 h and 24 h

fractionations, respectively. An initial drop in glucan

content is well-documented for pretreatment with

acidic solutions, including acidic ionic liquids, and

assigned to the removal of amorphous cellulose as

well as glucose contained in hemicellulose (Brandt-

Talbot et al. 2017; Weigand et al. 2017). The nearly

unchanged glucan recovery after 24 h shows that the

cellulose was stable during ionoSolv pretreatment

under the conditions applied (notably a 120 �C reac-

tion temperature). IonoSolv fractionation can be

applied at higher temperatures, as the hydrogen sulfate

ionic liquids have comparably high thermal stability

(George et al. 2015), however, the cellulose is not

stable for such a long time above 150 �C (Gschwend

et al. 2018).
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The cellulose content in the pulps was 74%, 82%

and 79% after 4 h, 8 h and 24 h of pretreatment,

respectively. The increase in cellulose content

between 4 and 8 h was due to removal of hemicellu-

lose and lignin, while the drop in cellulose content at

24 h was due to an increase in Klason lignin content,

which we assign to the deposition of a lignin-like

substance from the solution onto the cellulose-rich

pulp. This has been observed and discussed previously

for [N2220][HSO4] (Brandt-Talbot et al. 2017). Given

that a low lignin content is a key target in cellulose

isolation, the 24 h pulp was deemed to be overtreated.

We also observed a decrease in the ash content

upon applying the ionic liquid. This can be attributed

to the dissolution of inorganic salts into the ionic liquid

solution, which has also been reported previously

(Brandt-Talbot et al. 2017). The observed cellulose

enrichment is comparable with commercial paper

grade Kraft pulps prior to bleaching, which have

cellulose contents ranging from 73 to 84%, depending

on the feedstock source (Borrega et al. 2017; Sjöholm

et al. 2000). However, it should be noted that Kraft

pulps have a higher hemicellulose content (15–27%)

and a lower lignin content (1.5–6%) than the ionosolv

pulps produced in this work.

Enzymatic saccharification yield from ionoSolv

pulps

A key goal of lignocellulose pretreatment is the

preparation of a deconstructed biomass for

fermentation of the sugar contained within. Therefore,

enzymatic saccharification was performed on the

cellulose-rich pulps (Fig. 2). It should be noted that

previous studies conducted on the impact of the ionic

liquid on saccharification yields demonstrated no

discernible impact to the saccharification when the

concentration of the ionic liquid in assay solution was

below 1% (Karim 2017). Since the pulp loading for the

saccharification assay was only 1%, it would be

impossible to have enough ionic liquid present to

inhibit saccharification.

In this study, the enzymes released approximately

6% of the glucose from the untreated Miscanthus,

while after 4 h and 8 h, 73% and 72% of the available

glucose was released. This translates to digestibilities

Fig. 2 Glucose release from untreated Miscanthus and

ionoSolv cellulose pulps that were pretreated using the IL

[N2220][HSO4] containing 20 wt% water, after 7 days of

incubation with cellulases

Fig. 1 Composition of

untreated M. giganteus and

cellulose-rich pulps isolated

after 4 h, 8 h and 24 h of

ionoSolv fractionation at

120 �C using [N2220][HSO4]

with 20% wt water

(numerical values can be

found in the ESI in

Table S1)
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of 87% and 86% for the glucan in the ionoSolv pulps.

However, the sugar release was greatly reduced for the

24 h pulp (35%), with less than half of the glucan in

the pulp released by the enzymes. The results show

that using [N2220][HSO4] for separating cellulose from

the other biopolymers greatly improved glucose

release, but also that over-treatment resulted in severe

reduction of access for enzyme. A link between

pseudolignin deposition in the pretreated solid and

decreased saccharification yield has been reported for

dilute acid pretreatment (Hu et al. 2012) as well as for

ionoSolv pretreatment (Brandt-Talbot et al. 2017;

Weigand et al. 2017).

Analysis of chemical functionalities on the pulp

surface using IR spectroscopy

ATR FT-IR spectroscopy was used to investigate

changes on the surface of the biomass over the course

of the pretreatment to find further evidence for

pseudolignin deposition. The spectrum for untreated

Miscanthus was compared to the spectra for the

treated cellulose pulps. An overlay of the fingerprint

regions of the IR spectra is shown in Fig. 3 (full range

spectra shown in the ESI, Fig. S1). The region beyond

1800 cm-1 was not of interest, as it is dominated by

OH and aliphatic C-H stretches, which are prominent

in the untreated lignocellulose and in pulp alike.

The peak at 1730 cm-1 can be attributed to the

stretching of carbon oxygen double bonds, as found in

carboxylic acids and esters (acyl groups). The peak at

1230 cm-1 is typical for C-O single bond stretches in

esters, while alkyl-aryl C–O single bond stretches also

absorb at this wave number (Liu et al. 2014; Xu et al.

2013). Esters are part of Miscanthus lignin (p-

coumaric acid esters) as well as Miscanthus hemicel-

lulose (ferulic acid and acetic acid esters), while alkyl-

aryl C–O single bonds are present in lignin as

methoxyl groups connected to the aromatic rings. It

is hence unsurprising that the 1730 and 1230 cm-1

bands were strong in untreated Miscanthus. The

spectrum for untreatedMiscanthus also had prominent

peaks at 1654, 1590, and 1505 cm-1, which are

indicative of carbon–carbon bond stretches in aro-

matic rings, again abundantly found in lignin.

As expected, the intensity of the ester and aromatic

bands was reduced in the IR spectra of the 4 h and 8 h

pulps, which is consistent with the removal of lignin

and hemicellulose. The decrease was more pro-

nounced after 8 h of pretreatment, consistent with

the compositional analysis results that show a further

reduction in the lignin and hemicellulose content

between 4 h and 8 h.
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Fig. 3 FT-IR spectra of the

fingerprint region for

Miscanthus and Miscanthus

pulps obtained after

ionoSolv fractionation at

4 h, 8 h, and 24 h. Solid

lines: lignin aromatic

stretches, dashed lines:

pseudolignin aromatic

stretches
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Interestingly, for the over-treated 24 h pulp, new

peaks appeared in the acyl and aromatic regions (1692,

1600, and 1513 cm-1). Others have reported similar

signals for pseudolignin formed from hollocellulose

(cellulose and hemicellulose) in hot dilute aqueous

acid (Hu et al. 2012). The chemical structure of

pseudolignin is not entirely known, but it is suspected

that it contains benzenetriol structures derived from

pentose and methyl chromone motifs derived from

hexoses (Shinde et al. 2018). Interestingly, the peak

positions found by Hu et al. are not identical to the

positions found here. This suggests that the presence

of IL and dissolved lignin during ionoSolv processing

may affect the chemical structure of the deposited

pseudolignin. Further studies on the chemical struc-

ture of ionoSolv generated pseudolignin are underway

and will be published shortly.

Analysis of cellulose pulp crystallinity by X-ray

diffraction

For lignocellulose dissolving ionic liquids, such as

[Emim][OAc], a correlation between changes in

cellulose crystallinity and enhancement of enzymatic

glucose release from the pretreated biomass has been

established by numerous studies, and it is viewed as

key to their pretreatment performance (Doherty et al.

2010; Li et al. 2010). It is typically found that the more

the cellulose I structure is disturbed, the more

digestible the cellulose becomes. A correlation with

reduced lignin content was also observed, although

delignification is typically limited under cellulose

dissolving conditions, usually to no more than 50%.

Conversely, enzymatic saccharification yields corre-

late very strongly with reduced lignin content for

ionoSolv pretreatment (Gschwend et al. 2018), and

more than 90% of lignin can be extracted with

ionosolv pretreatment (Brandt et al. 2011). However,

little is known about the impact of the lignin-

extracting ionic liquids on the crystallinity of the

cellulose. Hence, we subjected the pulps to X-ray

diffraction measurements to understand whether

changes in the ordering of cellulose occur during

ionoSolv pretreatment and to determine the apparent

cellulose crystallite size.

Figure 4 shows the X-ray diffractograms of

untreated Miscanthus 9 giganteus and the pulps

recovered after ionoSolv pretreatment. The diffrac-

tograms for both untreated and pretreated samples are

typical for the natural cellulose I polymorph, with 3

major peaks visible at 15�–16�, 22� and 35� 2h. These
correspond, respectively, to the [110] ? [1 1 0], [200]

and [004] crystallographic planes of cellulose I (Park

et al. 2010). The most intense reflection at 22� 2h
corresponds to the [200] plane of cellulose.

There are also minor reflections in the diffrac-

tograms and we want to discuss them briefly. Given

their shapes and positions, they are unlikely to

originate from cellulose, but instead signify the

presence of other organic or inorganic crystalline

structures. In untreated Miscanthus, we found minor

reflections at 26.5�, 28.4�, 33.0�, 33.8� and 47.4� 2h.
Similar additional reflections have been observed by

others in Miscanthus or related biomass such as

sugarcane bagasse (Kumar et al. 2014; Tsaneva et al.

2014), although these peaks were not discussed. We

note that these reflections were preserved in the pulps,

suggesting that the substance(s) causing themwere not

removed by the ionic liquid or the subsequent washing

steps. In addition, new reflections at 25.6�, 29.9� and
32.0� 2h were observed in the pulps. We note that the

intensity of the reflection at 25.6� increased with

pretreatment time and was particularly strong in the

24 h sample, so this could be associated with

pseudolignin deposition. We speculate that the gener-

ation of micrographitic structures, which exhibit a

reflection around 25� 2h, may be responsible for this

Fig. 4 XRD diffractograms of untreated Miscanthus and

cellulose pulp isolated after 4 h, 8 h and 24 h of pretreatment

at 120 �C with a [N2220][HSO4] ? 20 wt% solution, showing

that the crystal structure of the cellulose is not changed during

pretreatment with acidic ionic liquid water mixtures
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peak. Graphitic structures have been observed when

biomass sugars are subjected to high acidity for longer

periods of time (Hargreaves and Cooper 2016). This

could also play a role here, as the ionic liquid

employed is acidic and contains dissolved and

hydrolysed hemicellulose. The reflections at 29.9�
and 32.0� 2h were observed in the 4 h and 8 h pulps

but not in the overtreated 24 h pulp, and it is currently

unclear which compound they belong to. These minor

reflections need further investigation, supported by

identifying and quantifying metals in Miscanthus and

in the pulps, as tracking of non-process elements and

fractions is important for industrial implemention, and

work is underway to understand these.

For the cellulose reflections, the crystallinity index

(CI) was calculated using the Segal method, which can

be used to rapidly estimate the relative crystallinity of

cellulose in a variety of samples, and the results are

tabulated in Table 1 (French and Santiago Cintrón

2013; Segal et al. 1959). It was found that the Segal CI

increased from 53.6% for untreated Miscanthus 9

giganteus to 73.0% for the pulp recovered after 4 h.

This suggests that there was a notable increase in the

cellulose I content of the pulp. The increased CI is

ascribed to the removal of lignin and hemicellulose, as

well as removal of amorphous (less ordered/crys-

talline) cellulose domains of the cellulose fibrils,

which is typical for acidic pretreatment of cellulosic

substrates. Another indicator for significantly more

crystalline cellulose is a slight shift of the major [200]

reflection from 22.4� 2h for untreated biomass to 22.6�
2h for ionoSolv pulps. These results show that

ionoSolv pretreatment has a fundamentally different

effect on cellulose compared to pretreatment with

wood dissolving ionic liquids, where the diffrac-

tograms show that the recovered cellulose is less

ordered and that a minor component of the cellulose

forms a different allomorph (cellulose II) (Socha et al.

2013). This is in agreement with various reports that

found that ionic liquids with sulfate based anions

cannot dissolve wood (Doherty et al. 2010) and

cellulose (Mao et al. 2015), which can be ascribed to

their moderate hydrogen bond basicity. Indeed, the

Kamlet-Taft b parameter, which indicates strength of

hydrogen bond basicity, has been determined as 0.67

for pure [C4C1im][HSO4] (Brandt et al. 2011) com-

pared to 1.20 for the cellulose dissolving [C4C1-

im][OAc] and 0.83 for the cellulose dissolving

[C4C1im]Cl (Brandt et al. 2010).

The Segal crystallinity index found here was

similar to CIs obtained for organosolv pulps (Zhang

et al. 2010) but was higher than the CIs for dilute acid

pretreated biomass. When Miscanthus 9 giganteus

was pretreated with aqueous dilute acid, which only

removes the hemicellulose fraction, it was found that

the CI increased only moderately, from 29.6 to 35.2%

for Miscanthus pith and from 46.7 to 50.6% for

Miscanthus rind (Ji et al. 2016). The lower crys-

tallinity index observed for dilute acid pretreated

Miscanthus pulp can be attributed to the presence of

lignin, as the majority of the lignin is not removed by

aqueous acid.

Although the CI was higher for all ionoSolv

pretreated pulps generated in this study compared to

the reported CIs for dilute acids pulps, we did observe

a slight decrease from 73.0% for 4 h to 70.9% and

69.4% for the pulps pretreated for 8 h and 24 h. We

hypothesise that the reduction in CI could be due to a

limited amount of cellulose decrystallization. As

mentioned, the hydrogen bond basicity of hydrogen

sulfate ionic liquids is too low for enabling cellulose

decrystallisation, however, they could have the ability

to cause a minor amount of disordering in cellulose

fibrils over time, potentially limited to the surface of

the fibrils. Deposition of condensed lignin or pseudo-

lignin on the pulp could also contribute to the small

observed decrease in the crystallinity index between 8

and 24 h of pretreatment.

We also observed that the width of the 22.6� 2h
diffraction peak decreased after ionoSolv pretreat-

ment. The full width at half maximum (FWHM) of the

diffraction pattern at 22� 2h can be used to calculate

an apparent crystallite size, which is also shown in

Table 1 (Scherrer 1912). Our data suggest that the

cellulose crystallite size increased from 3.04 nm for

raw biomass to 3.82 nm and 3.90 nm for pulps

Table 1 Crystallinity Index (CI) and crystallite size of

untreated Miscanthus giganteus (entry 1) and ionoSolv pre-

treated pulp (entry 2–4)

Entry Pretreatment time (h) CI (%) Crystallite size (nm)

1 0 53.6 3.04

2 4 73.0 3.82

3 8 70.9 3.90

4 24 69.4 3.88
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isolated after 4 h and 8 h pretreatment, respectively.

This apparent increase in cellulose crystallite size was

likely caused by the removal of hemicellulose and

lignin followed by drying, leading to coalescence and

clustering of cellulose fibres. A similar increase in

cellulose crystallite size was described by Sun et al.

(2014) for hardwood poplar after dilute acid pretreat-

ment. The crystallite size did not increase beyond the

optimum delignification time point.

The high crystallinity of the cellulose in ionoSolv

pulps is likely the reason for the slower enzyme

hydrolysis rates observed for ionoSolv pretreatment

compared to regenerated biomass obtained after

treatment with cellulose dissolving ionic liquids, such

as [emim][OAc] or [bmim]Cl (Dadi et al. 2006; Li

et al. 2010). Fast hydrolysis rates have also been

reported for other crystallinity reducing treatments of

cellulose such as swelling in phosphoric acid and clear

link between cellulose crystallinity and hydrolysis rate

has been demonstrated (Zhang et al. 2006).

Effect of ionoSolv pretreatment on pulp surface

area and porosity

Monitoring the morphology of unbleached cellulose

pulp is important for subsequent applications. A larger

surface area allows not only better access for enzymes

(Seidel et al. 2017) but can also affect mechanical

strength of the refined cellulose materials (Horn 1978).

The effect of ionoSolv pretreatment on the porosity

and surface area of the pulps was hence monitored

using BET surface area analysis and results are shown

in Fig. 5.

The figure shows that the [N2220][HSO4] fraction-

ation resulted in material with increased surface area,

up to eight-fold compared with the untreated ground

Miscanthus. The untreatedMiscanthus had an average

surface area of 0.49 m2/g, while the surface area of the

pulps after air-drying was 3.54 (4 h), 2.95 (8 h) and

4.34 (24 h) m2/g. It is unclear, why the surface area for

the 8 h cellulose pulp was smaller than the surface area

for the less and more treated 4 h and 24 h pulps. A

surface area below 1 m2/g for untreated biomass was

expected, however, the surface area of the pulp

material was smaller than reported for unbleached

pulps by others. Chen et al. measured a surface area of

16.5 m2/g for never-dried unbleached wheat straw

pulp, which reduced to 12.8 m2/g upon applying

drying (Chen et al. 2010). The differences in surface

area observed here and for the wheat straw could be

due to the different feedstocks and pulping conditions.

It is expected that more exposed cellulose fibres result

in a larger the measured surface area, and that

completing lignin removal with a bleaching step

would increase the surface area further.

Connected with the increase in surface area, there

was a decrease in average pore size when compared

with the untreated Miscanthus, however this was not

as pronounced as the increase in surface area. The

average pore size for untreated Miscanthus was

8.5 nm, compared to 6.9 nm, 7.7 nm and 7.5 nm for

the 4 h, 8 h and 24 h pulps. The observed average pore

Fig. 5 BET surface area (left) and average adsorption pore width (right) of untreatedM. X gigantheus biomass compared to ionoSolv

cellulose-rich pulps pretreated with [N2220][HSO4] containing 20 wt% water at 120 �C
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size agrees with pore size ranges found by others for

unbleached cellulose-rich pulps. Chen et al. found an

average pore size of 6.3 nm for unbleached wheat

straw pulp upon BET analysis (Chen et al. 2010) and

Li and Henriksson found pore sizes of 9–11 nm for

unbleached wood pulps when using an NMR analysis

technique (Li et al. 1993).

Pulp morphology was also assessed by SEM and

the images are shown in Fig. 6. Significant changes

were observed over the course of the pretreatment.

Untreated Miscanthus exhibited a relatively intact

particle surface, which tallies well with the small

surface area measured by BET analysis and micro-

graphs shown in the ESI (Figure S3), while after 4 to

8 h of pretreatment, peeling and deeper fissures were

observed. By 24 h, the particles were significantly

disrupted, showing that the pretreatment weakens the

cell wall scaffold. We note that the fractionation also

exposed micropores that are not visible in the dried

untreated biomass; these pits are likely the plasmod-

esmata connecting plant cell wall lumens (Davison

et al. 2013) (Fig. 7).

Particle size

Particle size is another measure of pulp morphology.

Milling of Miscanthus results in fibrous (non-isotro-

pic) particles, which is reflected in the particle size

data as separate length and width size distributions

(Table 2, entry 1). The untreated Miscanthus, which

had been milled and sieved to a particle size of

180–850 lm, had an average particle width of 302 lm
and an average length of 1388 lm, showing that the

average particle length is more than four times larger

than the width.

After 4 h of pretreatment, there was a significant

decrease in the average length of the particles;

however, the average particle width had not changed

Fig. 6 SEM images of

Miscanthus before

pretreatment (a), and pulps

obtained after 4 h (b), 8 h

(c) and 24 h

(d) [N2220][HSO4]

containing 20 wt% water at

120 �C, showing an increase
in particle disruption and

layers peeling off the surface

Fig. 7 Particle size ofMiscanthus pulps isolated after 4 h, 8 h,

and 24 h of pretreatment with [N2220][HSO4] containing

20 wt% water at 120 �C
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substantially (310 lm). A significant decrease in the

width and length of the particles occurred after

elongating pretreatment, with a width of 193 lm and

a length of 665 lm after 8 h of pretreatment. This

shows that the lignocellulose composite is disrupted

during ionoSolv pretreatment, and that particle length

is particularly affected. Interestingly, there was a

slight increase in the average particle width and length

for the 24 h pulp, from 193 lm to 286 lm and from

665 lm to 769 lm, respectively. This suggests that

the deposition of pseudolignin onto the surface of the

pulp resulted in bigger particles due to coating. It may

even have joined together some particles that were

previously separate.

Polysaccharide molar weight and degree

of polymerisation

The pretreatment method can have a substantial

impact on the average molar weight (Mn and Mw)

and the degree of polymerization (DP) of the cellulose

in cellulose pulps. While cellulose is the dominant

polysaccharide in pulps, any hemicellulose present

also influences the measured molar weight and DP.

The Mn and Mw are determined by size exclusion

chromatography (SEC) after dissolving a delignified

pulp in a suitable solvent system, while the DP can

also be determined by measuring the intrinsic viscos-

ity of such a solution (DPv). The number average DP

for the polysaccharides is typically 300–700 for direct

fibre and dissolving applications, and 150–300 for

microcrystalline cellulose or cellulose nanocrystals

(Kontturi et al. 2016; Palme et al. 2016).

In this study, we determined the average molar

weights and corresponding DPs of the holocellulose in

the ionoSolv pulps using size exclusion chromatogra-

phy (chromatograms and numerical values are shown

in the ESI, Fig. S4-S7 and Table S2). We saw that both

Mw and Mn decreased as a result of ionoSolv

pretreatment (Fig. 8, left), with the Mw decreasing

more sharply. The number and weight average molar

weights for Miscanthus holocellulose were

68/646 kDa/mol (Mn/Mw). This decreased to

50/467 kDa/mol and 50/386 kDa/mol for the 4 h and

8 h ionoSolv pulps, falling further to 42/220 kDa/mol

for the overtreated 24 h pulp. The decreasing molar

weight averages demonstrate that ionoSolv pretreat-

ment reduces the chain length of cellulose. This was

not unexpected, given that the ionic liquid solution is

an acidic solvent (De Gregorio et al. 2016). We note

that the molar weights determined here are in the range

found for commercial wood pulps. Palme et al.

measured the following Mn/Mw values using SEC:

57.2/331 kDa (bleached softwood paper grade Kraft

pulp), 58.9/182 kDa (pre-hydrolysis eucalyptus Kraft

pulp) and 40.4/283 kDa (Scandinavian softwood sul-

fite pulp) (Palme et al. 2016).

As a result of the more strongly decreasing Mw, the

pulp polydispersity index (PDI = Mw/Mn) decreased

steadily from 9.4 to 7.8 and 5.3 for the 4 h, 8 h and

24 h pulps, respectively. The reduction in PDI is

ascribed to preferential hydrolysis of longer cellulose

chains and the more complete hemicellulose removal.

To illustrate this, Fig. 8 (right) shows size fractions of

DPs for the investigated samples. For the untreated

Miscanthus, a significant proportion (42 mol%) of the

holocellulose had a high DP above 2000. This

decreased to 33%, 29% and 18% when ionoSolv

fractionation was applied for 4 h, 8 h, and 24 h,

respectively, highlighting that cleavage of long cellu-

lose chains is a leading cause of the decreasingMw and

PDI.

We also calculated the number average and weight

average DPs and found that they were 419/3987 for

untreated Miscanthus. The DP decreased to 306/2880

for the cellulose pulp isolated after 4 h, to 306/2378

Table 2 Greatest percentage volume width and length for untreated ground Miscanthus and for pulp isolated after pretreatment

pretreatment with [N2220][HSO4] containing 20% wt water at 120 �C

Treatment Average width (lm) Average Length (lm)

Untreated Miscanthus 302 1388

4 h 310 803

8 h 193 665

24 h 286 769
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for the 8 h pulp, and further to 257/1358 for the 24 h

pulp. In comparison, Hummel et al. found average DPs

of 316/1658 (birch ECF Kraft pulp), 407/1662 (birch

prehydrolysis Kraft pulp) and 493/3886 (eucalyptus

prehydrolysis Kraft pulp) (Hummel et al. 2018). This

suggests that the number average DPs measured for

the Miscanthus ionoSolv pulps were lower than

commercial dissolving grade pulps, while the weight

average DPs could be competitive in terms of fibre

length. It remains to be seen whether properties of

ionosolv pulps after bleaching are suitable for dis-

solving pulp applications, and also how ionic liquid

recycling affects the cellulose properties.

A DP of 100–200 is the DP typically found for

elementary cellulose crystallites, which can be iso-

lated with controlled acid hydrolysis, and is called

level-off degree of polymerisation (LODP). The

LODP is similar for most plant derived celluloses

(Palme et al. 2016). We were unable to find a literature

value for the LODP of Miscanthus cellulose, but we

note that the DPs observed for ionoSolv pulps in this

study were higher than LODPs reported for wood and

cotton cellulose (Palme et al. 2016). Reducing the

cellulose molar weight to a DP close to its LODP has

been shown to be connected with a decrease in the

polydispersity index (PDI), which we also observed

here. When virtually all of the hemicellulose has been

removed and a DP close to the natural LODP is

reached, the polysaccharide PDI measured by SEC can

be as low as 2.5 (Palme et al. 2016). Average DPs over

250 and PDIs above 3 observed for the ionoSolv pulps

suggest that the LOPD was not reached even after

prolonged ionoSolv fractionation. However, it may be

possible that ionoSolv extraction can generate LODP

sized cellulose crystals if further optimisation is

pursued, with the potential of producing a bleachable

pulp consisting of defined microcrystalline cellulose

or even nanocellulose directly from lignocellulosic

biomass.

Although we have evidence that the DP of cellulose

is lowered during ionoSolv fractionation, we do not

expect the observed reduction to contribute signifi-

cantly to the enhanced enzymatic saccharification

yields, given that the crystallinity of ionoSolv cellu-

lose is high. It has been shown that cellulases peel off

external cellulose chains one by one when they are part

of crystalline fibrils, and hence shorter chains do not

significantly increase speed of hydrolysis (Zhang et al.

2006).

Conclusions

This extensive characterisation of ionoSolv cellulose

pulp derived from Miscanthus has provided several

insights. Importantly, we have shown that cellulose
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Fig. 8 The number average molar weight (Mn) and weight

average molar weight (Mw) of the holocellulose in untreated

Miscanthus and in the 4 h, 8 h, and 24 h pulps isolated with

ionoSolv pretreatment using [N2220][HSO4] containing 20% wt

water at 120 �C (left). The abundance of cellulose polymers

with a degree of polymerization below 50 (\DP50), between

50–100 (DP50-100), between 100–2000 (DP100-2000), and

above 2000 ([DP2000) are also shown (right)
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pulps produced with low-cost hydrogen sulfate ionic

liquids have a high degree of crystallinity. This

confirms that ionic liquids such as [N2220][HSO4] do

not change the lattice structure of cellulose. This

contrasts with the action of cellulose dissolving ionic

liquids, which are well-known to reduce cellulose

crystallinity, accompanied by limited production of

cellulose II.

We found that the removal of lignin and hemicel-

lulose observed during compositional analysis of

ionoSolv treated pulps enhanced the measured crys-

tallinity index compared to untreated biomass. We

also showed that the removal of the matrix polymers

lignin and hemicelluloses resulted in the coalescence

of the exposed cellulose fibrils, which is commonly

observed in dried cellulose-rich pulps.

GPC analysis revealed that fractionation with the

acidic ionic liquid water solution decreased the

polysaccharide molar weight in the pulp and, associ-

ated with this, the degree of polymerisation. This was

due to hemicellulose extraction but also due to

depolymerisation of longer cellulose chains (DP[
2000). We propose that the hydrolysis reactions in

cellulose were limited to the amorphous domains of

the cellulose fibrils, leaving behind an increasing

number of elementary cellulose fibril crystallites.

Generation of the elementary crystallites was not

complete under the conditions applied in this study,

even when using extended pretreatment times, but the

LDOP may be reached if higher severity is applied,

opening up the possibility to produce nanocellulose in

one step, if the pulp is found to be bleachable.

We further demonstrated that ionoSolv pretreat-

ment impacted the surface morphology, revealing that

there was a reduction in the particle size and an

increase in the surface area by nearly an order of

magnitude upon ionoSolv fractionation. We assigned

the reduction in particle size to particle fragmentation

and peeling off as observed in electron micrographs.

The particle fragmentation was likely caused by the

extraction of the hemicellulose lignin polymer matrix

that encapsulates the cellulose fibres.

We were also able to shed more light on what

happens to the pulp in the overtreatment regime,

which is observed when ionoSolv fractionation is

continued beyond the optimum deconstruction point.

We showed that the observed increase in Klason lignin

content in overtreated pulp was accompanied by a

modest increase in particle size and a decrease in

surface area, which is consistent with deposition of

pseudolignin on the surface of pulp particles. We

could confirm presence of pseudolignin with FT-IR

spectroscopy, although detailed structural analysis

remains to be carried out.

The study confirms that ionoSolv pretreatment

enhances high enzymatic saccharification yields due

to the known effect of lignin and hemicellulose

removal. This and the accompanying surface area

enhancement exposes cellulose fibrils that were not

accessible to enzymes in untreated biomass. Since

cellulose crystallinity remains high, we propose that

the increased amount of cellulose fibril surface is the

main cause of enhanced enzymatic hydrolysis yields,

with reduced unproductive binding of enzymes due to

extensive lignin removal as a secondary effect.

In summary, we demonstrate for the first time that

ionoSolv pulps have potential to be further refined for

material applications, as we found that the cellulose in

the delignified pulp was highly crystalline, making it

potentially suitable source of micro- and nanocellu-

lose but also dissolving pulp. This could open up

applications in addition to producing purified glucose

for biorefining via enzymatic saccharification.
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Zsigmondy R (ed) Kolloidchemie Ein Lehrbuch. Springer,

Berlin, pp. 387–409. https://doi.org/10.1007/978-3-662-

33915-2_7

Segal L, Creely JJ, Martin AE, Conrad CM (1959) an empirical

method for estimating the degree of crystallinity of native

cellulose using the x-ray diffractometer. Text Res J

29:786–794. https://doi.org/10.1177/

004051755902901003

Seidel C-M, Pielhop T, Studer MH, Rudolf von Rohr P (2017)

The influence of the explosive decompression in steam-

explosion pretreatment on the enzymatic digestibility of

different biomasses. Faraday Discuss 202:269–280. https://

doi.org/10.1039/C7FD00066A

Shatkin JA, Wegner TH, Bilek TEM, Cowie J (2014) Market

projections of cellulose nanomaterial-enabled products-

Part 1: applications. Tappi J 13:9–16. https://doi.org/10.

32964/tj13.5.9

Shinde SD, Meng X, Kumar R, Ragauskas AJ (2018) Recent

advances in understanding the pseudo-lignin formation in a

lignocellulosic biorefinery. Green Chem 20:2192–2205.

https://doi.org/10.1039/C8GC00353J
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