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Enhancement of ionic liquid-aided fractionation of birchwood. Part 1:
Autohydrolysis pretreatment
Lauri K.J. Hauru,a Yibo Ma,a Michael Hummel,a Marina Alekhina,a Alistair W.T. King,b Ilkka
Kilpeläinen,b Paavo A. Penttilä,c Ritva Serimaac and Herbert Sixta*a

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX5
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Ionic liquid-cosolvent systems have been proposed as selective solvent media for lignocellulosic
materials. We present the ionic liquid-aided fractionation of silver birch (Betula pendula) combined with
an autohydrolysis pretreatment. Contrary to untreated birchwood meal, autohydrolyzed birchwood meal
reveals quantitative dissolution in 1-ethyl-3-methylimidazolium acetate and distinct separation into the10

individual wood polymers upon regeneration in acetone/water. The process yields two main fractions, a
cellulose-rich precipitate with a residual lignin content of 13–15% and another virtually pure lignin
fraction. No cellulose yield loss is observed during the ionic liquid processing step. A comprehensive
mass balance of the process, including insoluble material, wash waters, and soluble residues, is provided.
The product fractions are characterised for their chemical compositions, molar mass distributions and15

structural characteristics by Klason lignin and sugar analysis, 13C NMR, GPC and WAXS.  The study
investigates the effects of wood particle size and autohydrolysis intensity on fractionation efficiency and
selectivity.

Introduction
The global production of textile fibres is predicted to increase20

from 72.5 million t in 2010 to 133.5 million t in 2030. Also
expected are an increase in per capita consumption (from 10.5 to
15.5 kg per capita and year) and population (from 6.9 to 8.3
billion) 1. The inherent physiological properties of cellulose fibres
ensure adequate moisture management, which cannot be achieved25

by synthetic fibres. Since these properties are required for many
fibre products, both natural and man-made, a minimum constant
share  of  cellulosic  fibres  of  33  to  37%  of  global  fibre
consumption has been projected.1 Consequently, the annual per
capita consumption of cellulosic fibres will increase from the30

present  3.7  kg  to  5.4  kg  in  2030.  At  the  same  time,  cotton
production will stagnate at a level of about 26 million t per year
(3.1 kg per capita in 2030) due to an estimated shrinkage of
cotton growing areas despite a concomitant increase in annual
specific yields. The only way to compensate for the resulting gap35

of 1.7 kg per capita is to produce more man-made cellulosic fibre
(viscose, Lyocell, cellulose acetate, cupro, etc.), which, in
absolute terms, translates into a growth of 14.8 million t, from the
present 4.2 to 19.0 million t in 2030. In addition to the necessary
investments in new viscose and Lyocell fibre capacities, the40

production of dissolving pulp should be developed further.
Dissolving pulp has a high cellulose content and a minimum
amount of inorganic and non-cellulosic organic impurities.2

 Currently, dissolving wood pulps are produced by acid sulfite
and vapor-phase prehydrolysis kraft (PHK) processes, which45

were both developed in the 1950s. While the former remained

technically largely unchanged, a modern displacement cooking
procedure (Visbatch® and VisCBC®) was adopted in the steam
prehydrolysis kraft process.2 The growing demand for high-purity
dissolving pulps, however, requires the development of novel50

concepts that allow both the realization of advanced biorefinery
methods and the manufacture of pure cellulose pulps.
 In the biorefinery concept, changing from steam to water
prehydrolysis (autohydrolysis) would allow the selective
separation of major parts of hemicelluloses in the form of oligo-55

and monosaccharides, acetic and formic acids. Autohydrolysis is
typically  carried  out  at  a  water-to-dry  wood  ratio  of  3:1  at
temperatures between 150 and 180 °C for 30 to 120 min.2

Because only acid-soluble lignin is extracted, further
delignification is required. Unfortunately, sticky precipitates are60

formed from dissolved acid-soluble lignin, which currently
prevents the commercial application of autohydrolysis as a
pretreatment of alkaline delignification processes.3

Autohydrolysis of hardwood causes a significant increase in the
delignification rate during subsequent kraft or soda-65

anthraquinone (SAQ) pulping.4,  5 Thus, milder cooking
conditions, expressed in a lower H-factor (isothermal reaction
time) or lower chemical charges, are sufficient to achieve the
required degree of delignification. However, alkaline
delignification of autohydrolyzed wood is associated with high70

cellulose losses because of -elimination (peeling reactions), even
under mild conditions. Cellulose yield remains almost unaffected
by autohydrolysis until relatively high intensities, while the
degree of polymerization (DP) is decreased by the hydrolytic
cleavage of glycosidic bonds, thus creating new reducing end75
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groups, which in turn are subjected to loss reactions in
subsequent kraft pulping. Therefore, alternative delignification
methods of autohydrolyzed wood are necessary to preserve
cellulose yield. Acid sulfite pulping is a potential option, but
autohydrolysis leads to deactivation of the lignin for subsequent5

sulfonation reactions.6

 Herein, we propose a separation of the lignin from
autohydrolyzed wood by ionic liquid-aided fractionation (ILAF).
Fractionation of biomasses with [bmim]Cl (1-butyl-3-
methylimidazolium chloride) was suggested by Fort et al.7 and10

Kilpeläinen et al.8 Sun et al. (2009) proposed a fractionation
scheme in which southern yellow pine (Pinus spp.) or red oak
(Quercus rubra)  wood  meal  was  treated  with  [emim][OAc]  (1-
ethyl-3-methylimidazolium acetate), thereby dissolving the wood
polymers. The subsequent homogeneous fractionation is afforded15

by  the  addition  of  a  mixture  of  acetone  and  water  at  1:1  v/v  in
which cellulose is regenerated in its cellulose II structure.9

Alternatively, in heterogeneous fractionation, cellulose remains in
a solid state and thus in the native cellulose I  structure,  whereas
lignin and or hemicellulose are dissolved. If conditions are20

selected appropriately, heterogeneous fractionation is possible
with cellulose-dissolving ILs, such as [emim][OAc].10, 11

However, solvent mixtures12 and hydrophobic cellulose
nonsolvent ILs13 have also been considered for this purpose.
 In preliminary fractionation trials using Sun's protocol9 for25

homogeneous fractionation, we obtained significantly different
results for untreated silver birch (Betula pendula) and Scots pine
(Pinus sylvestris). Although fractionation was confirmed, a
substantial part of the wood meal remained insoluble.
Consequently, precise mass balances, including all fractions from30

the procedure, were desired.
 Pretreatment  of  the  biomass,  such  as  by  steam  explosion  of
rice straw, improves lignin solubility and thus allows lignin
extraction with an IL.14 In this study, the effect of the
autohydrolysis of birchwood meal on the efficiency of35

homogeneous fractionation of wood polymers is investigated.
Furthermore, emphasis is placed on a comprehensive mass
balance that includes wash water, IL-insolubles, and residual
soluble fractions as well as an advanced analytical
characterization of the main cellulose and lignin fractions.40

Materials and methods
Materials

Pure triflamine (HNTf2) was produced by short-path vacuum
sublimation from LiNTf2 in concentrated H2SO4 (10x molar45

excess) at 100 °C using a water-jet vacuum (ca. 10 mbar). Birch
sawdust (Betula pendula, Finnish Forest Research Institute
(Metla), Finland), was dried, reduced to <125 µm and extractives
were removed by extraction with acetone in a Soxhlet extractor.
The commercial sawdust used had an average particle size of50

1.63 mm, and 87% passed a 0.5 mm sieve; for the particle size
distribution, see supporting information.† Dissolved wood lignin
(DWL) was prepared according to Fasching et al. and contained
91.8% lignin.15

Autohydrolysis55

Autohydrolysis was conducted in a 300 mL autoclave equipped

with a heat-exchanger, a stirrer and temperature control.
Birchwood meal was placed in the reactor, together with a
predetermined amount of deionized water to reach a liquid-to-
wood (L:W) ratio of 4:1 g/g. The temperature in the reactor was60

raised to the setup temperature of 170 °C within 50 min, and after
an isothermal treatment time, the water extract was drained
through a bottom valve. The reactor was then rapidly cooled, and
the wood residue was recovered, washed six times (1:2 water-to-
wet wood ratio) and oven dried.65

 Autohydrolysis was conducted at two different intensities,
corresponding to P-factors of 500 and 1500, respectively, by
varying treatment time.16

Dissolution of wood

The preparation of wood solutions requires the use of high shear70

forces to break the gelatinous structure of the swelled wood into a
solution; hence, magnetic stirring is insufficient. A vertical
kneader (b+b Gerätetechnik) was used to mix the prepared
birchwood  meal  adjusted  to  a  5%  dry  solid  content  (25  g,  with
475  g  [emim][OAc])  at  100  °C.  A  press  filter  was  used  to75

separate the undissolved material (8.7 MPa, 100 °C, nominal 1
µm  mesh).  (For  a  detailed  description  of  the  kneader  and  the
press filter, see supporting information.†) A 20x magnification
optical microscope was used to demonstrate the absence of grains
in the filtrate.80

Fractionation

Untreated and autohydrolyzed birchwood meal and birch sawdust
were utilized as raw material for the fractionation process (Figure
1), which was adapted from Sun et al.9 The filtered wood solution
was regenerated with acetone-water (1:1 v/v, 3:1 antisolvent/85

solution, mixed first with a stick mixer), rinsed with an equal
amount of acetone-water, and washed six times with hot water
(3:1) to yield cellulose-rich precipitate 1, the main product. In
each step, homogenization was achieved with an Ultra-Turrax
high-shear mixer at 12000 rpm and centrifugation (3000g, 1090

min) was used throughout for the separation of solids and the
liquid. The acetone waters were combined, and the acetone was
evaporated in a rotary evaporator, which caused the lignin-rich
precipitate 2 to form. This precipitate was separated and washed
twice with water. The remaining residual solution, containing95

soluble  lignin,  water  and  most  of  the  IL,  and  the  wash  waters
containing the rest of the IL, were concentrated in a rotavapor to
collect all remaining material for analysis.

100

Fig. 1 Fractionation scheme
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Balances

Balances were constructed from the components: 1) The washed
precipitates 1 and 2 were freeze-dried and analyzed for Klason
lignin, acid-soluble lignin (ASL), sugars, acetyl, furfural (F) and
hydroxymethylfurfural (HMF). For the mass balances, the furans5

were expressed as anhydrosugars. 2) Samples of wood insolubles
(filter retentate) were metathesized with HNTf2 to remove the IL
(see below), and the formed solid and aqueous solution were
analyzed  for  Klason,  ASL,  sugars  and  furans.  3)  The  same
procedure was used for the concentrated residual solution and10

concentrated wash water.
 The wet yield was measured gravimetrically for each fraction,
and the dry yield was estimated from the measured solid content
and wet yield. The results are expressed as a yield per original
wood ("per o.d. wood"); for tables of compositions, see15

supporting information.† In our experiment, known experimental
error from weighing is negligible; the adventitious loss of
material in handling is the likely source of error in mass yields.
 With commercial sawdust, an abbreviated ionic liquid-aided
fractionation (ILAF) procedure was used. The recovery of20

residual solution and washwater solubles was omitted, and minor
sugars (rhamnose, arabinose and galactose) were ignored due to
low yield.

Metathesis of [emim][OAc]

Fractions dissolved in ionic liquids were recovered employing the25

metathesis reaction:

[emim][OAc](aq) + HNTf2(aq)  [emim][NTf2](l)  + HOAc(aq)

The IL solution to be analyzed (wood insolubles, residual
solution or wash-water concentrate, 10–25 g) was diluted with
water (50 g) and titrated with 50% aqueous HNTf2 in 0.1–1 ml30

steps until the conductivity reached a minimum (6.3–7.2 mS/cm)
and the pH 2 was reached. The [emim][NTf2](l)  separates  as  a
water-insoluble heavy phase that is centrifuged and pipetted off;
the remainder adsorbed on the precipitate is removed with a small
amount of CH2Cl2. The heavy phase is a nonsolvent to biomass:35

no precipitate formed in the evaporation of CH2Cl2 or  in  the
addition of excess diethyl ether. Most of the biomass precipitates,
yielding the main solid fraction ("solid"), while a small amount of
water-soluble material is left in the supernatant aqueous liquid
phase ("liquid"). The yield of the "solid" in a fraction was40

calculated from the mass of solid obtained on freeze drying. The
yield of the "liquid" is assumed to be the sum of dissolved lignin
(ASL determined by its absorbance) and dissolved neutral
carbohydrates as determined by HPAEC-PAD chromatography
(see below).45

Carbohydrate and lignin analyses

Samples derived from all fractions were prepared for analysis by
freeze-drying. Klason lignin, acid-soluble lignin and sugar
analysis followed the protocol of Sluiter et al.,17 and furans and
acetic acid were determined by high-performance liquid50

chromatography (HPLC) (see the detailed description in the
supporting information†). Sugars were quantitated with high-
performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD). However, the
determination of the acetyl content was possible only for the solid55

washed precipitates 1 and 2, because the IL contains the acetate
anion, masking any biomass-derived acetate found in other
fractions. The polymeric wood components were calculated with
the formulae suggested by Janson based on the neutral
monosaccharide components, acid-soluble and insoluble lignins60

(Klason lignin) and acetyl groups, respectively.18  For  the  water
phases from the metathesis reaction, the first Klason hydrolysis
step  at  72%  was  omitted,  and  lignin  (ASL)  was  measured  in  a
Shimadzu UV-2550 spectrophotometer at a wavelength of 280
nm  using  an  absorption  coefficient  of  20.6  L/(g  cm)  against  a65

blank sample.

Molar mass distribution of holocelluloses

Molar mass distribution of the polysaccharide fractions from
untreated and autohydrolyzed birchwood and precipitate 1 by
means of gel permeation chromatography (GPC) requires the70

selective removal of lignin. The respective holocellulose fractions
were prepared by the acid chlorite method (see supporting
information†).19 To ensure molecular dispersion in LiCl/DMAc,
the birch holocellulose sample was pretreated with
ethylenediamine.20 Molar mass distributions were determined by75

gel-permeation chromatography in lithium chloride/dimethyl
acetamide (LiCl/DMAc) and then deconvoluted into three
Gaussian functions (see supporting information†). Calibration
was done indirectly with pullulan standards with molar masses
determined by MALLS. As a reference sample for the cellulose-80

rich fraction, precipitate 1, a commercial Eucalyptus urograndis
prehydrolysis-kraft (PHK) dissolving pulp was used.

Molar mass distribution of lignin

Precipitate 2, which was mostly lignin, was analysed by gel-
permeation chromatography (GPC) with tetrahydrofuran (THF)85

as the eluent, using an Agilent system with Styragel HR-5E and
Styragel HR-1 columns and refractive index and UV diode array
detectors. Acetylated DWL was used for comparison. Precipitate
2 was first acetylated by acetic anhydride/pyridine for NMR
analysis. However, due to its insolubility in THF, it was dissolved90

in LiCl/DMAc, further acetylated with acetyl chloride/pyridine
and then analyzed (see supporting information†). The
reproducibility of lignin molar mass distributions is known to be
problematic.21 Calibrated molar masses are nevertheless
presented although they can be only compared in relative terms.95

Crystallinity

Wide-angle x-ray scattering (WAXS) measurements were carried
out under perpendicular transmission geometry with a setup
consisting of a Seifert ID 3003 X-ray generator (voltage 36 kV,
current 25 mA) equipped with a Cu tube (wavelength 1.54 Å), a100

Montel multilayer monochromator, and a MAR345 image plate
detector.  The samples (native birchwood and precipitate 1) were
powdered but not further processed, placed inside metallic
sample holder rings 1 mm thick and sealed on both sides with
Mylar foil. The calculation of crystal size and crystallinity was105

carried out as previously presented by Penttilä et al.22

CP/MAS 13C NMR

Solid-state cross polarization/magic angle spinning nuclear
magnetic  resonance  (CP/MAS  NMR)  analysis  was  done  on
samples of the solid wood insolubles and precipitate 1 with a110
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Table 1 Yields of each component per original wood (w-% per o.d. wood) in each ILAF fraction for the native birchwood experiment (for compositions,
see supporting information, Table S2)

Birch Insoluble Precipitate 1 Precipitate 2 Residual Washwater Sum
Yield 100.00 15.31 73.08 2.28 8.27 5.80 104.73

Klason lignin 18.24 1.56 12.13 1.37 1.54 0.00 16.60
ASL 3.09 1.98 3.21 0.18 3.23 0.33 8.93

Lignin 21.33 3.55 15.34 1.55 4.77 0.33 25.53
Acetyl 4.31 n.d. 0.33 0.01 n.d. n.d. 0.34

Cellulose 47.78 7.43 40.84 0.40 0.66 0.34 49.67
Glucomannan 2.46 0.46 1.58 0.02 0.08 0.00 2.14

Xylan 23.04 3.57 14.51 0.28 2.19 5.13 25.68
Rhamnose 0.28 0.05 0.00 0.00 0.08 0.00 0.13
Arabinose 0.30 0.00 0.20 0.01 0.14 0.00 0.36
Galactose 0.49 0.26 0.27 0.01 0.35 0.01 0.90

Hemicellulose 26.58 4.33 16.57 0.32 2.84 5.13 29.20
Carbohydrates 74.35 11.76 57.41 0.72 3.50 5.47 78.87

Table 2 Yields of each component per original wood (w-% per o.d. wood) for the autohydrolyzed wood and in each ILAF fraction for the autohydrolyzed
birchwood experiment (for compositions, see supporting information, Table S3)5

Birch AH-birch Insoluble Precipitate 1 Precipitate 2 Residual Washwater Suma

Yield 100.00 75.02 1.75 52.78 3.87 10.07 1.96 95.41
Klason lignin 18.24 18.30 0.32 6.37 3.31 5.35 0.36 15.64

ASL 3.09 1.77 0.12 0.84 0.13 2.94 0.26 5.60
Lignin 21.33 20.08 0.43 7.20 3.43 8.20 0.61 21.13
Acetyl 4.31 0.52 n.d. 0.26 0.02 n.d. n.d. 4.07

Cellulose 47.78 42.71 1.16 40.94 0.26 0.40 0.71 48.55
Glucomannan 2.46 1.14 0.02 0.56 0.01 0.10 0.02 2.02

Xylan 23.04 10.38 0.14 3.81 0.15 1.35 0.62 18.72
Rhamnose 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.28
Arabinose 0.30 0.05 0.00 0.00 0.00 0.00 0.00 0.26
Galactose 0.49 0.15 0.00 0.00 0.00 0.03 0.00 0.37

Hemicellulose 26.58 11.72 0.16 4.38 0.16 1.47 0.64 21.66
a The sum includes calculated loss in autohydrolysis (loss = birch – AH-birch).

Bruker Avance DPX300 spectrometer operating at a resonance
frequency of 75.46 MHz for 13C (see supporting information†).
13C NMR

Quantitative 13C  NMR  spectra  were  recorded  at  27  °C  using10

inverse gated proton decoupling sequences on a Varian Unity
Inova 600 spectrometer (600 MHz 1H frequency) equipped with a
5 mm direct detection broadband probe head. Lignin (100 mg)
was acetylated with 1 ml of acetic anhydride and pyridine.23 The
Q-13C NMR procedure was carried out according to the ILI00815

(International Lignin Institute) method (see supporting
information). Assignment of the resonances is based on Lin and
Dence23 and Capanema et al.24 The integrals are normalized such
that the integral of the aromatic region (101.5-157.0 ppm) is 6,
and the abundances of other functional groups are expressed per20

aromatic ring (Ar).

Results and discussion
Characterization of untreated and autohydrolyzed birchwood

The native birchwood was composed of 47.8% cellulose, 26.6%
hemicellulose and 21.3% lignin, of which 18.2% was Klason25

lignin and 3.1% was ASL. The autohydrolysis yield was 75.0% at
P-factor 500. As expected, most of the material lost in
autohydrolysis was xylan and other hemicelluloses, with the
concomitant removal of acetyl groups. Consequently, the
concentrations of cellulose and lignin in the autohydrolyzed wood30

were higher. Lignin removal was limited to acid-soluble lignin,
and  there  was  a  5%  per  o.d.  wood  yield  loss  of  cellulose  (see
Table 2).

Dissolution of wood meal and filtration of the solution

The pore size of the filter  (1 µm) is  sufficiently small  to ensure35

that all insoluble matter is removed and only a homogeneous
solution  is  used  for  fractionation.  This  was  confirmed  by  a
microscopic image where no particles could be detected. For
native birchwood, 30 h of kneading at 100 °C was required, and
filtration proceeded linearly at a rate of 0.135 g h-1 / cm2 to give40

7% IL-wet wood insolubles per IL-wood mix input. The IL-wet
wood insolubles contained 10.4% solid (of which 1.3% was
water-soluble) and represented 15.3% per o.d. wood of wood
input. Filtration did not lead to chemical fractionation since the
composition of the wood insolubles remained comparable to that45

of the original wood with 48.5% cellulose, 23.2% lignin and
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28.3% hemicellulose (for detailed compositions, see supporting
information). However, diffusion of the ionic liquid into the
wood can be considered complete, because both the wood
insolubles and precipitate 1 were found to contain only
regenerated cellulose II. Namely, in solid-state 13C CP/MAS5

NMR, C-4 peaks (89 ppm) and C-6 peak pairs (63 and 61 ppm)
were  found,  whereas  the  C-6  peak  of  cellulose  I  (65  ppm)  was
absent (see supporting information, Figures S2–3).25, 26 The
mixture remains grainy, despite being extensively kneaded, as the
kneader does not apply cutting or impact forces on the wood10

material. However, a kneader is still necessary because the
resulting polymer solutions are highly viscous. To make wood
soluble as is, prolonged ball milling would be required.27 With
autohydrolyzed wood, dissolution of the wood and filtration of
the solution were significantly accelerated compared to native15

wood. After the mixture of autohydrolyzed birchwood and
[emim][OAc] was kneaded for 12 h, the filtration rate was
quadrupled to 0.539 g h-1 /  cm2. Thus, the amount of insolubles
was reduced from 15.3% (Table 1) to only 1.75% on o.d.  wood
when the wood was pretreated by autohydrolysis with a P-factor20

of 500 (Table 2).

Fractionation of wood polymers

Chemical fractionation was negligible when native birchwood
meal  was  used  (Table  1):  most  of  the  wood  (73.1%)  was
recovered as precipitate 1 with a composition of 55.9% cellulose,25

22.7% hemicellulose and 21.0% lignin, which is close to that in
native birchwood. All soluble cellulose (40.8% per o.d. wood)
was found in precipitate 1, and the rest (7.4% per o.d. wood) was
accounted for by the wood insolubles. Deacetylation was
apparent in the reduction of the acetyl content from 4.3% to30

0.3%, previously observed by Çetinkol et al.28

 The  yield  of  precipitate  2  was  rather  small  at  2.28% per  o.d.
wood, which afforded 1.55% lignin on o.d. wood (7.2% of lignin
input from wood), far from a good lignin recovery.
Correspondingly, 8.27% per o.d. wood biomass was recovered in35

the residual solution, of which 4.77% per o.d. wood was lignin.
Of this, 2.78% per o.d. wood lignin was water-soluble, which
would complicate its recovery. The water soluble fraction (wash
water) accounted for 5.80% of o.d. wood, most of which (88%)
consisted of xylan, the rest being acid soluble lignin and glucan40

(from degraded cellulose) in equal shares (Table 1). Xylan is
mobilized by IL treatment and becomes extractable by water.
Together, the fractions accounted for all the cellulose, lignin and
hemicellulose as shown in Table 1.
 Using autohydrolyzed wood filtrate for fractionation (Table 2),45

the cellulose yield was also essentially preserved. Precipitate 1
accounted for 95.9% of the cellulose input from autohydrolyzed
wood, or 98.6% if the insoluble fraction was included as above.
Hydrothermal pretreatment improved not only the solubility of
the wood residue, but also the fractionation efficiency and50

selectivity. The obtained precipitate 1 consisted of only 7.2%
lignin and 3.8% of xylan on o.d. untreated birchwood, which
corresponds to removal rates of 64% and 63%, respectively.
Composition-wise, dried precipitate 1 consisted of 13.6% lignin
(kappa number ~ 85), 8.3% hemicellulose (7.2% xylan and 1.1%55

glucomannan) and 77.6% cellulose (Table 6), completely
converted to cellulose II crystal structure (see X-ray diffraction
below).

60

Fig. 2 Molar mass distributions obtained by GPC. Birch, AH-birch and
precipitate 1 were delignified according to Wise.19

 The yield of the lignin-rich fraction, precipitate 2, increased
from 2.3% to 3.9% on o.d. wood and, at the same time, the lignin
purity increased from 68% (without autohydrolysis) to 89%.65

Owing to hemicellulose extraction in autohydrolysis, washing of
precipitate 1 removed only 2.0% per o.d. wood material
(compared to 5.8% per o.d. wood without autohydrolysis). In
contrast, the amount of residual solutes remaining after the
separation of precipitate 2 was increased from 7.6% to 10.1% per70

o.d. wood with autohydrolysis, comprising 8.2% per o.d. wood
lignin and 1.9% per o.d. wood carbohydrates.
 Mixtures of cellulose (pulp) and lignin are fractionated
chemically by ILAF. This indicates that the zeta potential
difference is more than enough for selective formation of75

micelles and flocculation. However, native wood does not
dissolve or fractionate well, because of strong interaction
between lignin and carbohydrates, presumably forming lignin
carbohydrate complexes (LCCs). Thus, the separation of lignin
from hemicelluloses and even from cellulose is largely prevented80

since the LCCs also exist in the dissolved state.29 Hydrothermal
treatment of wood is known to weaken the lignin-hemicellulose
interactions.30 This  is  also  confirmed  by  the  finding  that  great
parts of the hemicellulose are solubilized as oligo- and
monosugars (14.9% on o.d. wood) in autohydrolysis, while only a85

small lignin fraction enters the hydrolysate (1.25% on o.d. wood).
However, a quantitative separation of the lignin and carbohydrate
fractions is prevented by the presence of residual or reformed
LCCs. Although the autohydrolysis pretreatment reduces the
lignin retention in precipitate 1 from 72% to 34% per original90

lignin, it is still higher than in typical kraft pulping fractionation,
where the lignin content in the unbleached pulp accounts for
about 5% of the wood lignin only.

Molar mass of carbohydrates

The measurement of the molar mass distributions of the95

carbohydrate fractions from birchwood, autohydrolyzed
birchwood and precipitate 1 requires the extensive removal of
lignin while largely preserving the carbohydrates. This can be
accomplished by chlorite delignification, whereby the lignin
content was reduced to 11.9%, 3.4% and 1.1% in the100

holocelluloses from wood, autohydrolyzed wood and precipitate
1, respectively. Wood holocellulose was further treated by
ethylenediamine (EDA) to allow the formation of a monodisperse
solution in LiCl/DMAc (see supporting information†, Table S5).
The carbohydrate composition of the delignified precipitate 1 was105
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Table 3 Weight-average molecular mass (kDa), with PDI in parentheses, of deconvoluted GPC peaks of the holocelluloses, related to original fraction
composition

Hemicellulose Cellulose peaks Whole material Glucan (HPAEC)a Cellulose (GPC area)a

Birch 34 (1.3) 584 (2.4) 3180 (1.4) 598 (10.2) 47.8 48.0
AH-birch 22 (1.7) 161 (2.0) 872 (3.5) 293 (7.8) 56.9 54.7
Precip. 1 87 (1.4) 207 (2.2) 176 (3.2) 77.6 71.1
PHK pulp 21 (1.8) 233 (2.0) 221 (2.9) 94.4 94.3
a w-% per o.d. original fraction, taking lignin and acetyl content into account.

Fig. 3 Wide-angle X-ray scattering intensities from powder diffraction5

Fig. 4 Size-exclusion chromatography of precipitate 2 from
autohydrolyzed birch, with diode array detector (DAD) and refractive

index (RI) traces for lignin and nonselective mass detection, respectively.10

comparable to that of a commercial prehydrolysis kraft pulp
(PHK) (Table S1), which is also reflected in a similar molar mass
distribution as revealed in Figure 2. The peaks were deconvoluted
(see supporting information) to three component peaks of which
the molar masses are presented in Table 3. The cellulose and15

hemicellulose contents of the original fractions, determined by
lignin, acetyl and sugar analysis (HPAEC), can be simply related
to the GPC peaks produced by the delignified samples: the lowest
molar mass peak corresponds to hemicellulose and the others to
cellulose (Table 3). Birch holocellulose has a bimodal20

distribution with a low-molar mass hemicellulose peak and a
long-tailed cellulose peak, which are consistent with undamaged
carbohydrates. Autohydrolysis causes significant
depolymerization of cellulose (compare cellulose peaks of birch
and AH-birch in Table 3), but almost no losses, while 56% of the25

hemicelluloses are extracted. In precipitation of precipitate 1 from
ionic liquid solution, polysaccharides in the molar mass range

2.5–25 kDa remain in solution and are thus efficiently removed.
Indeed, the product (precipitate 1) reveals a narrow molar mass
distribution (MMD), shifted to lower molar mass, but otherwise30

comparable to that of a commercial pre-hydrolysis kraft pulp
(PHK). The low-molar mass peak in precipitate 1 is  not  as well
resolved because its molar mass is considerably higher and thus it
significantly overlaps with the cellulose peaks; for other
fractions, the agreement is excellent. Precipitate 1 holocellulose35

and PHK pulp have weight-average molar masses of 176 and 221
kDa, respectively.

Crystallinity

The crystalline forms of cellulose in native and autohydrolyzed
wood and precipitate 1 were determined by wide-angle X-ray40

scattering (Figure 3). Cellulose remained as cellulose I in
autohydrolysis and converted entirely to cellulose II with IL
treatment, as described in the literature.8 The scattering maxima
characteristic to cellulose I found in the autohydrolyzed wood (2
=  15.0°,  16.9°  and  22.4°  from  lattice  planes  (11̄0), (110) and45

(200)) were exchanged to cellulose II peaks upon dissolution and
precipitation (2  = 12.0°, 20.1° and 21.2° from (11̄0), (110) and
(200)). The crystallinity of cellulose I remained unchanged
between native and autohydrolyzed wood (crystallinity indices
29±3% and 30±3%, respectively), but the average crystal width50

was increased by autohydrolysis (3.4±0.1 and 4.6±0.1 nm, from
the 200 lattice plane reflection in cellulose I ).  In  precipitate  1,
the crystallinity of cellulose II is low, but a percentage was
difficult to estimate.

Molar mass distribution of lignin55

The molar mass of precipitate 2 derived from autohydrolyzed
wood was substantially lower than that of a lignin isolated from
birchwood under mild conditions (DWL).15 While precipitate 2
showed a monomodal distribution with a peak centered at 4.9
kDa, DWL had a bimodal distribution with peaks centered at 6.060

kDa and 16 kDa (Figure 4). The result confirms that
prehydrolysis causes depolymerization of the lignin.31  In contrast
to DWL with the LCCs largely preserved, the lignin recovered in
precipitate 2 may be assumed to be largely LCC-free since ILAF
selects for lignin cleaved from LCCs. Analogously, lignin65

extracted from autohydrolyzed aspen (Populus tremuloides) by
90% dioxan has a bimodal distribution, where the high-molar
mass lignin is rapidly depolymerized in autohydrolysis.
Condensed lignin remains insoluble in the extractant.31
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Table 4 Signal assignment and integration of Q-13C-NMR data.

Range (ppm) DWL Precip. 2
S/G ratio 2.21 2.42

Ar–O–R / Ar 160.0–142.0 1.96 1.96
Ar–C–R / Ar 142.0–125.0 1.79 2.09
Ar–H–R / Ar 125.0–101.5 2.25 1.96

Condensationa 1.67 2.07
Syringyl / Ar 109.5–101.4 0.67 0.60
Guaiacyl / Ar 125.0–109.5 0.30 0.25

Total aliphatic /
Ar

N/A 2.77 1.74

Methoxyl / Ar 57.0–54.5 1.64 1.53
Phenolic OH / Arb 168.8–167.6 0.25 0.40

Prim. OH/ Arb 171.1–169.8 0.78 0.52
Sec. OH / Arb 169.8–168.8 0.72 0.32

-O-4:  / Ar 81.0–80.0 0.62 0.32
 / Ar 86.2–85.1 0.03 0.02

a Degree of condensation: (Ar–C–R + Ar–C–O) / Ar–H–R; b Detected
using the methyl group introduced by the acetylation.

Table 5 Yields per o.d. wood compared between particle sizes and P-
factors: I. P500 / <0.125 mm, II. P500 / 1.63 mm, III. P1500 / 1.63 mm.5

Birch AH-birch Insoluble Precip. 1 Precip. 2
Yield I 100.0 75.0 1.7 52.8 3.9

II 73.2 4.0 53.5 3.5
III 69.6 1.1 50.0 6.1

Klason
lignin

I 18.2 18.3 0.3 6.4 3.3

II 17.3 0.9 6.7 2.1
III 20.2 0.4 6.6 5.1

ASL I 3.1 1.8 0.1 0.8 0.1
II 1.7 0.3 1.3 0.3
III 1.5 0.1 1.4 0.4

Lignin I 21.3 20.1 0.4 7.2 3.4
II 18.9 1.2 8.0 2.4
III 21.7 0.5 8.0 5.6

Cellulose I 47.8 42.7 1.2 40.9 0.3
II 44.2 2.0 39.3 0.8
III 42.8 0.4 39.0 0.2

Glucoman
nan

I 2.5 1.1 0.0 0.6 0.0

II 1.1 0.0 0.7 0.0
III 0.3 0.0 0.0 0.0

Xylan I 23.0 10.4 0.1 3.8 0.1
II 8.9 0.7 5.5 0.2
III 4.8 0.1 3.0 0.3

Hemicellu
lose

I 26.6 11.7 0.2 4.4 0.2

II 10.1 0.7 6.2 0.2
III 5.1 0.1 3.0 0.3

Carbohyd
rate

I 74.4 54.2 1.3 45.3 0.4

II 54.2 2.8 45.5 1.0
III 47.9 0.6 42.0 0.5

Table 6 Compositions (w-%) of precipitate 1, with particle sizes and P-
factors: I. P500 / <0.125 mm, II. P500 / 1.63 mm, III. P1500 / 1.63 mm.
(For all fractions, see supporting information, Tables S5–6.)

I II III
Lignin 13.6 14.9 13.1

Cellulose 77.6 73.6 78.0
Hemicellulose 8.3 11.5 6.1

Chemical analysis of lignin by NMR

The most important lignin structures of precipitate 2 were10

analyzed by 13C spectroscopy (Table 4), and the results compared
to dissolved wood lignin. Precipitate 2 shows chemical changes
consistent with autohydrolysis.5, 32 A higher content of total  free
phenolic hydroxyls and the decreased content of -O-4 linkages

confirm that the precipitate 2 lignin is depolymerized by -O-415

bond cleavage. In contrast, the quantity of stable  bonds does
not change significantly. Both the methoxyl content and the Ar–
O–R/Ar ratio
remain largely unchanged. As expected, the amounts of primary
and secondary alcohols decrease upon autohydrolysis owing to -20

elimination and homolytical fragmentation.5, 33

 Table 4 shows that the degree of condensation in the
precipitate 2 lignin, i.e. increased formation of Ar-C-R bonds,  is
only slightly higher than in the DWL lignin. Thus, precipitate 2
would be probably suitable for chemical uses without extensive25

further purification steps, given its low degree of condensation
and high number of free phenolic groups, in addition to a lack of
sulfur.34

 The C-1 resonance at 100.3 ppm confirms the presence of
carbohydrates  in  DWL,  which  is  expected,  since  DWL  is30

considered to contain LCCs. Although precipitate 2 contains
10.9% carbohydrates (by HPAEC), the C-1 resonance was
absent. Cross signals for xylans and other polysaccharides in the
oxygenated region (63–75 / 3.2–3.8 ppm) were not found in
precipitate 2, which was probably because of the cleavage of35

LCCs and the absence of xylan.35, 36

Particle size and severity of autohydrolysis

Finely powdered wood meal with a particle size <0.125 mm was
selected to avoid mass transfer limitations in the dissolution step.
The high costs and the technical problems associated with the40

preparation and application of this powdered wood meal prohibits
its commercial use. Therefore, the fractionation performance of
commercial sawdust (average particle size of 1.63 mm) after
hydrothermal treatment with P-factors 500 (II) and 1500 (III) was
investigated following the fractionation scheme outlined in45

Figure 1. The high P-factor of 1500 was chosen to see if a more
drastic autohydrolysis would initiate a more pronounced cleavage
of LCCs as would be demonstrated in a more efficient lignin-
carbohydrate separation.  The results of the ILAF of the P500 (II)
and P1500 (III) pretreated birch sawdust are summarized in Table50

5 in comparison to the results obtained from the P500 pretreated
powdered wood meal (I). The differences in yield and
fractionation efficiency are surprisingly low.
 The most obvious effects of the larger particle size are
demonstrated by an increased amount of the insoluble fraction55

(1.7% vs. 4.0% per o.d. wood) as well as an increased xylan
content in the precipitate 1 fraction (3.8% vs. 5.5% per o.d.
wood). Thus, the larger wood particles deteriorate the
fractionation efficiency due to mass transfer limitations and
decreased accessibility. This deficiency, however, was clearly60

compensated with higher autohydrolysis intensity (Tables 5 and
6). The amount of the insoluble wood fraction decreased to only
1.1% on o.d. wood (III) and the xylan content in precipitate 1
decreased to 3.0% on o.d. wood (i.e. 6.1% on o.d. precipitate 1).
At the same time the lignin yield in P2 increased from 3.4% in (I)65

to 5.6% in (III) on o.d. wood. These results confirm the validity
of the assumption that autohydrolysis initiates the cleavage of
LCCs. Unfortunately, intensified autohydrolysis leads to the
recondensation of lignin which counteracts the increased
fractionation efficiency. This is demonstrated in a slight increase70

of the lignin content in precipitate 1. The recondensation of lignin
during autohydrolysis could be retarded by the addition of radical
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scavengers, like 2-naphthol, or by performing autohydrolysis in a
flow-through reactor where the reactive lignin degradation
products are continuously discharged. However, the
improvements in fractionation efficiency associated with these
process modifications are expected to be not sufficient to5

compete with a conventional PHK process.

Conclusions
15% of untreated birchwood remains insoluble in [emim][OAc],
even when the particle size is <0.125 mm. Subsequent
precipitation in acetone-water does not lead to any appreciable10

fractionation. With autohydrolysis, birchwood is rendered
completely soluble and the cellulose-to-lignin ratio increases
from 2.7 to 5.7 upon precipitation in acetone-water, probably
through a partial cleavage of lignin-carbohydrate complexes
(LCCs). Different to alkaline delignification after autohydrolysis,15

cellulose yield is preserved, but the crystal structure is converted
to cellulose II. An increase in particle size could be compensated
with a higher autohydrolysis severity, but the residual lignin
content could not be reduced below 13%.
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