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Factors Affecting Wood Dissolution and Regeneration of Ionic Liquids
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Three wood species, eucalyptus grandis (E. grandis), southern pine (S. pine), and Norway spruce
thermomechanical pulp (N. spruce TMP) were pretreated by dissolution in the ionic liquid (IL) I-allyl-3-
methylimidazolium chloride ([AMIM]CI). The wood was regenerated from the ionic liquid in high yield and
the recycling of the ionic liquid was nearly quantitative. The lignin contents and the efficiencies of cellulase
enzymatic hydrolyses of the regenerated wood were examined offering an understanding into the IL pretreatment
efficiency. The components that remained within the recycled ILs were qualitatively characterized by 3'P
NMR spectroscopy. Wood density, pulverization intensity, and the nature of the regeneration nonsolvents
were investigated as factors affecting the overall process. An increase in the wood density decreased the
efficiency of the pretreatment, whereas extended pulverization periods decreased the yield of the regenerated
wood after the IL pretreatment,with more glucose being released during the enzymatic hydrolysis. The yield
of wood after IL pretreatment using water as the regeneration nonsolvent was found to be much higher than
that of using methanol. As the reuse cycles of IL increased the wood regeneration yield increased, while
certain wood components enriched within the recycled IL. The efficiency of cellulase enzymatic hydrolysis

on the regenerated wood decreased with increasing reuse cycles of the IL.

Introduction

The ever growing need of producing goods from decreasing
fossil based feedstock is a problem facing today’s society. This
issue has catalyzed the search for alternative sources of energy
and feedstock for materials and chemicals with renewable
resources occupying a prominent position. Furthermore, the
accumulating knowledge of environmental effects and of the
life cycle of products is affecting the way we view the
production of materials, chemicals, and energy.

It the United States, for example, bioethanol is routinely
mixed with gasoline to reduce the environmental effects of
emissions in transportation and to reduce the carbon footprint
of gasoline. However, most bioethanol in the United States is
currently produced from corn. This has a significant impact in
the amount of land used for food production, whereas the
demand for food is increasing with increasing world population.
Consequently, the production of biofuels from lingocellulosic
materials like wood and agricultural crop feedstock could be a
good choice for biofuel production, as such feedstock are still
underutilized.'

There are inherent difficulties to release glucose from
lignocellulosic materials because of the intricate nature of the
lignocellulosic substrate and the way lignin and polysaccharide
polymers coexist in such materials.? Pretreatment processes of
lignocellulose are essential in order to utilize the carbohydrates
in these materials especially cellulose. The purpose of the
pretreatment is to open the compact structure of lignocelluloses
and to improve the conversion of cellulose to glucose in the
hydrolysis step.> Glucose can then be further fermented to
bioalcohol (ethanol or butanol), but direct conversion of
cellulose or lignocelluloses to bioalcohol has so far been
impossible.
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The various pretreatment methods available for lignocellu-
loses have been reviewed recently,* ® and they may be classified
into different categories: physical (pulverization, irradiation,
etc.), chemical (alkali, acid, oxidizing agents, organic solvent
treatments, etc.), physicochemical (steam explosion, supercritical
fluid, wet oxidation treatments, etc.), biological (lignin-degrading
micro-organisms like white- and soft-rot fungi), and combina-
tions thereof. The main components of lignocellulose are lignin,
cellulose, and hemicellulose, in which the lignin, as a network
polymer, binds with the carbohydrates (hemicelluloses and
cellulose) to form a tight compact structure.'® Therefore, it is
nearly impossible to dissolve wood in conventional solvents in
its native state. Although dissolving wood is challenging, recent
discoveries have demonstrated that there are suitable media that
may allow the dissolution of of lignocellulosic materials. This
class of nonaqueous polar solvents are ionic liquids (IL) and
they may address the enumerated problems associated with the
compact nature of the lignocellulosic substrate.

Ionic liquids (IL) are by definition'"' low melting point (<100
°C) salts, which possess many advantages including very low
vapor pressure, low flammability, recyclability, and low toxicity.
The properties of ILs can be easily varied by changing the nature
of the anion or cation of the liquid. This offers the possibility
to fine-tune IL’s to fit a desired application. Furthermore, careful
selection of the cation and/or the anion makes ILs environmen-
tally friendly with good solvating ability for various compounds
playing a crucial role in green chemistry.'' "

Cellulose can be dissolved in 1-butyl-3-methyl- and 1-allyl-
3methyl-imidazolium chloride ([BMIM]CI and [AMIM]CI,
respectively) and in some imidazolium phosphate or formate
salts.'® % Pretreatment technologies of lignocellulosic materials
using ILs as a medium has become an active field in recent

years.?* 3

Chen et al. have reported that cellulose was effectively
converted to glucose by cellulose enzymes after pretreatment
with [BMIM]CI. IL pretreatment was combined with steam
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Chart 1. Schematic of the Overall Process Employed in This Study
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explosion and [BIMI]CI treatment after steam explosion gave
better yield of glucose after hydrolysis.?

Zarvel et al. have developed high-throughput method for fast
screening of dissolution power of different ionic liquids. It was
found that [EMIM]Acetate was the best solvent for wood
species.>’ Unfortunately the stability of [EMIM]Acetate is
questionable in wood dissolution, especially if recycling of the
IL solvent is desirable after dissolution. This is because wood
contains naturally occurring acids (for example: glucuronic acid
pK, = 3.18)** with pK,, of a similar range as that of acetic acid
(pK, = 4.76).* As such, the acetate ion may easily become
protonated forming acetic acid. This interplay of the naturally
occurring acetates in wood with acetate anions of IL may
seriously compromise the recycling effectiveness of acetate
containing IL’s.

Tan et al.** have developed a method for lignin extraction
from lignocellulosic materials. The ionic liquid used was
[EMIM] xylene sulfonate. High temperatures (170—190 °C)
were used in the extraction of lignin, which required a
demonstrable thermal stability for the used IL.

In our earlier work, we reported that both [BMIM]CI and
[AMIM]CI were good solvents for softwood such as Norway
spruce and southern pine, and the yield of glucose from
regenerated wood was found to be significantly higher than that
of untreated wood.*°

In this paper, we have further investigated the dissolution and
regeneration of three wood species (one hardwood and two
softwoods) in [AMIM]CI, and have discussed the effects of wood
density, pulverization and nature of nonsolvent (for the purposes
of precipitation and regeneration of wood from IL) on the efficiency
of IL pretreatment (see Chart 1). Furthermore, issues related to IL
recycling and reuse were investigated, since these are pivotal
considerations ensuring the cost efficiency of ILs.

Experimental Section

Eucalyptus grandis, southern pine, and Norway spruce
thermomechanical pulp (TMP) were the species examined and
were sampled as per our earlier accounts.®> The two softwoods
(southern pine and Norway Spruce TMP) were ball-milled using
a standard method reported in the literature.’

Unbleached Norway spruce thermomechanical pulp (TMP)
was sampled in a Swedish mill. The TMP was of approximate
38% consistency and 85 mL Canadian Standard Freeness
prepared by one-stage refining and a subsequent reject refining
(about 20%) stage. The pulp was sampled at the press stage
after the refined and refined reject pulps had been combined.
This pulp currently represents a standard sample, which is the
subject of Cost action E 41 entitled; “Analytical tools with
applications for wood and pulping chemistry” operated by the
European Union. The pulp was ground to pass a 20-mesh screen
in a Wiley mill and Soxhlet extracted with acetone for 48 h.
The resulting Wiley milled wood powder was air-dried and
stored in a desiccator under a vacuum.

Rotary-ball milling was performed in a 5.5-L porcelain jar
in the presence of 474 porcelain balls (9.4 mm in diameter),
which occupied 18% of the active jar volume. One hundred
grams of extractive-free wood powder were loaded into the jar,
creating a porcelain ball/wood weight ratio of 16.6. The milling
process was conducted at room temperature for up to 25 days
with a rotation speed of 60 rpm. The pulverized samples were
collected after 2, 5, and 8 days of pulverization. All wood
samples used were kept in a vacuum oven at 50 °C for 48 h
prior to use. After this period, the weight of the samples was
found to remain constant and the moisture content was almost
invariably <1%. [AMIM]CI was synthesized by a modified
literature method.?*~°
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Synthesis of 1-Allyl-3-methylimidazolium Chloride
(TAMIM]CI). This ionic liquid was synthesized by the reaction
of allyl chloride with excess 1-methylimidazole to avoid the
possible formation of acidic impurities. Freshly distilled allyl
chloride (0.95 equivalents) was added dropwise to the solution
of freshly distilled methylimidazole (1 equivalent) in dry acetone
and the mixture was slowly heated to 55 °C (overnight) under
a nitrogen atmosphere. After being cooled to room temperature,
the acetone phase was separated and the excess methylimidazole
was removed by extraction with more acetone. The crude
product was added dropwise to acetone and the mixture was
stirred for 5 h at room temperature (to decrease the viscosity,
the mixture was allowed to be heated to 40 °C) and then the
acetone phase was separated. This procedure was repeated five
times. The ILs layer was separated and condensed by rotary
evaporation. The crude product was further purified using active
carbon in boiling methanol. After filtration and further evapora-
tion of the volatiles, the product was dried under a vacuum at
40 °C for 48 h prior to use. 'H NMR (300 MHz, CDCls) 6
(ppm) 3.83 (3 H, s), 4.73 (2H, d, 3J = 6.3 Hz), 5.10—5.20 (2H,
m), 5.65—5.79 (1H, m), 7.30 (1H, s), 7.54 (1H, s), 10.10 (1H,
s). ’C NMR (300 MHz, CDCls) 6 (ppm) 136.58, 129.92,
123.47, 121.86, 121.34, 50.98, 35.89.

Pretreatment of Wood in Ionic Liquid: Dissolution,
Wood Regeneration, IL Recycling. The ionic liquid was
charged into a 100 mL dried flask equipped with a mechanical
stirrer, under an inert atmosphere of argon. The temperature of
the dissolution process was controlled by an oil bath. The wood
sample (particle size 0.1—2 mm) was then rapidly added into
the ionic liquid (wood/IL 8 wt %), and the dissolution proceeded
at 120 °C for 5 h with mild mechanic stirring. All wood
dissolved to form a yellow or yellow/brown solution. The wood
solution was gradually added into an excess of rapidly stirred
regeneration solvent (distilled water or methanol). The precipi-
tated bulky material was then filtered using a funnel (coarse
glass sinter) and was washed thoroughly with additional fresh
nonsolvent. A small sample of the regenerated wood was
withdrawn to determine its solids content by overnight oven-
drying at 110 °C allowing the regenerated wood yield to be
calculated. The filtrate was condensed by rotary evaporation,
dried under vacuum at 40 °C overnight to recycle the IL.

Enzymatic Hydrolysis and Glucose Determination. The
regenerated wood was freeze-dried and then it was treated with
cellulase (Iogen, Canada; filter paper activity) 130 FPU/mL)
using a previously optimized ratio®® of 40 FPU/g of wood. The
enzymatic hydrolyses were carried out at 40 °C for 48 h using
50 mM sodium acetate buffer (pH 4.5) at 5% consistency in an
orbital water bath shaker. After filtration, the solid was
quantitatively collected and oven-dried overnight at 110 °C
allowing for % yield determination. The filtrate from the
enzymatic hydrolysis was then diluted to a volume of 250 mL
using a volumetric flask. A series of 100 mL of distilled water
dilutions, containing 100—1000 L (in 100 uL intervals) of the
above filtrate were prepared. Four milliliters of each dilution
was then added into a test tube. A series of glucose standards
with the following concentrations were also prepared: 1 x 1079,
2x107% 4 x 1075, 6 x 1075, and 8 x 107° g/mL. In addition,
the coloring reagent was prepared by mixing 1 part of reagent
B with 50 parts of reagent A of BCA test kit (protein assay Kkit,
Sigma). Reagent B is a copper solution, and reagent A is a BCA
solution. The resulting solution was green in color, which should
be freshly prepared for every analysis. The color was finally
developed by adding (to each of the 4 mL of glucose standard
solution and diluted filtrates) 1 mL of coloring reagent. The
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Table 1. Yields of Regenerated Wood and of Recycled IL after the
Pretreatment of Various Wood Species with [AMIM]CI at 120 °C
for 5 h Using Water As the Nonsolvent

yield of yield of
wood regenerated recovered
wood (%) IL (%)
1 Eucalyptus grandis 96 100
2 Southern pine 99 99
3 Norway Spruce TMP 97 98

samples were then mixed using a Vortex mixer for few seconds,
then allowed to react at 60 °C (protected from light by covering
each tube with aluminum foil) and incubate for 2 h (stirring is
not necessary). Samples containing glucose turned purple. The
amount of glucose in the various samples was finally determined
spectrophotometrically at 562 nm against a blank.

Determination of Lignin Content. Klason lignin (acid
insoluble) and acid soluble lignin contents of original and
regenerated wood samples were determined according to the
method published by Yeh et al.”’

3P NMR Analysis of Recycled IL. Recovered IL (0.5 g)
was placed in a 5 mL vial, and then 150 4L pyridine was added
and mixed by vortex to form a homogeneous solution. Next,
200—400 uL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphos-
pholane reagent was added and mixed using the vortex, allowing
the formation of a yellow paste. Further additions of a solution
of Cr(acac); in CDCl3 (1 mg/mL) (500 uL) followed by
thorough mixing ensured a clear solution. Finally, the internal
standard (N-Hydroxy-5-norbornene-2,3-dicarboxylic acid imide)
solution was added, followed by another 500 uL of the solution
of Cr(acac); in CDCl; (1 mg/mL). The final solution was
transferred to an NMR tube and the 3'P NMR spectra were
recorded on a Bruker 300 MHz NMR instrument.

Results and Discussion

The pretreatment of wood was studied in accordance with
the detailed flow diagram depicted in Chart 1. Initially, the wood
was dissolved in ionic liquid (step A), typically an 8 wt %
solution of wood in IL was used. After the wood was dissolved
it was regenerated from the IL with nonsolvent (step B) and
then filtered to obtain the regenerated wood (step C1) and ionic
liquid with nonsolvent (step C2). The amount of lignin from
the regenerated wood was determined (step D1) and the
regeneration efficiency was determined via a cellulase enzymatic
hydrolysis of the regenerated wood (step D2). The ionic liquid
was then recycled by evaporating the nonsolvent (step D3). The
accumulation of wood related components within the recycled
ionic liquid was investigated using quantitative *'P NMR (step
E1). Furthermore, the effectiveness and the yield of recycling
the IL was examined (step E2).

Wood Density Effects on IL Pretreatment. Three wood
species (E. grandis, S. pine and N. Spruce TMP) were dissolved
in [AMIM]CI at 120 °C for 5 h and subsequently precipitated
from the IL with water as nonsolvent (see chart 1). The
regenerated wood (After step Cl in Chart 1) was nearly
quantitative (>95%) and practically all the IL could be recovered
(After step D3 in Chart 1; see Table 1 for details). The yield of
regenerated wood and the yield of recovered IL was determined
as weight percent from the original amount of wood or IL.

The data of enzymatic hydrolysis of the wood and TMP
samples before and after the IL pretreatment are shown in Table
2 (entries 1—6). The yield of residual wood after enzymatic
hydrolysis, yield of glucose released after enzymatic hydrolysis
and efficiency of cellulose hydrolysis was calculated using eqs
1 and 2
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yield of residual wood after enzymatic hydrolysis (%) =
(Wtresidual/Wtwood input) x 100 (1)

yield of glucose released (%) =

(Wt /Wt 100 (2)

glucose released wood input) X

In general, the IL pretreatment increased the amount of glucose
released after the enzymatic hydrolysis. For example, during
the enzymatic hydrolysis of southern pine without pretreatment,
only 7 wt % glucose was released, whereas IL pretreated
southern pine gave 17 wt % (2.4 fold) of glucose. The compact
structure of the wood was probably partly opened during the
pretreatment dissolution—regeneration procedure. Therefore, the
cellulose within the wood was more efficiently degraded to
glucose by the enzyme. These data are in good agreement with
our previous study of Norway spruce sawdust pretreated with
[AMIM]CL*

As can be seen from Table 2, the efficiency of pretreatment
was different for different wood species. Here the efficiency of
pretreatment was defined as the difference between the yield
of wood after the enzymatic hydrolysis of original and IL-treated
wood. The efficiency of pretreatment decreased with higher
wood density in the following sequence: southern pine > Norway
spruce TMP > eucalyptus grandis (see Figure 1). This is
expected because the high-density wood has a tighter structure
than low-density wood and thus is more difficult to open with
the pretreatment. Therefore, pretreatment of hard wood (with
high density) requires more intense conditions (higher temper-
atures, longer times) than that of softwood (of lower density)
to reach a similar pretreatment effect.

It should be mentioned here that lower yields of polysaccha-
ride-deficient residue were observed after the enzymatic hy-
drolysis of untreated wood species. In particular the residual
from the enzymatic treatment of Norway Spruce TMP (78%)
was found to be abnormally low considering that the preparation
of powdered wood consists mostly of large particles that are
known to be impenetrable to cellulolytic enzymes.*®*° The
observed yields might be due to the method used for the
recovery of the enzymatically treated wood. As opposed to
typically applied centrifugal separation, the samples of this study
were filtered through the sintered glass funnel, which may have
caused a loss of material. However, the possible overestimations
made here for the efficiency of enzymatic hydrolysis will be of
similar magnitude for all the examined samples and as such
should not affect the overall reliability and consistency of our
conclusions.

Table 2. Enzymatic Hydrolysis Data for Various Wood Species and
IL Pretreated Wood Species

. _ Norway
Eucalyptus Spruce Southern

Grandis T™MP Pine
1 wood yield % (orig. wood) 90 78 93
2 wood yield % (IL treated wood) 83 60 73
3 A residual® 7 18 20

4 yield of glucose % (orig. wood) 17 15 7

5 vyield of glucose %(IL treated wood) 21 21 17
6 A glucose released” 4 6 10
7 total lignin % (orig. wood) 26 284 29¢
8 hemicellulose % (orig. wood) 20¢ 264 29¢
9 cellulose % (orig. wood) 45¢ 464 41¢

10 wood air-dry density (g/cm3) 0.63" 0.42¢ 027"

(orig. wood)

“ A residual = residual (orig. wood) — residual (IL treated wood).

® A glucose released = glucose released (IL treated wood) — glucose
released (orig. wood). © See ref 42. ¢ See ref 43. ¢ See ref 44. / See ref
45. ¢ See ref 46. " See ref 47.
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Figure 1. Effect of wood density on the pretreatment efficiency of ionic
liquid.
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Figure 2. Effect of pulverization time on the yield of regenerated southern
pine and Norway spruce TMP after IL pretreatment. Data were the average
value of three duplicate experiments.

Pulverization Effects on the IL Pretreatment of Soft-
woods. It should be noted here that the term, “Untreated wood”,
implies “Willey milled original wood” without any additional
treatment, like pulverization induced by ball milling or dissolu-
tion/regeneration in IL.

Two softwoods were pulverized before the IL pretreatment
in order to verify the role of their accessibility toward IL within
the structure of the wood. Pulverization increased the amount
of glucose released from the wood during enzymatic hydrolysis.
In these experiments water was used as nonsolvent in the
recovery of wood. The yield of regenerated wood decreased
linearly with an increase in the pulverization time. The decrease
was 2% for Norway spruce TMP and 3% for southern pine per
day of pulverization (see Figure 2). After 8 days of pulverization,
the yield of regenerated wood decreased by about 20%.

It is known that extensive ball-milling causes degradation and
chemical modification of both cellulose and lignin and thus the
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Figure 3. Combined effect of pulverization and pretreatment to lignin
contents of southern pine and Norway spruce TMP. Data were the average
value of three duplicate experiments.

formation of water-soluble products can not be precipitated with
water.*>% This led to lower regenerated wood yields and
lowered the recyclability of the IL.

The lignin contents of the pulverized wood after IL pretreat-
ment were also determined (Figure 3). The lignin contents of
southern pine were found to increase from 38 to 41% when the
pulverization time was increased from 2 to 8 days, whereas the
lignin contents of Norway spruce TMP remained nearly
constant. This difference between the two softwoods might be
due to the more open structure of the Norway spruce TMP than
that of southern pine. Probably thermomechanical pulping opens
the wood structure to some extent, causing the spruce TMP to
be less responsive to the pulverization than the southern pine.
The increase in lignin content with increasing pulverization time
of southern pine was probably due to more hemicelluloses/
cellulose remaining dissolved in the regeneration step of the
pretreatment. This probably indicates that lignin is harder to
degrade than hemicelluloses and cellulose components.

The identity of the components that remained in the IL after
pretreatment was determined using 3'P NMR spectroscopy.
More specifically, after the pretreatment the wood components
present within the IL were phosphitylated and subjected to 'P
NMR. These samples showed intense signals of carboxylic acids
(134.5 ppm, most probably arising from the hemicelluloses) and
signals of aliphatic hydroxyl groups (150—140 ppm, arising
from the cellulose and/or the dissolved hemicelluloses). In
contrast only low intensity signals due to the phenolic hydroxyl
groups (142—136 ppm, arising from the lignin) were detected.
The main wood components present within the recovered IL
were thus found to be cellulose and hemicellulose fragments,
whereas most of the lignin was still present in the regenerated
wood samples. This is reasonable because lignin is a cross-
linked polymer, which is supposed to be more difficult to
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fragment with ball milling. The actual amounts of the different
hydroxyl groups were calculated from the integrations of
quantitative *'P NMR spectra (Table 3). The concentration of
aliphatic hydroxyl groups for southern pine in recovered IL (after
step D3 in Chart 1) increased 2.5 fold from the original (34
umol/g of IL) to 8-day pulverized (84 umol/g of recovered IL).
The concentration of aliphatic hydroxyl groups in IL for a
Norway spruce TMP increased by 7.3 fold from the original
(10 umol/g of IL) to 8-day pulverized (73 umol/g of recovered
IL).

The enzymatic hydrolysis of pulverized softwoods before and
after the IL pretreatment was also examined. (Figure 4A—D).
Longer pulverization times were found to increase the yield of
glucose released and decrease the amount of wood collected
after enzymatic hydrolysis. The yield of wood after enzymatic
hydrolysis decreased more rapidly during the initial 2 days of
pulverization and a leveling off effect was observed. For
example, Figure 4 A shows the yield of wood after the
enzymatic hydrolysis observed for pulverized southern pine. The
yield of wood without IL pretreatment decreased by 42% within
the first 2 days of pulverization, whereas only 11% yield
decreases were seen in the ensuing three days of pulverization.
Similarly, the yield of IL pretreated wood after enzymatic
hydrolysis of pulverized southern pine decreased by 26% within
the first 2 days of pulverization but subsequent pulverization
had nearly no effect (the yield was decreased by only about
4% during the following three days of pulverization). The
amount of glucose released for pulverized southern pine was
found to increase rapidly (15—16% for both before and after
IL pretreatment) within the first 2 days of pulverization and
was then practically constant for the remaining days of
pulverization (Figure 4B). Norway spruce TMP displayed a
similar tendency, as seen from Figure 4C,D. Overall, this
indicates that most of the original wood structure is opened up
during the first 2 days of pulverization, whereas subsequent
mechanical pulverization has less of an effect. These effects
were reflected on the enzymatic hydrolyses efficiencies, because
they were augmented during the first 2 days of pulverization.

Comparing pulverization to IL pretreatment, pulverization (2
days) opens the wood structure more than IL pretreatment (at
120 °C for 5 h) when efficiency of enzymatic hydrolysis is used
in rating enzyme accessibility. The pulverized wood with IL
pretreatment gave the highest rate of cellulase hydrolysis, which
demonstrated that there was a combined improvement between
the pulverization and IL pretreatment. Overall, it can be deduced
that a short pulverization period (<2 days) followed by an IL
dissolution—regeneration cycle may offer a pre treatment that
sufficiently opens up the wood structure for subsequent cellu-
lolytic enzymatic hydrolysis.

Regeneration Nonsolvent Effect on the IL Pretreatment
of Eucalyptus Grandis. Despite the described advantages of
using ILs as a pretreatment media for enzymatic hydrolysis of
wood they still remain relatively expensive. In an effort to reduce
the costs as well as to emphasize their environmental benefits

Table 3. Concentration of Different Functional Groups Present within Recycled ILs Obtained after Wood Dissolution and Regeneration Cycles

(data derived from quantitative 3'P NMR3*%)

entry wood species aliphatic —OH phenolic —OH —COOH
(umol/g of IL) (umol/g of IL) (umol/g of IL)
1 S. Pine (orig., IL treated) 33.9 0 31.9
2 S. Pine (Ball-Milled 8days, IL treated) 83.7 0 20.1
3 N. SpruceTMP (orig., IL treated) 9.96 0 20.3
4 N. SpruceTMP (Ball-Milled 8days, IL treated) 73.0 0 33.0
5 E. Grandis (orig, clean IL treated, MeOH as nonsolvent)) 61.0 0 8.61
6 E. Grandis (orig, recycled IL treated (3th cycle), MeOH as nonsolvent) 138 51.9 11.5
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Figure 4. (A, C) Yield of wood after enzymatic hydrolysis and (B, D) the yield of glucose released for (A, B) southern pine and (C, D) Norway spruce TMP
before and after IL pretreatment. Data were the average value of three duplicate experiments.

it is important to understand and document their recyclability
and all associated issues with such procedures. Several factors
need to be taken into consideration when efficient recycling of
IL’s is pursued. For instance, during the pretreatment, the choice
of regeneration nonsolvent is an important consideration, which
affects the yield of the regenerated wood, the yield of recycled
IL and the cost of the pretreatment. During this effort, water
and methanol were used and compared as the nonsolvents in
wood regeneration from IL (step B in Chart 1). The yield of
regenerated wood with water was higher than that of methanol
at the same number of IL recycles uses (Figure 5A). The lower
yields of regenerated wood obtained with methanol might be
attributed to some released wood components of eucalyptus
grandis (most likely tannins and extractives) dissolved in the
methanol/IL. mixture, which then remained within the recycled
IL. Overall, for wood regeneration, water was found to be a
more effective regeneration medium than methanol.

The yields of recycled IL after the pretreatment of eucalyptus
grandis using different regeneration media are shown in Figure
5B (Step D3 in chart 1). After pretreating wood and recycling
the IL four times, the yield of the recycled IL using methanol
as the regeneration solvent was higher (96%) than when water
was used during the regeneration (91%). Therefore, while
methanol displayed better recovery yields of IL during the IL
recycling, water was found to be a more effective nonsolvent
for wood components. At this point, it is important to mention
that from an environmental point of view methanol is a
significantly less desirable solvent than water. Furthermore, it
is likely that if the scale of the solvent recovery operation is
larger, better IL recovery efficiencies are likely to be attained
than those obtained for water during this effort.

The enzymatic hydrolysis of eucalyptus grandis, regenerated
from IL with different nonsolvents, are shown in Figure 6A, B.
The amount of glucose released from the enzymatic hydrolysis,
with water as nonsolvent was always higher than that of wood
regenerated with methanol as nonsolvent. Considering the higher
yield of regenerated wood, the amount of glucose released and
the lower cost of water; it is concluded that water is a better
choice of regeneration solvent for the pretreatment of eucalyptus
grandis.

Pretreatment of Eucalyptus Grandis with Recycled IL.
As per our earlier data, the weight loss of wood, after
pretreatment, decreased with the number of IL reuse cycles.
When using water as the nonsolvent, wood was almost
quantitatively precipitated (about 97%) and increasing reuse
cycles did not significantly affect the wood yield (Figure 5A).
However, the composition of the wood was changed with the
number of IL recycles. The total lignin contents of regenerated
wood were found to increase with the number of IL recycles
(Figure 7). This most likely indicates that hemicelluloses
remained soluble within the IL pretreatment. It is also likely
that hemicelluloses and/or some cellulose degradation is taking
place during the IL pretreatment process. Organic acids (such
as acetic acid liberated from hemicelluloses acetates) could
become enriched within the recycled IL and in turn catalyze
the acidic fragmentation of the carbohydrates.*' The details of
acid catalysis on wood components in IL media will be the
subject of a subsequent communication from our laboratory.

The 3'P NMR spectra of the phosphitylated compounds in
IL from the pretreatment of eucalyptus grandis with methanol
as the nonsolvent revealed the presence of carboxylic acids (9
umol/g of IL) and aliphatic hydroxyl groups because of cellulose
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Figure 5. (A) Yield of regenerated wood and (B) the yield of IL after
recycling from the pretreatment of eucalyptus grandis using different
regeneration nonsolvents. Data were the average value of three duplicate
experiments.

and/or hemicelluloses (61 umol/g of IL). Only weak signals
corresponding to the phenolic hydroxyl groups of lignin were
apparent. The 3'P NMR spectra of the phosphitylated compounds
in the recovered IL from the pretreatment of eucalyptus grandis
are very similar to those of the compounds present in IL
recovered from the pretreatment of the two softewoods (Table
3). The main component in IL after the pretreatment (with no
IL recycling) was hemicelluloses and cellulose. However, the
situation was found to be different with IL samples recycled
three times during a pretreatment cycle. Significant amounts of
phenolic hydroxyl groups, due to lignin were detected (52
umol/g of IL) and the concentration of aliphatic hydroxyl groups
was increased by 2.3 fold. This data was in good qualitative
agreement with the data of lignin contents of regenerated wood
samples (Figure 7).

The amount of glucose released by the enzymatic hydrolysis
was found to decrease with the increasing number of IL reuse
cycles (Figure 6). The reduced pretreatment efficiency of
recycled ILs, compared to pure IL’s, indicates the need to create
methods of IL purification that may allow the removal of wood
components from within the IL so as to preserve its pretreatment
efficiency. At the same time, however, such purification
protocols are to offer valuable fractionated wood components.

Conclusions

In the present paper, three wood species, two softwoods and
one hardwood, were pretreated with [AMIM]C] and then
enzymatic hydrolysis was conducted. The amounts of glucose
released by enzymatic hydrolyses of the regenerated wood
samples were determined. Wood was regenerated in high yields
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Figure 6. Effect of IL reuse cycles on the yield of wood after enzymatic
hydrolysis and the yield of glucose released from IL pretreatment of
eucalyptus grandis with (A) water and (B) methanol as nonsolvents. Data
were the average value of three duplicate experiments..
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Figure 7. Lignin contents of original and IL pretreated Eucalyptus grandis
with water or methanol as nonsolvent. Data were the average value of three
duplicate experiments.

from [AMIM]CI with increased efficiency of enzymatic hy-
drolysis and IL recycling was realized with certain consider-
ations. Wood species of lower density were found to have had
a better response to pretreatment than wood species of higher
density. Pulverization of wood resulted in lower yields of
regenerated wood after pretreatment but more glucose was
released during the enzymatic hydrolysis. The combination of
pulverization and IL pretreatment was a good method for
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increasing the rate of enzymatic hydrolysis of wood cellulose
to glucose compared to previous methods. Water was found to
be a better nonsolvent for the regeneration of wood from IL
solutions than methanol. This is because it gave better regenera-
tion yields of wood and higher efficiencies of cellulolytic
enzymatic hydrolyses. Pretreatment of eucalyptus grandis by
recycled IL’s showed decreasing pretreatment efficiencies with
IL reuse cycles since residual wood components accumulated
within the recycled ILs. This study clearly shows that ILs require
a more thorough regeneration than just water washing, in order
for them to be recycled effectively.
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