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Pretreatment with ionic liquids (ILs) is known to greatly increase the subsequent biomass hydrolysis with

enzymes. However, the presence of even low amounts of ILs has negative effects on cellulase action.

Most studies on cellulase inactivation by ILs have focused on imidazolium-based ILs, which until recently

were one of the few IL classes known to dissolve cellulose. In this article we describe results of cellulase

action in matrices containing ILs belonging to two IL classes recently reported as cellulose solvents.

These ILs are based on the organic superbases 1,1,3,3-tetramethylguanidine (TMG) or 1,5-diazabicyclo-

[4.3.0]non-5-ene (DBN). In this study commercial thermo- and alkaline stabile cellulase products were

employed, as these were anticipated to also have a higher stability in ILs. For comparison, hydrolysis

experiments were also carried out with a well-characterised endoglucanase (Cel5A) from Trichoderma

reesei and in matrices containing 1-ethyl-3-methylimidazolium acetate, [EMIM]AcO. Two different

substrates were used, microcrystalline cellulose (MCC) and eucalyptus pre-hydrolysis kraft dissolving

grade pulp. The hydrolysis yields were on the same level for both of these substrates, but decreases in

molecular weight of the cellulose was observed only for the dissolving grade pulp. By using commercial

cellulases with good thermo- and alkali-stability some benefits were obtained in terms of IL

compatibility. Enzyme thermostability correlated with higher hydrolysis yields in IL-containing matrices,

whereas activity at high pH values did not offer benefits in terms of IL tolerance. The new classes of

cellulose-dissolving superbase ILs did not differ in terms of cellulase compatibility from the well-studied

imidazolium-based ILs. Of the novel superbase ILs tested, [TMGH]AcO was found to inhibit the

enzymatic hydrolysis the least.

Introduction

Lignocellulosic biomass such as wood and straw is rich in
cellulose and other polysaccharides (e.g. hemicelluloses). These
form a potential source of monosaccharides, useful as starting
materials for microbial fermentations in the production of fuels
and value-added chemicals.1 A great deal of research is currently
going on in enzymatic hydrolysis of lignocellulosic biomass for
ethanol production. Lignocellulosic biomass is, however, very
recalcitrant towards enzymatic hydrolysis due to the complex
and tight matrix structure of the main polymers cellulose,
hemicelluloses and lignin,2 cellulose crystallinity,3 low surface
area for enzyme binding,2 low solubility in conventional
solvents4 and the presence of enzyme inhibitors.2 Different
chemical, physical, biological pretreatments, or combinations
thereof, have been proposed to reduce the substrate recalci-
trance towards hydrolysis.2 Most pretreatment methods usually

apply high pressures and temperatures or harsh chemical envi-
ronments, and the formation of compounds inhibitory for down-
stream processing (fermentation) is a considerable problem.5

Ionic liquids (ILs), generally dened as salts with melting
points <100 �C,6 were introduced as cellulose solvents by
Swatloski et al. in 2002.7 It has been demonstrated that 1-ethyl-
3-methylimidazolium acetate [EMIM]AcO is even capable of
dissolving wood.8 The efficient dissolution of lignocellulosic
biomass in ILs opens up new routes for biomass modication
and deconstruction.

The potential of ILs in the pretreatment of cellulose for
hydrolysis has been reported in many publications employing
different cellulosic substrates, ILs and enzyme cellulase prepa-
rations.3,9–18 Dadi et al. described a procedure where microcrys-
talline cellulose (MCC) is dissolved in IL and thereaer
regenerated by precipitating it by the addition of an anti-solvent,
such as water or alcohol, thus yielding a regenerated cellulose,
which is more amorphous than the starting material.3,11 The
regenerated cellulose showed much better hydrolysis kinetics
than untreated MCC. The regeneration pathway requires a
thorough washing of the regenerated substrate, both to recover
the IL and to avoid IL-induced cellulase inactivation. The
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washing requires, however, large amounts of water and recycling
of the much diluted IL from the washing liquid is energy inten-
sive and costly.19 Furthermore, some IL is usually le in the
regenerated biomass, leading to enzyme inactivation in the
hydrolysis step20 and loss of IL. Finding processing conditions
allowing enzymatic hydrolysis without washing off the IL aer
regeneration is thus desirable. Kamiya et al. introduced a
concept where the cellulosic substrate is rst dissolved in an IL
and then buffer and enzyme are added for hydrolysis, without
removing the IL between the pretreatment andhydrolysis steps.21

In this study, 40% (v/v) of IL in the matrix was found to be the
limit for signicant enzymatic cellulose hydrolysis to take place.

The presence of ILs during cellulose hydrolysis has been
reported to be very inactivating for cellulases.22 As imidazolium-
based, cellulose dissolving ILs have been found to be quite basic
when mixed in different proportions with buffer as hydrolysis
matrix,23–25 it has been proposed that the basicity of the matrix
could be one major reason for the observed enzyme inactiva-
tion.23However, another recent study camemuch to the opposite
conclusion.24 Thermostability has also been suggested to corre-
late with IL tolerance for cellulases.26 Increased viscosity25,27 and
greatly increased ionic strengths25 due to the presence of IL have
both been shown to be detrimental for enzymatic activity in ILs.
However, it has also been shown that these effects alone are not
the only reason for the observed inactivation.25

The inactivating effect of both IL cations and anions has
been shown to correlate with the Hofmeister series.28 Hydro-
philic anions such as AcO�, NO3

� and CH3SO3
� in ILs have

been found to be very inactivating, whereas uorinated hydro-
phobic anions, such as PF6

�, have, on the other hand, been
shown to be more compatible with enzymes.29 ILs with PF6

�

anions are not, however, reported to dissolve cellulose. Whether
the enzymatic inactivation is reversible or irreversible depends
very much on the IL anion.29

Enzymatic hydrolysis of cellulose in ILs has mainly been
carried out with commercial cellulase cocktails used in total
hydrolysis of lignocellulosics.21,27 In addition, the effect of IL on
monocomponent cellulases has been studied to elucidate
enzymatic action in the presence of ILs in more detail.10,24,30

Cellulase cocktails have also been specically optimized for
action in IL-containing hydrolysis matrices.19,30

Most of the studies regarding the use of ILs as cellulose
solvents in pretreatments prior to hydrolysis and in chemical
and physical cellulose modications, have been carried out
using imidazolium-based ILs. Recently new classes of cellulose-
dissolving ILs with new interesting properties have been intro-
duced. Cholinium-based carboxylates31 and pyridinium-based
ILs32 have been shown to be efficient ILs for biomass pretreat-
ment for saccharication. 1,8-Diazabicyclo[5.4.0]undec-7-ene
(DBU)-based ILs have been described as cellulose solvents in a
patent by BASF.33 An interesting and potentially bio-compatible
new class of cellulose dissolving ILs with amino acid-anions was
recently described by Ohira et al.34 Ammonium-based ILs show
good cellulase compatibility and have also been reported to
dissolve biomass.27 Aqueous tetrabutylphosphonium hydroxide
(60% w/w) represents another newly reported cellulose solvent
which very effectively dissolves cellulose under ambient

conditions.4 King et al. recently introduced a new class of ILs as
cellulose solvents composed of acid–base conjugates of the
organic superbase 1,1,3,3-tetramethylguanidine (TMG).35 This
class of ILs is particularly appealing for large scale biomass
processing operations as these ILs are distillable under certain
conditions, which greatly facilitates the recycling of IL in any
process. In an extension of this work, Parviainen et al. described
the cellulose dissolving ability of 1,5-diazabicyclo[4.3.0]non-5-
ene (DBN)-based ILs.36

In this article, we report the action of different cellulases in the
presence of the cellulose-dissolving TMG- and DBN-based ILs.
Two different substrates, MCC and a hardwood dissolving pulp
were used.MCC represents a highly crystalline and pure cellulose
model substrate, whereas the hardwood dissolving pulp is a
practical cellulosic bre substrate. Two commercial endogluca-
nase rich cellulase preparations, IndiAge� ONE and Puradax�
HA 1200E were selected for enzymatic hydrolysis based on their
salt and alkaline tolerance. For comparison, the experimental
monocomponent endoglucanase Cel5A from Trichoderma reesei
and the commercially available thermophilic cellulase from
Thermotoga maritima were also studied in the same systems.
Cellulase action was also studied in matrices containing [EMIM]
AcO to relate the results against previous studies.

Experimental
Materials

[EMIM]AcO (purity >98%) was purchased from Ionic Liquid
Technologies GmbH (Iolitec, Heilbronn, Germany) and used
without further purications. The halide content of the [EMIM]
AcO determined by ion chromatography was: chloride <100
ppm and bromide <50 ppm. TMG and DBN-based ILs were
prepared as described by King et al.35 and Parviainen et al.36

MCC, (research grade, particle size 0.020 mm) was from Serva
Electrophoresis GmbH (Heidelberg, Germany) and the pre-
hydrolysis kra dissolving grade pulp from Eucalyptus urog-
randis was acquired from Specialty Cellulose, Brazil. According
to carbohydrate analysis37 the pulp contained 94.9% cellulose
and 2.5% xylan. The pulp was cut manually into small pieces
(0.5 � 0.5 cm) and milled with a Fritsch Pulverisette 14 variable
speed rotor mill to a nal size of <1 mm. The dry weight of the
MCC and milled pulp substrates was determined as the average
mass loss for three parallel samples by keeping the cellulose at
105 �C for 14 h. The cellulase preparation of Trichoderma reesei
Cel5A was produced, isolated and puried at VTT according to a
method described by Suurnäkki et al.38 Thermostable cellulase
from Thermotoga maritima was purchased from Megazyme
International (Bray, Ireland). The cellulase granules of IndiA-
ge�ONE and Puradax�HA 1200E were a kind gi from DuPont
Industrial Biosciences (Hanko, Finland).

Enzyme preparations and characterization

The IndiAge� ONE and Puradax� HA 1200E enzyme granules
were dissolved as 1% (w/v) solution in 0.100 M phosphate buffer
(pH 6.0) by stirring for one hour. The cloudy crude enzyme
solutions were centrifuged in glass test tubes 3000 rpm for
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5 min. Econo-Pac� 10 DG desalting columns (Bio-Rad Labora-
tories Inc., USA) were used to remove stabilizing agents from the
enzyme solution. Based on the dinitrosalicylic acid (DNS)
assay39 the enzyme preparations did not contain detectable
amounts of reducing sugars. The commercial T. maritima
cellulase and the T. reesei Cel5A were in solution and not further
processed before usage. The purity of the T. maritima cellulase,
IndiAge� ONE and Puradax� HA 1200E preparations were
analysed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Fig. 1).40 Samples were run in precast
Tris–HCl gradient gels (4–20%, Bio-Rad, Hercules, CA, USA) and
visualized with a Criterion stain-free imaging system (Bio-Rad
Laboratories Inc., Hercules, CA, USA) in which protein visuali-
zation is based on a UV-light driven reaction of tryptophan
residues in the presence of a trichlorocompound.41 According to
SDS-PAGE, IndiAge� ONE and the T. maritima cellulase were
very pure monocomponent protein preparations, whereas the
Puradax� HA 1200E showed one major band, probably corre-
sponding to the endoglucanase, and also some minor bands of
unknown origin (Fig. 1).

Protein content was measured with a commercial kit (DC
Protein Assay from Bio-Rad, Hercules, CA, USA) based on the
Lowry method42 using bovine serum albumin (BSA, Sigma, St.
Louis, MO, USA) as standard. The protein content measurement
was preceded by a precipitation step with acetone, followed by

re-dissolution in alkaline Na2CO3 solution, to reduce the
amount of oligopeptides in the enzyme sample.

The endoglucanase activities of the enzyme preparations
were measured with 1% (w/v) carboxymethylcellulose (CMC) as
substrate in a Britton–Robinson buffer, containing 0.04 M
borate, 0.04 M phosphate and 0.04 M acetate, with pH adjusted
by addition of NaOH. The activities were measured in the pH
range of 6 to 12 to determine whether the studied cellulases had
activities in neutral and alkaline hydrolysis matrices, as it was
known that the cellulose-dissolving ILs render buffer solutions
rather basic.24 Aer a reaction time of 10 min at 45 �C the reac-
tion was terminated by adding DNS reagent solution to the
samples and boiling for 5 min. The endoglucanase activity was
determined by measuring the absorption of the boiled samples
at 540 nm and comparing the absorption to that of glucose
standards treated in the same way as the enzyme samples.
IndiAge�ONE and the T. maritima cellulase had a falling activity
trend from neutral to high pH with little activity at pH 10,
whereas Puradax�HA 1200E had high activity over the whole pH
range of 6–10, but with quickly decreasing activity at pH values
above 10 (Fig. 2). The pH dependence of T. reesei Cel5A activity
(on b-glucan) is reported to be a bell-shaped curve with the
optimum at pH 5 having only little activity at pH 8 or higher.43

Hydrolysis

MCC and pulp samples for hydrolysis were prepared with 0, 20,
40, 60, 80 and 90% (w/w) IL concentration in sodium phosphate
buffer (0.100 M, pH 6.0). 30 mg (dry weight) of substrate was
measured into a test tube, the dened amount of buffer was
added and the mixture was stirred to homogeneity. The dened
volume of IL was added to the mixture and the mixture was
again stirred to homogeneity. TMG-based ILs were melted in an
oil bath due to their high melting points35 before weighing by
pipetting into the hydrolysis tubes. The enzyme dosage was
1.0 mg of protein per gram of dry cellulose (Table 1). The nal
substrate consistency was 1% (w/w) and the total sample mass
3 g. The hydrolysis was carried out at 45 �C in a closed test tube
with continuous magnetic stirring, with a hydrolysis time of
72 h. The temperature-dependence experiments were carried

Fig. 1 Purified enzymes visualised using SDS-polyacrylamide gel electrophoresis.
Lane 2 Thermotogamaritima cellulase; lane 3 IndiAge�ONE; lane 4 Puradax�HA
1200E; lane 1 is the molecular weight standards in which the size of each protein
is shown in kDa. Extra lanes have been removed from the gel image.

Fig. 2 pH dependence of Puradax� HA 1200E, IndiAge� ONE and Thermotoga
maritima cellulase activities on CMC. Endoglucanase activities were measured on
1% CMC in Britton–Robinson buffer for 10 min at 45 �C, with the amount of
catalysed reactions determined by DNS assay.
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the quantication limit of DNS colorimetry (corresponding to a
1% yield). For [DBNMe]DMP, the saccharide yield corresponded
to the yields obtained for [TMGH]EtCOO and [TMGH]n-PrCOO
(Fig. 4). There were clear differences between the three acetates
which were studied here. As well, differences were noticed
between the TMG-based ILs, depending on their carboxylate
anion. This indicates that both the cation and the anion play a
role in enzyme inhibition. [TMGH]AcO was chosen for further
studies based on these results.

Release of saccharides from MCC and eucalyptus pre-
hydrolysis kra dissolving grade pulp in enzymatic hydrolysis
in [TMGH]AcO and [EMIM]AcO matrices

The hydrolysis yields obtained with Puradax� HA 1200E, IndiA-
ge� ONE and T. reesei Cel5A aer 72 h hydrolysis of MCC and
eucalyptus pre-hydrolysis kra dissolving grade pulp at 45 �C are

presented in Fig. 5A and B. The hydrolysates were analysed for
cello- and xylooligomers, in the range of monosaccharide to
hexasaccharide, with a recently reported CE method.44

IndiAge� ONE was the most efficient enzyme in MCC
hydrolysis, in terms of hydrolysis yield, in all the studied
matrices (Fig. 5A). In buffer the hydrolysis yield was 9.6% (w/w
of dry MCC). The hydrolysis yields decreased to 3.8% and 1.4%
in the 20 and 40% (w/w) [TMGH]AcO matrices, and 2.6% and
0.7% in the 20 and 40% (w/w) [EMIM]AcO matrices, respec-
tively. Puradax� HA 1200E, having the highest activity on
soluble substrates (CMC) for all pH values between 6 and 12
(Fig. 2), had comparably low hydrolysis yields on solid
substrates compared to IndiAge� ONE (Fig. 5A and B). This
difference in substrate specicity can possibly be attributed to
the different end uses of these two cellulases: Puradax� HA
1200E is used as a washing liquid enzyme whereas IndiAge�
ONE nds its use in textile processing and is thus optimized to

Fig. 5 Hydrolysis yields from 72 h hydrolysis of (A) MCC and (B) eucalyptus pre-hydrolysis kraft dissolving grade pulp at 45 �C by three different cellulase preparations
in buffer and IL containing matrices. Error bars represent the standard deviation of the sample triplicates. Hydrolysis yields were quantified by CE with pre-column
derivatization.44
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out in 0.100 M phosphate buffer, the hydrolysis temperature
was 40, 50, 60 or 70 �C and the hydrolysis time 2, 4, 24 and 72 h.
The hydrolysis was stopped by boiling the sample for 600 s.
Aer cooling to room temperature, the sample was centrifuged
at 3000 rpm for 10 min and the clear hydrolysate was separated
from the solid cellulose residue. In the samples containing 80 or
90% (w/w) of IL, the dissolved cellulose was regenerated by
adding 3 g of distilled H2O and vigorously mixing before
centrifugation. All experiments were carried out in triplicates.
Reference samples were treated under the corresponding
conditions, but without adding enzyme.

Analysis

The total amount of carbohydrates solubilized from the
substrate was analysed by DNS assay according to Sumner
et al.,39 with absorption measurements at 540 nm carried out
using a Hitachi U-2000 spectrophotometer. Hydrolysates were
analysed qualitatively and quantitatively for cello- and xyloo-
ligomers by capillary electrophoresis (CE) using pre-column
derivatization according to a previously published procedure.44

The molecular mass distributions of residual cellulose samples
were determined by gel-permeation chromatography (GPC),
with the samples dissolved and diluted in LiCl/DMAc.24

Results and discussion
Hydrolysis in superbase ILs

In this work, four enzyme preparations consisting of endoglu-
canase activities were studied in cellulose hydrolysis in the
presence of novel superbase ionic liquids. The enzymes include
a puried monocomponent preparation of the mesophilic
T. reesei Cel5A and three commercial enzymes, Puradax� HA

1200E, IndiAge� ONE and a thermophilic cellulase from
T. maritima. Puradax� HA 1200E is a commercial enzyme
manufactured for dish applications and IndiAge� ONE is used
for denim nishing in the textiles industry. Based on the
manufacturer's note, these two cellulase preparations have
relatively broad pH and temperature applicability ranges. The
thermophilic cellulase from T. maritima was considered a
promising candidate for hydrolysis in ILs as thermostability has
been shown to correlate with IL-tolerance in the literature26 and
previously T. maritima cellulases have been found to have some
IL-tolerance.20,26

Seven different superbase ILs were initially tested for enzyme
compatibility with T. reesei Cel5A, in matrices containing
20% (w/w) of IL and 1% (w/w) of MCC. The tested ILs were
[TMGH]COO, [TMGH]AcO, [TMGH]EtCOO, [TMGH]n-PrCOO,
[DBNMe]DMP, [DBNH]AcO and [DBNH]EtCOO (Fig. 3). The
experiment in 20% (w/w) [EMIM]AcO was carried out as a
reference. In all cases, yields of MCC hydrolysis, analysed by
DNS colorimetry,39 ranged from trace amounts to 2% of the dry
substrate (Fig. 4). The T. reesei Cel5A compatibility with the
TMG-based ILs was the following: [TMGH]AcO > [TMGH]COO >
[TMGH]EtCOO > [TMGH]n-PrCOO. The highest MCC hydrolysis
yield in this experiment was observed in 20% (w/w) [EMIM]AcO,
followed by [TMGH]AcO. The hydrolysis yields with T. reesei
Cel5A in DBN-based ILs were more strongly reduced than in the
TMG-based ILs. In presence of 20% (w/w) of [DBNH]AcO or
[DBNH]EtCOO the amount of reducing saccharides was below

Table 1 Enzyme dosages in the hydrolysis experiments in terms of mg enzyme
per g of substrate and activity (CMC) per g of substrate. Activities were measured
in 0.100 M phosphate buffer (pH 6.0) except for Trichoderma reesei Cel5A which
was measured in 0.050 M citrate (pH 5.0)

Enzyme

Dosage
(mg per g
substrate)

Spec. activity
(nkat per
mg prot.)

Dosage
(nkat per g
substrate)

T. reesei Cel5A 0.98 2034 2000
Puradax� HA 1200E 0.98 1750 1720
IndiAge� ONE 0.99 980 963
T. maritima cellulase 0.98 863 847

Fig. 3 Cellulose-dissolving superbase ionic liquids tested for compatibility with enzymes.

Fig. 4 Hydrolysis yields from 72 h hydrolysis of MCC (1% w/w) at 45 �C with
Trichoderma reesei Cel5A in the presence of 20% (w/w) of superbase ILs. Error
bars represent the standard deviation of the sample triplicates. * denotes that the
hydrolysis yield was below the quantification limit of the DNS assay used.
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1200E is used as a washing liquid enzyme whereas IndiAge�
ONE nds its use in textile processing and is thus optimized to

Fig. 5 Hydrolysis yields from 72 h hydrolysis of (A) MCC and (B) eucalyptus pre-hydrolysis kraft dissolving grade pulp at 45 �C by three different cellulase preparations
in buffer and IL containing matrices. Error bars represent the standard deviation of the sample triplicates. Hydrolysis yields were quantified by CE with pre-column
derivatization.44
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hydrolysis yield obtained in this IL solution, compared to the
other [TMGH] carboxylates (Fig. 4). Based on previous
studies,23–25 the basic effect of imidazolium-based ILs is a well-
established fact. There is, however, some controversy in inter-
preting whether the basicity is one of the main reasons for the
observed strong inactivation of cellulases, when exposed to IL
matrices. By comparing the pH of the IL containing matrices
(Table 3), with the data on the pH dependency of IndiAge� ONE
and Puradax�HA 1200E activity on CMC (Fig. 2), it appears that
these enzymes should still have substantial activity at the
neutral or alkaline pH values of the matrices with 20 or 40%
(w/w) IL. Nevertheless, the enzymatic hydrolysis yields
decreased strongly at these IL contents. Apparently, the IL
basicity is not the only reason for the observed low yields in the
studied systems.

The temperature inuence on hydrolysis yields for IndiAge�
ONE, Puradax� HA 1200E and T. reesei Cel5A was compared in
the temperature range 40–70 �C, for different time points, in
phosphate buffer at pH 6.0. IndiAge� ONE was clearly the most

effective cellulase in terms of saccharide production, and also
the most thermostable cellulase (Fig. 6A). In 60 �C only little
reduction in hydrolysis yield was observed and even in 70 �C a
fair hydrolysis yield could be obtained. In contrast, Puradax�
HA 1200E was very temperature sensitive with no hydrolysis at
temperatures higher than 50 �C (Fig. 6B). T. reesei Cel5A
showed mediocre thermostability with the highest yields at
40 and 50 �C and low yields still at 60 �C (Fig. 6C). IndiAge�
ONE, which had the best thermostability, also showed the best
IL tolerance in this study, which indicates that thermostability
could be at least one factor that predicts IL tolerance. On the
other hand, Puradax� HA 1200E, which showed the lowest
thermostability, was more effective in IL matrices, than T. reesei
Cel5A. These conclusions suggest that thermostability alone
is not enough for predicting the IL tolerance of a cellulose
preparation.

Cellulose molecular weight aer hydrolysis in ionic liquid
matrices

In general, none of the employed enzymes were able to cause
signicant changes to the weight average molecular mass (Mw)
of the MCC substrate in any matrices, even though up to almost
10% of the substrate was hydrolysed to soluble saccharides,
under optimum conditions in buffer. In the 20 and 40% (w/w) IL
matrices, in which some soluble saccharides were released
during hydrolysis, no cellulose dissolution was yet taking place.
In matrices with high IL content (80–90% (w/w) of IL), where
partial or even complete cellulose dissolution already takes
place, some decreases in MCC molecular weight have earlier
been reported when employing T. reesei endoglucanases in
imidazolium-based IL.24

The enzymatic hydrolysis of eucalyptus pre-hydrolysis kra
dissolving pulp resulted in considerable decreases in the Mw in
several different IL matrices (Fig. 7). For T. reesei Cel5A the
decrease inMw correlated with the released saccharide yields in
the hydrolysates; the largest decrease of 40–50% of the initial
Mw value occurred in buffer where also the highest yield of
soluble saccharides was obtained. In addition, a similar
decrease in Mw was also measured for samples treated with
T. reesei Cel5A in the 20% (w/w) [EMIM]AcO matrix. With Pur-
adax� HA 1200E and IndiAge� ONE, the decrease in pulp Mw

was only very marginal in buffer although 2.3% and 6.7% of the
pulp was hydrolysed to soluble saccharides, respectively
(Fig. 5B). In some cases, the pulpMw was affected in IL matrices
by the enzymatic treatments: Puradax� HA 1200E caused a
decrease in the pulp Mw in 20% (w/w) [EMIM]AcO, whereas a
decrease in Mw with IndiAge� ONE was observed only in 40%
(w/w) [TMGH]AcO. For Puradax� HA 1200E and IndiAge� ONE
no clear correlation between the pulp hydrolysis yields and
changes in the Mw values was observed.

Conclusions

The recently described cellulose-dissolving superbase ILs,
based on TMG or DBN, are easy to synthesize from cheap
starting materials and potentially easy to recycle by

Fig. 6 Temperature dependence curves for (A) IndiAge� ONE, (B) Puradax� HA
1200E and (C) T. reesei Cel5A. Experimental conditions: 1% (w/v) MCC, 0.100 M
phosphate buffer, pH 6.0, enzyme dosage 1.0 mg/g of the dry substrate.
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work on solid substrates. It should also be noted that a lower
amount of active enzyme in terms of moles, was present in the
Puradax�HA 1200E hydrolysis than in the experiments with the
other enzymes, due to the higher molecular weight and lower
purity of this enzyme preparation (Fig. 1). The thermostable
cellulase from T. maritima was not efficient under the employed
conditions, with yields below 1% on MCC in all cases (results
not shown). MCC hydrolysis with this cellulase was also carried
out at 80 �C, the optimum temperature of the enzyme, but
raising the temperature did not signicantly increase the yields.
T. maritima cellulases have previously been shown to display an
increased IL tolerance, as compared tomesophilic enzymes.20 IL
tolerance has been linked to the enzyme's thermostability in
several studies.20,26 Based on our study, no conclusions of the IL
tolerance of T. maritima could be made. No release of soluble
saccharides could be detected in the enzymatic hydrolysis with
the studied cellulases in matrices containing >40% (w/w) of IL
(Fig. 5A and B).

The commercial IndiAge� ONE and Puradax� HA 1200E
cellulases both showed better hydrolysis yields on MCC in IL
matrices than the mesophilic Cel5A. The hydrolysis yields by
IndiAge� ONE were reduced directly proportionally to
increasing amounts of IL in both [EMIM]AcO and [TMGH]AcO
matrices. T. reesei Cel5A responded in a similar manner to IL
presence, even if Cel5A was more sensitive to IL. Cel5A did not
in any case show activity in 40% (w/w) IL matrices, but some
hydrolysis took place in 20% (w/w) IL matrices. For Puradax�
HA 1200E, the response pattern to IL was different from the
hydrolysis yield reductions observed for IndiAge� ONE and
T. reesei Cel5A. The presence of 20% (w/w) of IL had fairly
little effect on the hydrolytic action of this enzyme on MCC.
However, when increasing the IL content to 40% (w/w) of the
hydrolysis matrix, the hydrolysis yield rapidly collapsed, with
only little hydrolysis taking place in 40% (w/w) of [EMIM]AcO
and no hydrolysis in 40% (w/w) of [TMGH]AcO. This is some-
what contrary to the observation for the other cellulases that
[TMGH]AcO is more enzyme compatible than [EMIM]AcO.

Hydrolysis yields with eucalyptus pre-hydrolysis kra dis-
solving grade pulp as substrate were generally on the same level
as with MCC in the presence of ILs (Fig. 5B). The reduction in
enzymatic hydrolysis yield caused by the presence of ILs fol-
lowed roughly the same patterns as described above for MCC
hydrolysis. The relatively low hydrolysis yields of the cellulose
pulp were expected to be due to mixing problems, as the mixing
of the 1% (w/w) pulp suspension led to some clustering of the
ground pulp particles. The mixing of MCC, on the other hand,
was always close to ideal due to the small and even particle size.
The effect of mixing on hydrolysis yield was studied by carrying
out some hydrolyses with pulp in two times diluted systems, i.e.,
in 0.5% (w/w) pulp consistency, and keeping the same level of
catalytic enzyme activity per weight of substrate. The hydrolysis
yields did, however, not increase but rather stayed at the same
level as for the 1% (w/w) pulp consistency (results not shown).
Apparently the mixing was not the limiting factor in the
hydrolysis. The cellulose accessibility in the MCC and the pulp
could, however, affect the enzymatic hydrolysis of these two
substrates.

The distribution of oligosaccharides produced in enzymatic
hydrolysis of MCC and the impact of IL presence on the
distribution, was studied. For IndiAge� ONE, the presence of
ILs led to a distinct shi from shorter to longer cellooligomers
(Table 2). In addition to glucose, cellobiose and cellotriose,
cellotetraose was also produced. T. reesei Cel5A, producing
glucose, cellobiose and cellotriose in buffer, has previously been
reported to be inuenced by the presence of ILs so that the
oligomer distribution is shied towards cellobiose and cello-
triose, with less glucose produced.24 In this study, Cel5A was
found to produce also trace amounts of cellotetraose in the IL
matrices, in addition to the general shi of the distribution
towards the larger cellooligomers. The T. maritima cellulase
produced glucose, cellobiose, cellotriose and cellotetraose, but
in very low yields (results not shown). Puradax� HA 1200E
produced glucose, cellobiose and cellotriose as major products
in the hydrolysis of both MCC and pulp. In buffer, longer cel-
looligomers were also produced. The oligomer distribution was
the same in terms of oligomers and their relative occurrence in
all IL matrices. For any of the employed enzymes, no signicant
differences in the product distributions or the yields could be
recorded for the two substrates tested, MCC and eucalyptus pre-
hydrolysis kra dissolving grade pulp. In many cases traces of
xylose or xylobiose were also found in the hydrolysates.

All of the studied ILs (Fig. 3) were quite basic in aqueous/
buffer solution (Table 3). [TMGH]AcO was the least basic of the
four [TMGH] carboxylates. This may play a role in the higher

Table 2 Cellooligomer distribution in hydrolysates of IndiAge� ONE and Tri-
choderma reesei Cel5A on microcrystalline cellulose. Glc denotes glucose, Glc2
cellobiose, Glc3 cellotriose and Glc4 cellotetraose. Oligosaccharides were quanti-
fied by CE with pre-column derivatization44

Treatment

Produced oligosaccharides (mg L�1)

Glc Glc2 Glc3 Glc4

IndiAge� ONE
Buffer, pH 6 350 552 85 37
20% [TMGH]AcO 34 187 110 62
40% [TMGH]AcO 0 57 47 41
20% [EMIM]AcO 36 144 62 33
40% [EMIM]AcO 0 25 25 21

T. reesei Cel5A
Buffer, pH 6 119 298 212 0
20% [TMGH]AcO 5 48 53 0
40% [TMGH]AcO 0 0 0 0
20% [EMIM]AcO 0 15 18 Traces
40% [EMIM]AcO 0 0 0 0

Table 3 pH values for IL in buffer (0.100 M phosphate, original pH 6.0) solutions,
with ILs representing different classes of cellulose-dissolving ILs

pH at IL content in matrix, % (w/w)

IL 20 40 60
[EMIM]AcO 6.5 7.4 8.8
[TMGH]AcO 5.6 6.1 7.1
[DBNMe]DMP 6.8 8.1 10.5
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hydrolysis yield obtained in this IL solution, compared to the
other [TMGH] carboxylates (Fig. 4). Based on previous
studies,23–25 the basic effect of imidazolium-based ILs is a well-
established fact. There is, however, some controversy in inter-
preting whether the basicity is one of the main reasons for the
observed strong inactivation of cellulases, when exposed to IL
matrices. By comparing the pH of the IL containing matrices
(Table 3), with the data on the pH dependency of IndiAge� ONE
and Puradax�HA 1200E activity on CMC (Fig. 2), it appears that
these enzymes should still have substantial activity at the
neutral or alkaline pH values of the matrices with 20 or 40%
(w/w) IL. Nevertheless, the enzymatic hydrolysis yields
decreased strongly at these IL contents. Apparently, the IL
basicity is not the only reason for the observed low yields in the
studied systems.

The temperature inuence on hydrolysis yields for IndiAge�
ONE, Puradax� HA 1200E and T. reesei Cel5A was compared in
the temperature range 40–70 �C, for different time points, in
phosphate buffer at pH 6.0. IndiAge� ONE was clearly the most

effective cellulase in terms of saccharide production, and also
the most thermostable cellulase (Fig. 6A). In 60 �C only little
reduction in hydrolysis yield was observed and even in 70 �C a
fair hydrolysis yield could be obtained. In contrast, Puradax�
HA 1200E was very temperature sensitive with no hydrolysis at
temperatures higher than 50 �C (Fig. 6B). T. reesei Cel5A
showed mediocre thermostability with the highest yields at
40 and 50 �C and low yields still at 60 �C (Fig. 6C). IndiAge�
ONE, which had the best thermostability, also showed the best
IL tolerance in this study, which indicates that thermostability
could be at least one factor that predicts IL tolerance. On the
other hand, Puradax� HA 1200E, which showed the lowest
thermostability, was more effective in IL matrices, than T. reesei
Cel5A. These conclusions suggest that thermostability alone
is not enough for predicting the IL tolerance of a cellulose
preparation.

Cellulose molecular weight aer hydrolysis in ionic liquid
matrices

In general, none of the employed enzymes were able to cause
signicant changes to the weight average molecular mass (Mw)
of the MCC substrate in any matrices, even though up to almost
10% of the substrate was hydrolysed to soluble saccharides,
under optimum conditions in buffer. In the 20 and 40% (w/w) IL
matrices, in which some soluble saccharides were released
during hydrolysis, no cellulose dissolution was yet taking place.
In matrices with high IL content (80–90% (w/w) of IL), where
partial or even complete cellulose dissolution already takes
place, some decreases in MCC molecular weight have earlier
been reported when employing T. reesei endoglucanases in
imidazolium-based IL.24

The enzymatic hydrolysis of eucalyptus pre-hydrolysis kra
dissolving pulp resulted in considerable decreases in the Mw in
several different IL matrices (Fig. 7). For T. reesei Cel5A the
decrease inMw correlated with the released saccharide yields in
the hydrolysates; the largest decrease of 40–50% of the initial
Mw value occurred in buffer where also the highest yield of
soluble saccharides was obtained. In addition, a similar
decrease in Mw was also measured for samples treated with
T. reesei Cel5A in the 20% (w/w) [EMIM]AcO matrix. With Pur-
adax� HA 1200E and IndiAge� ONE, the decrease in pulp Mw

was only very marginal in buffer although 2.3% and 6.7% of the
pulp was hydrolysed to soluble saccharides, respectively
(Fig. 5B). In some cases, the pulpMw was affected in IL matrices
by the enzymatic treatments: Puradax� HA 1200E caused a
decrease in the pulp Mw in 20% (w/w) [EMIM]AcO, whereas a
decrease in Mw with IndiAge� ONE was observed only in 40%
(w/w) [TMGH]AcO. For Puradax� HA 1200E and IndiAge� ONE
no clear correlation between the pulp hydrolysis yields and
changes in the Mw values was observed.

Conclusions

The recently described cellulose-dissolving superbase ILs,
based on TMG or DBN, are easy to synthesize from cheap
starting materials and potentially easy to recycle by

Fig. 6 Temperature dependence curves for (A) IndiAge� ONE, (B) Puradax� HA
1200E and (C) T. reesei Cel5A. Experimental conditions: 1% (w/v) MCC, 0.100 M
phosphate buffer, pH 6.0, enzyme dosage 1.0 mg/g of the dry substrate.
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distillation.35,36 In this study their enzymatic compatibility was
elucidated by the hydrolysis of microcrystalline cellulose, MCC,
and a eucalyptus pre-hydrolysis kra dissolving grade pulp,
with commercial and experimental cellulases. It was found that
the TMG and DBN based ILs offer little benet in terms of
enzyme compatibility over [EMIM]AcO. [TMGH]AcO turned out
to affect the hydrolysis efficiency of the enzymes studied
somewhat less than [EMIM]AcO. Employing the commercial
cellulases Puradax� HA 1200E and IndiAge� ONE, with
enhanced thermo- or alkali-tolerance, higher hydrolysis yields
in the presence of IL was obtained, as compared with the
experimental mesophilic T. reesei cellulase. In terms of enzy-
matic saccharide production, MCC and hardwood dissolving
pulp were hydrolysed to a similar level in IL matrices, whereas
the pulp was the only substrate to show molecular mass
reductions during cellulase treatment. Enzyme-catalysed
saccharide production and decreases in the substrate molec-
ular mass could not be correlated in all treatments. For
designing real enzyme-compatible and industrially feasible
cellulose solution systems, much work is still needed in both
developing IL tolerant enzymes, as well as in designing
“enzyme-friendly” ILs, with good cellulose-dissolving capa-
bility, recyclability and technically and economically feasible
production routes.
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