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biomass during activation with ionic liquids 
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Abstract 

Background:  Lignocellulosic biomass requires either pretreatment and/or fractionation to recover its individual 
components for further use as intermediate building blocks for producing fuels, chemicals, and products. Numer-
ous ionic liquids (ILs) have been investigated for biomass pretreatment or fractionation due to their ability to activate 
lignocellulosic biomass, thereby reducing biomass recalcitrance with minimal impact on its structural components. 
In this work, we studied and compared 1-allyl-3-methylimidazolium formate ([AMIM][HCOO]) to the commonly used 
1-ethyl-3-methylimidazolium acetate ([EMIM][CH3COO]) for its potential to activate hybrid poplar biomass and enable 
high cellulose and hemicellulose enzymatic conversion. Although [EMIM][CH3COO] has been widely used for activa-
tion, [AMIM][HCOO] was recently identified to achieve higher biomass solubility, with an increase of 40% over [EMIM]
[CH3COO].

Results:  Since IL activation is essentially an early stage of IL dissolution, we assessed the recalcitrance of [EMIM]
[CH3COO] and [AMIM][HCOO]-activated biomass through a suite of analytical tools. More specifically, Fourier trans-
form infrared spectroscopy and X-ray diffraction showed that activation using [AMIM][HCOO] does not deacetylate 
hybrid poplar as readily as [EMIM][CH3COO] and preserves the crystallinity of the cellulose fraction, respectively. 
This was supported by scanning electron microscopy and enzymatic saccharification experiments in which [EMIM]
[CH3COO]-activated biomass yielded almost twice the cellulose and hemicellulose conversion as compared to [AMIM]
[HCOO]-activated biomass.

Conclusion:  We conclude that the IL [AMIM][HCOO] is better suited for biomass dissolution and direct product for-
mation, whereas [EMIM][CH3COO] remains the better IL for biomass activation and fractionation.

Keywords:  Ionic liquids, Lignocellulosic biomass, Pretreatment, Activation, Low severity, Fractionation, [EMIM]
[CH3COO], [AMIM][HCOO], Acetate, Formate
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Background
Current fossil fuel consumption emits an alarming quan-
tity of carbon dioxide into the atmosphere and is often 
associated to the rise in average daily temperatures. In 

September 2017, NASA’s Goddard Institute for Space 
Studies (GISS) stated that the surface temperatures in 
2017 were consistent with the global average trends 
observing a gradually warmer climate since 1980 [1]. 
Therefore, there is an urgent need for alternatives to pro-
duce chemicals and fuels from a renewable and sustain-
able carbon source such as lignocellulosic biomass.

Lignocellulosic biomass is mainly comprised of cellu-
lose (30–45%), hemicellulose (20–40%), and lignin (5–35%) 
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[2–4]. Cellulose is made of d-glucose monomer units linked 
by β (1 → 4) glycosidic bonds and is a highly stable linear 
homopolymer, unlike hemicellulose and lignin, which have 
random and less ordered structures. Hemicellulose is made 
of a diverse classes of polysaccharides, including xylan, glu-
curonoxylan, arabinoxylan, glucomannan, and xyloglucan 
[5]. Lignin reinforces the cell wall of plants and forms a phys-
ical barrier against chemical, biological, or physical attacks. 
Altogether, the heterogeneous structure and complexity of 
cell wall constituents are the main contributors to biomass 
recalcitrance [6]. This recalcitrant structure of biomass hin-
ders its conversion into various streams that can then be 
transformed into fuels and other chemicals and products. 
For biorefinery applications to be cost-effective, an efficient 
biomass pretreatment or fractionation method is imperative 
for maximizing conversion into intermediate products.

The recent need for biomass valorization requires biore-
fineries to optimize conversion of lignocellulosic biomass, 
i.e., cellulose and hemicellulose into soluble sugars, and 
lignin into a high purity fraction that can be transformed 
into other chemical products [7–9]. Pretreatment methods 
such as dilute acid treatment, autohydrolysis, steam explo-
sion, wet oxidation, and ammonia fiber expansion (AFEX) 
have not been designed to recover all three components 
[10, 11]. Pretreatment processes typically target either cel-
lulose or/and hemicellulose, but degrade the lignin frac-
tion. In contrast, fractionation processes based on the use 
of solvents such as ethanol, acetone, γ-valerolactone (GVL), 
tetrahydrofuran (THF), and ionic liquids are useful for 
recovering all three components [12–14]. As a fractiona-
tion process, organosolv (which uses an organic solvent 
often along with an acid catalyst) is known to produce lig-
nocellulosic fractions with high purity with a recovered 
lignin that is partially depolymerized and does not contain 
new carbon–carbon bonds [15]. However, volatile solvents, 
high temperatures, and pressures make this process haz-
ardous, requiring special expensive reaction vessels [16]. 
Biomass fractionation approaches using GVL and THF 
have been recently developed and these are still being stud-
ied for their potential as a pathway for complete separation 
and recovery of biomass components [17, 18].

Ionic liquids (ILs) are salts with low melting points and 
high vapor pressure. They are typically non-toxic and many 
are suitable for biomass pretreatment, which is commonly 
carried out at temperatures over 100 °C and with residence 
times ranging from 30  min to several days [19–22]. Ionic 
liquids are the only solvents that can be used for biomass 
pretreatment, fractionation, and dissolution. During IL pre-
treatment, a cellulose-rich fraction can be generated through 
the degradation and removal of a large portion of lignin 
and hemicellulose [23]. Conversely, biomass fractionation 
involves an IL activation step, which employs mild condi-
tions, resulting in the “loosening” of the plant cell wall, a 

term coined to indicate the weakening of cell wall linkages 
[8, 24]. Finally, IL dissolution describes complete or partial 
solubilization of biomass in ILs for direct product forma-
tion as opposed to activation and pretreatment processes 
which produce intermediate products (sugars and lignin). 
Although the terms activation and pretreatment are used 
interchangeably, these are not similar as activation is used 
to describe processes that are carried out at milder reaction 
temperatures of 50–80 °C with the main of goal of recovering 
all the biomass constituents and minimizing their degrada-
tion [25]. After activation, biomass can be directly subjected 
to in situ enzymatic saccharification or regenerated through 
a solute displacement mechanism using an anti-solvent for 
ex situ saccharification [26]. The IL activation step allows the 
saccharide fraction, including hemicellulose and cellulose, to 
become less intertwined with lignin and undergo maximum 
hydrolysis to glucose during enzymatic saccharification [22, 
27]. Lignin can then be recovered in the solid fraction.

One of the main advantages of IL activation is the cleav-
age of acetyl groups in hemicellulose and the decrease in 
cellulose crystallinity, resulting in significant changes in 
the overall biomass properties [27]. Unlike hemicellulose 
and lignin, cellulose has a crystalline structure; the reduc-
tion of the crystallinity of cellulose is critical for providing 
access to hydrolytic enzymes [28]. Due to the mild process-
ing conditions used in IL activation, structural changes that 
occur within the biomass do not compromise chemical 
composition, as is encountered with the use of more tradi-
tional pretreatment technologies (dilute acid pretreatment, 
alkali pretreatment, autohydrolysis, and AFEX). During 
IL activation and fractionation, total biomass carbon con-
tent is mostly preserved, apart from the carbon loss due 
to deacetylation. A widely used IL for both pretreatment 
and activation is 1-ethyl-3-methylimidazolium acetate or 
[EMIM][CH3COO] [12, 29, 30]. While other ILs, such as 
1-allyl-3-methylimidazolium chloride ([AMIM][Cl]) and 
1-butyl-3-methylimidazolium chloride ([BMIM][Cl]), have 
been used for biomass pretreatment or activation, [EMIM]
[CH3COO] is known to be an effective cellulose solvent, 
inducing changes in crystallinity even during IL activation.

As a pretreatment solvent, [EMIM][CH3COO] has been 
reported to be highly efficient at a temperature of 140 °C 
and a pretreatment time of 3 h for maximum production 
of sugars from switchgrass [22]. In another study using 
biphasic and triphasic systems with processing times of 
44  h and temperature of 70  °C, [EMIM][CH3COO] pre-
treatment resulted in 100% cellulose conversion for mis-
canthus grass [21]. For activation/fractionation, yellow 
poplar biomass activated and regenerated with [EMIM]
[CH3COO] for 72 h at 60 °C with a 4 wt% biomass load-
ing resulted in about 100% conversion of the cellulose frac-
tion into glucose within 48  h [27]. Switchgrass activated 
with tetrabutylammonium hydroxide ([TBA][OH]) at 
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50 °C for 3 h at a 20 wt% biomass loading resulted in glu-
cose yields of ~ 95% [25]. The previous work using [TBA]
[OH] by the US Department of Energy’s Joint BioEnergy 
Institute (JBEI) highlighted the use of a higher biomass 
loading during pretreatment with this IL, which is essen-
tial for enhancing energy efficiency and cost-effectiveness 
of biorefinery processes [25]. In addition, ILs used for 
pretreatment as well as fractionation can be recycled in a 
closed loop system [22]. Shill et al. [21] described a process 
in which the IL [EMIM][CH3COO] was recycled after bio-
mass pretreatment upon adding an aqueous solution con-
taining a kosmotropic anion. The precipitation of cellulose 
from the IL allowed for its recovery, purification, and recy-
cle. Despite all the progress made, there remains a funda-
mental gap in peer-reviewed literature, in that the use of IL 
activation for the simultaneous conversion of cellulose and 
recovery of lignin has not been systematically studied.

Optimizing IL activation to convert cellulose and hemi-
cellulose into soluble sugars and recover high purity lignin 
requires lower severity conditions (i.e., shorter reaction 
times and lower reaction temperatures), while still using a 
high biomass loading. Performing tests under conditions 
required for complete dissolution/solubilization of bio-
mass in an IL is a good indicator of the maximum biomass 
loading that can be achieved at specific time and tempera-
ture ranges during IL activation. Biomass solubility in ILs 
is highly dependent on each lignocellulosic component. 
While lignin and cellulose are known to readily dissolve 
in common ILs, dissolution of hemicellulose in [EMIM]
[CH3COO] only reaches approximately 5  wt% under 
similar conditions and concentrations [31]. This is often 
caused by the hemicellulose coating of cellulosic fibrils 
that remain intact during activation, requiring treatment 
for either longer times or higher temperatures. Hemicel-
lulose is a critical barrier to cellulose conversion and its 
partial removal results in the cleavage of lignin carbohy-
drate complexes (LCC), which disrupts linkages between 
lignin and hemicellulose and allows for higher sugar yields 
[32, 33]. More recent works by Deb et al. [34] has shown 
that partial removal of hemicellulose, using a coupled 
autohydrolysis step, allowed birch saw dust to completely 
dissolve in [AMIM][Cl] within 3 h. Similarly, Wang et al. 
[35] partially removed 55% of hemicellulose from switch-
grass, resulting in an [EMIM][CH3COO] activation time 
of only 3  h to completely convert cellulose into glucose. 
Wang et al. [36] also showed that the partial removal of the 
hemicellulose was required to enhance biomass solvation 
in [EMIM][CH3COO], achieving optimal biomass loading 
and solution viscosity for the direct production of lignocel-
lulosic films. These studies lead many researchers to iden-
tify other ILs that have a better solubility for biomass.

Recently, we showed that 1-allyl-3-methylimidazolium 
formate ([AMIM][HCOO]) dissolves 40% more hybrid 

poplar (HP) biomass than [EMIM][CH3COO] under 
identical dissolution conditions. Molecular dynamic 
simulations partially attributed this increased dissolution 
of biomass in [AMIM][HCOO] to stronger interactions 
with hemicellulose [37]. These results suggest that, dur-
ing activation, [AMIM][HCOO] has enhanced interac-
tions with each lignocellulosic component without the 
need to remove hemicellulose, as is believed to occur 
when using [EMIM][CH3COO]. To test this hypothesis, 
herein, we will evaluate and compare the commonly 
used IL [EMIM][CH3COO] versus [AMIM][HCOO] 
for effective biomass activation. More specifically, we 
investigated the physical and chemical features of HP 
biomass that arose due to IL activation, such as deacety-
lation, cellulose crystallinity, chemical composition, and 
anatomical characteristics. Statistical analyses were per-
formed to analyze the chemical signature of the activated 
and regenerated biomass using Fourier transform infra-
red (FTIR) spectroscopy. Essentially, we will identify if 
[AMIM][HCOO] is an alternative to the commonly used 
[EMIM][CH3COO] in facilitating the production of sug-
ars from biomass. Finally, while this work does not inves-
tigate the recovery and recycling of ILs, we recognize it is 
an essential component of any process that uses IL. Over 
the past few years, the IL community has been very active 
in addressing this challenge and several approaches have 
been recently proposed to accomplish this task [38–40].

Methods
Materials: biomass and ionic liquids
The biomass in this study, hybrid poplar (Populus spp.) 
(HP) wood, was obtained from the Center for Renewable 
Carbon at the University of Tennessee. Upon air-drying, 
the material was milled using a Wiley mill (Thomas Sci-
entific™, Model # 3383-L10, Swedesboro, NJ) through 
a 40-mesh screen (0.425  mm). The HP powder was 
extracted in an Accelerated Solvent Extractor (ASE 350, 
Dionex, Sunnyvale, CA) to remove non-structural com-
ponents [41]. Approximately 7  g of HP powder were 
mixed with 40  g of glass beads (3  mm) and added to a 
66-mL extraction cell. Sequential extractions with water 
and ethanol were carried out at 10.3  MPa and 100  °C, 
with a 7-min static time per cycle (3 cycles). The wet, 
extractives-free HP material was then oven-dried at 
40 °C until constant moisture content was reached (< 7% 
by weight). This extractive-free wood material was used 
throughout this study.

The ionic liquids, 1-ethyl-3-methylimidazolium acetate 
([EMIM][CH3COO], purum ≥ 95%) and 1-allyl-3-meth-
ylimidazolium formate ([AMIM][HCOO], purum ≥ 95), 
were purchased from Iolitec Inc. (Tuscaloosa, AL) and 
used as received. Deionized water was used throughout 
the study.
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Activation and regeneration of HP in ionic liquids
The extractive-free HP material was activated using 
[EMIM][CH3COO] or [AMIM][HCOO] at a 10 wt% bio-
mass loading. First, the ILs were weighed into a flask and 
heated to 100  °C to remove moisture. After 15 min, the 
temperature was set to 60 °C and the biomass was slowly 
added to the solvent. The biomass–IL mixture was agi-
tated by a mechanical stirrer at 100 RPM for various time 
scales (3, 24, 48, and 72 h). After the respective periods, 
the biomass was regenerated by adding the same weight 
of deionized water as an anti-solvent and mixed for five 
additional minutes. The regenerated sample was recov-
ered through seven rounds of water washing and vacuum 
filtration, using the same weight of water in each round 
as the weight of the IL–biomass mixture, and then dried 
in a 40 °C oven for 5 days.

A minimum of three replications were performed for 
each experimental condition and the recovered weight 
of biomass on dry basis was recorded. The complete 
removal of ILs from the biomass was confirmed by Fou-
rier transform infrared (FTIR) spectroscopy and pyroly-
sis gas chromatography/mass spectrometry (Py-GC/MS).

Chemical composition analysis
The chemical composition of the untreated and acti-
vated/regenerated HP material was determined based on 
procedures from NREL/TP-510-42618 [42]. The acid sol-
uble lignin (ASL) content was measured at a wavelength 
of 240  nm using a Thermo Scientific™ GENESYS™ 10S 
UV–Vis spectrophotometer and the acid insoluble lignin 
(AIL) gravimetrically after ashing.

Fourier transform infrared (FTIR) spectroscopy
The chemical signature of the HP samples was collected 
using a Perkin Elmer Spectrum One FTIR spectrometer 
(Waltham, MA). A small amount of biomass (~ 5 mg) was 
placed on an attenuated total reflectance (ATR) accessory 
of the spectrometer. FTIR spectra were collected over 
a range of 4000–600  cm−1 in absorbance mode, with a 
4  cm−1 resolution and 8 scans per sample. Five spectra 
were collected for each sample. The spectra were pre-
treated with an ATR correction, normalized, and cor-
rected by Multiplicative Scatter Correction (MSC) in The 
Unscrambler® X software version 9 (CAMO software).

Statistical analysis: principal component analysis of FTIR 
spectra
Principal component analysis (PCA), a method of mul-
tivariate analysis, was used to analyze the FTIR spectral 
data. PCA allows for the visualization of composite data 
by identifying the main sources of variation and remov-
ing variability due to noise from the data. The spectral 
data are compressed and transformed into a data set 

that shows its most relevant factors, known as principal 
components (PCs). The first principal component (PC1) 
has the largest possible variance and accounts for most 
of the variation in the spectral data. The second principal 
component (PC2) then accounts for the second largest 
variance in the data, and so on. Scatter plots of princi-
pal component scores show the pattern of the data and 
are called scores plots. The relationship between wave-
number of the FTIR spectrum (variables) and the PCs is 
shown in a plot called loadings’ plot. The intensity of the 
variables in the loadings plot then shows how much each 
variable contributed to each PC [43].

X‑ray diffraction (XRD) of activated biomass
Following rapid screening by FTIR spectroscopy, the 
untreated and activated/regenerated HP samples were 
analyzed using powder X-ray diffraction for accurately 
determining the crystallinity of cellulose. The samples 
were individually mounted on a low-background quartz 
holder and measured using a PANalytical Empyrean 
X-ray diffractometer (PANalytical Inc., Westborough, 
MA), with a Cu–K-alpha tube (λ = 1.5418 Å) operating at 
a voltage of 45  kV and a current of 40  mA. The scatter 
angle, 2θ, was measured at a range of 9–41°, with a step 
size of 0.01°, using a 1/8° fixed divergence, a 1/4° anti-
scatter slit, as well as a 0.04 rad Soller slit. The index of 
crystallinity (CrI) was determined using the Segal’s peak 
height method, as shown in the following equation:

where I002 is the total intensity of the peak at 2θ = 22.5° 
and IAM is the intensity of the background scatter at 
2θ = 18.7° [44]. The CrI for cellulose was normalized 
against commercial Avicel, which was assigned a CrI of 
100%. The XRD data were plotted and analyzed using the 
Origin 2017 SR 1 software (OriginLab Corporation).

Anatomical characterization
Untreated and IL-activated/regenerated biomass samples 
were also characterized using scanning electron micros-
copy (SEM). A PhenomPro X desktop Scanning Electron 
Microscope was used to collect micrograph images of the 
samples at 50 kV using 400 and 1500× magnification. A 
total of ten images were taken for each sample and repre-
sentative images are shown in this paper.

Enzymatic saccharification
Following activation and regeneration, the HP samples 
were hydrolyzed with commercial enzymes. A biomass 
loading (BL) of 5  w/w% was used for saccharification 
with CTec3 cellulases and HTec3 hemicellulases (Novo-
zymes). The saccharification was performed in tripli-
cates, at a temperature of 50 °C in a 50-mM citrate buffer 

(1)CrI = I002 − IAM

/

I002,
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(pH 5.0), using capped Erlenmeyer flasks. The shaker 
was set to 100 RPM. Aliquots of the saccharified samples 
were taken at predetermined times of 0, 1, 3, 6, 12, 24, 
48, and 72 h, boiled for 5 min to denature the enzymes, 
and centrifuged at 10,000 RPM (14,087×g) for 5  min. 
The aliquots were then filtered through 0.45-μm nylon 
membrane filters from Milli-pore (Billerica, MA) and 
analyzed by High-Performance Liquid Chromatography 
(HPLC). A Bio-Rad Aminex HPX-87P carbohydrate anal-
ysis column (Richmond, CA) and a deashing guard col-
umn (Bio-Rad, Hercules, CA) were used at 85 °C, with a 
mobile-phase (H2O) flow rate of 0.25 mL/min. To deter-
mine the acetyl content, a Bio-Rad Aminex HPX-87H 
column and a cation H guard column were used with a 
mobile-phase (H2SO4) flow rate of 0.6 mL/min.

Results and discussion
The activation step performed in this work parallels the 
first 3 h of a typical dissolution process, when biomass is 
continuously stirred with the IL under controlled mixing 
and temperature conditions, which can last up to a week 
[37]. Unlike dissolution processes, activation results in 
biomass only partially dissolved in the IL; changes that 
take place during this phase can be studied by regener-
ating or precipitating the biomass after a short activa-
tion period through rapid addition of an anti-solvent. To 
assess these changes in our study, the following properties 
were measured: biomass regenerated yield, chemical com-
position, cellulose crystallinity, anatomical features, and 
ability of the regenerated biomass to enzymatically release 
sugars. The mass of regenerated biomass after IL activa-
tion is often a first indicator of the lignocellulosic com-
ponent loss that takes place during activation. The data 
in Table 1 show the mass recovery for all the HP samples 
that were activated with [EMIM][CH3COO] and [AMIM]
[HCOO] at 10 wt% biomass loading for different periods.

The mass of recovered IL-activated HP biomass 
decreases with increasing activation time, with a maxi-
mum loss of ~ 6 and 8% during the 72-h activation 
period for [EMIM][CH3COO] and [AMIM][HCOO], 

respectively. This loss is not attributed to the removal of 
water, extractives, or inorganics from biomass, as these 
are accounted for during the experiment and previously 
extracted before activation. For [EMIM][CH3COO]-acti-
vated biomass, the mass loss has been attributed to the 
deacetylation of hemicellulose and lignin during the acti-
vation [25, 27]. Such deacetylation reactions have not yet 
been documented using [AMIM][HCOO].

To verify these changes, an initial screening of the 
chemical signature of the IL-activated HP biomass 
was performed using FTIR spectroscopy coupled with 
principal component analysis (PCA). Figures  1 and 2 

Table 1  Mass recovery of  hybrid poplar biomass (HP %) 
after activation with two ionic liquid types under varying 
times

a  SD or standard deviations for mass recovery were calculated based on 
triplicates

Activation time (h) Biomass mass recoverya (% mean ± SD)

[EMIM][CH3COO] [AMIM][HCOO]

3 96.1 ± 0.2 98.2 ± 0.0

24 96.1 ± 0.2 96.8 ± 0.4

48 96.1 ± 0.5 93.2 ± 1.0

72 94.1 ± 1.0 92.1 ± 0.8
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Fig. 1  Principal component analysis (PCA) on [EMIM]
[CH3COO]-activated samples compared to untreated hybrid 
poplar. The principal component analysis (PCA) for [EMIM]
[CH3COO]-activated samples at 3-, 24-, 48-, and 72-h activation times 
compared to an untreated control sample. The scores plot is shown 
on the top (a), and the loadings’ plot for PC1 on the bottom (b)
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present scatter plots of principal component scores, i.e., 
scores’ plots, showing the pattern in the FTIR data, and 
a loadings plot displaying the relationship between the 
wavenumbers of the FTIR spectrum and the PCs. PCA 
scores and loadings plots highlight the significant differ-
ences caused by the diverse activation times for [EMIM]
[CH3COO] (Fig. 1a, b, corresponding to scores and load-
ings plot, respectively) and [AMIM][HCOO] (Fig.  2a, 
b, corresponding to scores and loadings plot, respec-
tively) when compared to the control that consisted of 
untreated HP in the FTIR fingerprint region. For [EMIM]

[CH3COO]-activated HP biomass, the scores plot shows 
that samples activated for 3, 24, and 48-h clustered along 
PC1 with the 72-h activated samples being the farthest 
away from the untreated biomass (control). The PC1 
loadings plot highlights that significant spectral changes 
occurred at 1737 and 1233 cm−1; both bands assigned to 
acetyl group vibrations, C=O and C–O stretch, respec-
tively [45, 46]. Since the acetyl group bands are positive, 
as shown in Fig.  1b, and the 72-h [EMIM][CH3COO]-
activated samples are located in the negative quadrant 
of PC1, as shown in Fig. 1a, it infers that there are fewer 
acetyl groups in these 72-h samples, as compared to the 
control and samples that were treated with shorter acti-
vation times [27]. 

Similarly, the scores’ plot for the [AMIM][HCOO]-acti-
vated HP samples at different times is shown in Fig. 2a, 
with the 72-h activated samples being the furthest from 
the control. However, unlike with [EMIM][CH3COO], 
the PC1 loadings plot for [AMIM][HCOO]-activated 
samples (Fig.  2b) does not display a significant differ-
ence in the acetyl region. Nevertheless, there is an intense 
negative band at 1033  cm−1 which is associated with 
C–O and C–C–O functional group stretching, indicat-
ing changes in biomass activated with [AMIM][HCOO] 
for 72  h compared to the other samples. This observa-
tion and the data presented in Table 1 indicate that the 
biomass loss observed during activation with [AMIM]
[HCOO] is not primarily due to deacetylation like with 
[EMIM][CH3COO], but could be attributed to the loss 
of some carbohydrates (C–O stretching in cellulose, and 
hemicellulose), and subsequent biomass removal during 
the washing step [47, 48]. Overall, similar sample clus-
tering for both ILs demonstrates that longer activation 
times have a greater impact on the chemical features of 
HP biomass. However, unlike [EMIM][CH3COO], dea-
cetylation is not the biggest change observed when HP is 
activated with [AMIM][HCOO].

To streamline our efforts and provide direct com-
parison to previous studies, we focused our subsequent 
analyses only on the shortest (3 h) and the longest (72-h) 
activation times for each IL [22, 49, 50]. In addition, these 
activation times were selected on the basis that 72-h acti-
vated hybrid poplar biomass can enzymatically produce 
the same amount of glucose as samples activated for 3 h 
coupled with autohydrolysis [35]. PCA of the FTIR spec-
tra collected for the 3- and 72-h activated samples of both 
ILs was performed to investigate the chemical features of 
these samples by IL type and activation time (Fig. 3a, b). 
According to the loadings’ plot (Fig.  3b), the most sig-
nificant spectral changes occur at 1735, 1371, 1233, 1039, 
and 1011  cm−1, with 1735, 1371, and 1233  cm−1 hav-
ing the highest intensities. The two most intense bands 
at 1735 and 1233  cm−1 are assigned to acetyl group 
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vibrations, whereas the band at 1371 cm−1 is attributed 
to C–H deformation in cellulose and hemicellulose [47, 
48]. Similar to the observation for Fig. 1, the acetyl group 
bands in Fig. 3b are positive and the 72-h activated sam-
ples for both ILs are located on the negative quadrant of 
PC1. However, the 72-h [EMIM][CH3COO]-activated 
samples are located further away from the rest of the 
samples projected onto the PCs axes. Overall, variations 
in the FTIR spectra confirm that [EMIM][CH3COO] 
altered the chemical features of biomass the most, while 
the use of [AMIM][HCOO] does not seem to signifi-
cantly impact the chemical fingerprint of the resulting 

biomass. This observation was clearly seen, whereby the 
72-h [AMIM][HCOO]-activated biomass is located near 
the control and 3-h [AMIM][HCOO], indicating similar 
chemical features.

To confirm the FTIR findings and investigate if any 
specific biomass constituent was hydrolyzed/lost dur-
ing activation, the chemical composition of the ionic liq-
uid activated/regenerated HP samples was determined. 
Table  2 corroborates that the regenerated samples have 
lower acetyl content than the starting material (control). 
After a 3-h activation period, acetyl content decreases 
from 5.9% in the control sample to 5.3% and 4.9% in 
[EMIM][CH3COO] and [AMIM][HCOO] regenerated 
samples, respectively. After 72-h activation with [EMIM]
[CH3COO], acetyl content drops to 3.3% which corre-
sponds to a reduction of 44.1% compared to the control. 
Acetyl content for [AMIM][HCOO]-treated samples 
with the same 72-h activation time shows a much smaller 
decrease (from 5.9 to 4.8%; a decrease of 18.6%). Con-
trary to [EMIM][CH3COO], these results indicate that 
only a small fraction of the acetyl groups is lost during 
activation with [AMIM][HCOO].

When testing each IL, all hybrid poplar biomass activa-
tions were conducted under identical conditions. Because 
of this, we propose that the larger percentage of acetyl 
group cleavage observed when using [EMIM][CH3COO] 
is unlikely a result of simple thermal hydrolysis by adven-
titious water. Likewise, the numerous structural similari-
ties of [EMIM][CH3COO] and [AMIM][HCOO] suggest 
that they should undergo relatively similar chemistries, to 
a first approximation, if they are, indeed, active partici-
pants in the observed deacetylation chemistry. Therefore, 
we hypothesize that the observed differentiation may 
stem from basicity differences in the IL’s respective ani-
ons, acetate and formate. More specifically, the pKa of 
formic acid (the conjugate acid of formate) is 3.75 and is 
lower than that of acetic acid (the conjugate acid of ace-
tate) which has a pKa value of 4.76. Because of this pKa 
difference, we can safely surmise that acetate is a stronger 
base than formate and can, therefore, produce a one 
order of magnitude higher equilibrium concentration of 
nucleophilic species than when using formate-based ILs. 
Such nucleophilic species may include hydroxide, which 
results upon deprotonation of water (Fig. 4a), or N-het-
erocyclic carbenes (NHCs), which result upon depro-
tonation of the imidazolium cations (Fig.  4b) [51], and 
both of which are known to readily attack acetyl esters. 
Because acetate is the stronger base and should result in 
a higher concentration of these nucleophilic species, we 
hypothesize that this may promote biomass deacetylation 
to a greater extent, as was observed when using [EMIM]
[CH3COO] [52].
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Interestingly, further analysis of the data in Table  2 
reveals a reduction in the carbohydrates content for 
[AMIM][HCOO]-activated biomass compared to the 
control (untreated HP). After 72-h activation in [AMIM]
[HCOO], the carbohydrates content in the regener-
ated biomass (61.2%) is lower by 5.1% compared to the 
untreated biomass (64.5%), while lignin content remains 
constant. These findings agree well with the FTIR results 
and could justify the lower mass recovery of 92.1% for the 
[AMIM][HCOO]-activated biomass.

In addition to chemical changes, the crystallinity of the 
activated/regenerated biomass was investigated by X-ray 
diffraction (Fig. 5). Activation with both ILs slightly mod-
ifies the crystalline profile of the biomass with a slight 
broadening of the main peak at 2θ = 22.5° compared to 
the control. Although no peak shifts are observed, which 
are usually indicative of cellulose I transitioning into cel-
lulose II during dissolution, there is a slight decrease in 
peak intensity at 35° for the 72-h activated samples. We 
hypothesize that this change is due to a possible disrup-
tion of the microfibril alignment of the cellulose chains 

Table 2  Chemical composition (% dry basis) of  regenerated hybrid poplar biomass after  [EMIM][CH3COO] and  [AMIM]
[HCOO] activation at 10 wt% loading for varying activation times

Mean ± standard deviation are based on triplicate measurements

Least significant difference (LSD) test was performed to determine differences within each biomass constituent. Means with the same letter (a, b, c, d, and e) are not 
significantly different by LSD at p < 0.05
1  Total carbohydrate content is the sum of cellulose and hemicellulose
2  Decrease in acetyl content =

AcetylControl−AcetylIL−activatedHP

AcetylControl
× 100%, with IL being [EMIM][CH3COO] or [AMIM][HCOO]

Chemical composition Control HP (untreated) [EMIM][CH3COO]-activated HP [AMIM][HCOO]-activated HP

Activation time (h) – 3 72 3 72

Cellulose (%) 44.2a

± 0.2
43.4b

± 0.1
43.5b

± 0.3
42.8c

± 0.2
42.6c

± 0.1

Hemicellulose (%) 20.6a

± 0.1
20.2a

± 0.1
19.9a

± 0.2
19.0b

± 0.2
18.5b

± 0.3

Total carbohydrates (%)1 64.5a

± 0.9
63.7ab

± 0.3
63.4b

± 0.5
61.8c

± 0.3
61.2c

± 0.2

Lignin (%) 27.8b

± 0.6
28.9a

± 0.2
27.8b

± 0.3
27.9b

± 0.3
27.5b

± 0.5

Acetyl content (%) 5.9a

± 0.07
5.3b

± 0.05
3.3e

± 0.05
4.9c

± 0.02
4.8d

± 0.03

Decrease in acetyl content (%)2 – 10.2 44.1 16.9 18.6

Fig. 4  Mechanism for deacetylation of biomass using ionic liquids. In the mechanism for proposed biomass deacetylation using [EMIM][CH3COO] 
or [AMIM][HCOO], R represents the H or CH3 attached to the formate or acetate anion. R1 and R2 represent the carbon chain on the biomass 
structure
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[53]. An index of crystallinity (CrI) calculated from the 
XRD patterns is provided in Table  3. Similar to acetyl 
content in Table 2, a small decrease in the CrI for the 3-h 
activated samples is observed, with a 17.6% and 11.7% 
decrease for [EMIM][CH3COO] and [AMIM][HCOO], 
respectively, compared to the control. However, for the 
72-h activated samples, [EMIM][CH3COO] reduces cel-
lulose crystallinity of hybrid poplar biomass from 61.4 
to 43.5%, while the cellulose crystallinity for [AMIM]
[HCOO] only drops to 49.6%. Overall, when compar-
ing the two ILs and activation times, the data confirm 
a higher structural disruption of the biomass primary 
components with [EMIM][CH3COO] at 72 h. Literature 
shows that, as this solvent penetrates into the hydrogen 
bonded sheets of cellulose I, the lattice structure expands 
and causes biomass to undergo crystallinity changes [54].

To visualize potential physical and anatomical changes 
that took place during the 72-h IL activation, scan-
ning electron microscopy (SEM) images were collected 
(Fig.  6). The features of hardwood tissues are clearly 
observed in the control (untreated HP), with visible ray-
vessels’ pittings, fibers, and ray cells [55]. The morphol-
ogy and structural ordering of [EMIM][CH3COO] and 
[AMIM][HCOO]-activated biomass appear to have sub-
tle differences compared to each other and to the con-
trol. One similarity for both IL treatments is the lack of 
lignin droplet accumulation on the cellulose fibers, indi-
cating that the activation step was mild and did not sig-
nificantly impact the anatomical features of the biomass 
[56]. Previous studies using dilute acid pretreatment have 
reported the coalescence of lignin droplets on the surface 
of wood, presenting a barrier for enzymatic hydrolysis 
[57]. Moreover, the regenerated biomass samples in this 
study do not show unpacking of macro fiber bundles or 
loss of structural ordering of biomass, which occur dur-
ing pretreatments with higher severity, as reported by 
Singh et al. [22].

However, subtle differences could be observed when 
comparing the IL samples and the control. The [EMIM]
[CH3COO]-activated biomass (Fig.  6b) appears to have 
larger ring-like porous structures around the microfi-
brils. Rays are still seen and the activation seemed to have 
somewhat changed the structure of the wood making it 
more porous, which will make the cellulosic component 
of the biomass more accessible for further degradation 
using enzymes. On the other hand, the SEM images for 
[AMIM][HCOO]-activated biomass (Fig.  6c) seem to 
show re-folding of the fibers. It appears if the activation 
only disrupted the ray cells of the biomass, without affect-
ing its porosity. Overall, these slight differences demon-
strate that activation with these two ionic liquids under 
mild conditions (short time and temperature < 100  °C) 

Fig. 5  Cellulose crystallinity of IL-activated samples at 3 and 72 h 
compared to untreated hybrid poplar. X-ray diffraction (XRD) patterns 
for IL-activated sample at 10 wt% biomass loading are compared 
to the untreated control. Index of crystallinity for cellulose was 
calculated using Eq. 1

Table 3  Comparison of  index of  crystallinity (CrI) 
measured through  XRD for  [EMIM][CH3COO] and  [AMIM]
[HCOO]-activated hybrid poplar samples

a  Decrease in crystallinity =
CrIControl−CrIIL−HP

CrIControl
 , with IL being [EMIM][CH3COO] or 

[AMIM][HCOO]

Control 
HP

[EMIM]
[CH3COO]-HP

[AMIM]
[HCOO]-HP

Activation time (h) – 3 72 3 72

Index of crystallinity (CrI %) 61.4 50.6 43.5 54.2 49.6

Decrease in crystallinity (%)a – 17.6 29.2 11.7 19.2
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does not significantly impact the physical and anatomical 
features of lignocellulosic biomass.

The chemical and physical features of biomass are 
correlated to the enzymatic hydrolysis of cellulose and 
hemicellulose. Using commercial enzymes, the enzy-
matic saccharification of cellulose and hemicellulose for 
the 72-h [EMIM][CH3COO] and [AMIM][HCOO]-acti-
vated samples was monitored and presented in Fig.  7a, 
b, respectively. The highest cellulose conversion of 44% 
is obtained for the [EMIM][CH3COO]-activated sample 
after a 72-h activation, while only 20% of the cellulose 
in the [AMIM][HCOO]-activated sample are converted 
into soluble sugars. Similarly, the highest hemicellulose 
conversion is obtained for [EMIM][CH3COO] activation 
of the HP biomass. These observed conversion trends 
show similarities to the CrI trend in Table 3.

The observations from FTIR spectroscopy, X-ray dif-
fraction, SEM, and enzymatic saccharification con-
firm that [EMIM][CH3COO] and [AMIM][HCOO] do 
not activate hybrid poplar biomass at the same extent. 
[EMIM][CH3COO] activation deacetylates hemicellulose 
to a higher degree and significantly decreases cellulose 
crystallinity. These occurrences are not as pronounced 
during activation with [AMIM][HCOO] despite a larger 
amount of biomass is dissolved in this IL [37]. Instead, 
the [AMIM][HCOO]-activated hybrid poplar seems to 
show folding of the fibers on its surface. In our case, this 
potential phenomenon could be due to additional hydro-
gen bonds formed (during activation) and preserved dur-
ing the regeneration step with water (anti-solvent).

Nevertheless, the behavior of [AMIM][HCOO] during 
activation is a highly valued characteristic of ILs for the 
direct production of bioproducts such as films and fib-
ers from whole biomass-IL system [36]. Since [AMIM]

[HCOO] is known to have better dissolution properties 
than [EMIM][CH3COO] [37] and the literature shows 
that the former has lower viscosity than the latter [37], 
there is potential for [AMIM][HCOO] to become a better 
solvent for fiber spinning. Although [EMIM][CH3COO] 
has been used for films casting in recent studies [36], 
our work shows that [EMIM][CH3COO] performs bet-
ter at activating and thereby producing sugars and 
lignin through a fractionation approach, while [AMIM]
[HCOO] performs better at dissolving whole biomass 
for the direct processing of products. Particularly, this IL 
does not require the partial removal of hemicellulose to 
achieve higher biomass loading (which results in higher 
energy efficiency and cost-effectiveness of the process) 
and generate IL-biomass solution with adequate rheolog-
ical properties, i.e., viscosity behavior and flow properties 
of the system, both important during handling, dissolu-
tion, and processing [58].

Conclusions
Our results show that hybrid poplar biomass activation 
at 60  °C using both ILs acetate and formate impacted 
acetyl content and crystallinity, with the former IL having 
more of an impact than the latter. During hybrid poplar 
activation using [EMIM][CH3COO] for 72  h, the bio-
mass undergoes a deacetylation of 44.1%, has cellulose 
crystallinity reduced by 29.3%, and results in 44% cellu-
lose conversion during enzymatic saccharification. The 
uncommon IL [AMIM][HCOO] did not produce similar 
results, retaining 81.4% of the acetyl groups in the bio-
mass, and decreasing the crystallinity of cellulose by only 
19.2% even after 72-h mixing under 60 °C. These findings 
highlight the potential for new research opportunities for 

Fig. 6  Scanning electron microscopy (SEM) images for untreated hybrid poplar and IL-activated samples after 72 h. The SEM micrographs of control 
(untreated HP) (a), [EMIM][CH3COO]-activated HP (b), and [AMIM][HCOO]-activated HP (c). Images were taken at ×400 magnification
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using [AMIM][HCOO] to dissolve biomass and direct 
processing into fibers or other materials with enhanced 
properties.

Abbreviations
IL: ionic liquid; HP: hybrid poplar; BL: biomass loading; [EMIM]: 1-ethyl-
3-methylimidazolium; [AMIM]: 1-allyl-3-methylimidazolium; [CH3COO]: acetate; 
[HCOO]: formate; FTIR: Fourier-transform infrared spectroscopy; PCA: principal 
component analysis; XRD: X-ray diffraction; CrI: crystallinity index; SEM: scan-
ning electron microscopy.

Authors’ contributions
PM performed the experiments, conducted data analysis, and wrote the 
manuscript. KK assisted PM with FTIR spectroscopy, chemical composition 
analysis, and enzymatic saccharification. SCC, NA, BKL, and DJC assisted with 
data interpretation and edited the manuscript. NL designed the overall experi-
ment, assisted with data analysis, and edited the manuscript. All authors read 
and approved the final manuscript.

Author details
1 Center for Renewable Carbon, University of Tennessee, Knoxville, TN 37996, 
USA. 2 Department of Biosystems Engineering and Soil Science, University 
of Tennessee, Knoxville, TN 37996, USA. 3 Department of Chemistry, University 
of Tennessee, Knoxville, TN 37996, USA. 

Acknowledgements
The authors are grateful to the National Science Foundation: Chemical, Bio-
engineering, Environmental, and Transport Systems (Grant Number: 151181) 
for their financial support. We thank Novozymes for providing the CTec3 cel-
lulases and HTec3 hemicellulases. In addition, we would like to thank Mr. Chris 
Wetteland and Mr. Jordan T. Sutton of the University of Tennessee for assisting 
with the scanning electron microscopy (SEM) images. The XRD on HP samples 
was performed at the Joint Institute for Advanced Materials (JIAM) Diffraction 
Facility, located at the University of Tennessee, Knoxville.

Competing interests
The authors declare that they have no competing interests.

Availability of supporting data
The authors do not have any additional supporting data to disclose.

Consent for publication
All authors consented to the publication of this work.

Ethics approval and consent to participate
All authors have approved this manuscript and agree with its submission to 
Biotechnology for Biofuels.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 28 June 2018   Accepted: 19 September 2018

References
	1.	 NASA Goddard Institute for Space Studies. https​://www.giss.nasa.gov/

resea​rch/news/20180​118/. Accessed 20 Jan 2018.
	2.	 Soudham VP, Grasvik J, Alriksson B, Mikkola JP, Jonsson LJ. Enzymatic 

hydrolysis of Norway spruce and sugarcane bagasse after treatment 
with 1-allyl-3-methylimidazolium formate. J Chem Technol Biot. 
2013;88:2209–15.

	3.	 Rabideau BD, Ismail AE. Mechanisms of hydrogen bond formation 
between ionic liquids and cellulose and the influence of water content. 
Phys Chem Chem Phys. 2015;17:5767–75.

	4.	 Lynd LR, Cushman JH, Nichols RJ, Wyman CE. Fuel ethanol from cellulosic 
biomass. Science. 1991;251:1318–23.

	5.	 Scheller HV, Ulvskov P. Hemicelluloses. Annu Rev Plant Biol. 
2010;61:263–89.

	6.	 Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW, 
et al. Biomass recalcitrance: engineering plants and enzymes for biofuels 
production. Science. 2007;315:804–7.

	7.	 Appels L, Dewil R. Biomass valorization to energy and value added 
chemicals: the future of chemical industry. In: Appels L, Dewil R, editors. 
Resources, conservation and recycling. Mechelen: Academic; 2010. p. 
1–3.

	8.	 Tadesse H, Luque R. Advances on biomass pretreatment using ionic 
liquids: an overview. Energy Environ Sci. 2011;4:3913–29.

0 20 40 60 80 100 120
0

10

20

30

40

50

a

C
el

lu
lo

se
 c

on
ve

rs
io

n 
in

to
 g

lu
co

se
 (%

)

Time (h)

 Control
 [EMIM][CH

3
COO]

 [AMIM][HCOO]

0 20 40 60 80 100 120
0

5

10

15

20

25

30

35
b

H
em

ic
el

lu
lo

se
 c

on
ve

rs
io

n 
in

to
 s

ug
ar

s 
(%

)

Time (h)
Fig. 7  Enzymatic saccharification on cellulose and hemicellulose 
components of IL-activated samples. The kinetics of enzymatic 
saccharification on cellulose (a) and hemicellulose (b) of 72-h 
activated biomass at a 10 wt% biomass loading are shown in 
this figure. The conversion was calculated based on the chemical 
composition of raw hybrid poplar

https://www.giss.nasa.gov/research/news/20180118/
https://www.giss.nasa.gov/research/news/20180118/


Page 12 of 13Moyer et al. Biotechnol Biofuels  (2018) 11:265 

	9.	 Bozell JJ. An evolution from pretreatment to fractionation will enable 
successful development of the integrated biorefinery. BioResources. 
2010;5:1326–7.

	10.	 Bozell JJ, Black SK, Myers M, Cahill D, Miller WP, Park S. Solvent fractiona-
tion of renewable woody feedstocks: organosolv generation of biorefin-
ery process streams for the production of biobased chemicals. Biomass 
Bioenergy. 2011;35:4197–208.

	11.	 Kumar P, Barrett DM, Delwiche MJ, Stroeve P. Methods for pretreatment 
of lignocellulosic biomass for efficient hydrolysis and biofuel production. 
Ind Eng Chem Res. 2009;48:3713–29.

	12.	 Sun N, Rahman M, Qin Y, Maxim ML, Rodríguez H, Rogers RD. Complete 
dissolution and partial delignification of wood in the ionic liquid 1-ethyl-
3-methylimidazolium acetate. Green Chem. 2009;11:646–55.

	13.	 Plechkova NV, Seddon KR. Applications of ionic liquids in the chemical 
industry. Chem Soc Rev. 2008;37:123–50.

	14.	 Rogers RD, Seddon KR. Ionic liquids–solvents of the future? Science. 
2003;302:792–3.

	15.	 Sun Q, Khunsupat R, Akato K, Tao J, Labbé N, Gallego NC, et al. A study of 
poplar organosolv lignin after melt rheology treatment as carbon fiber 
precursors. Green Chem. 2016;18:5015–24.

	16.	 Amarasekara AS. Handbook of cellulosic ethanol. Hoboken: Wiley; 2013.
	17.	 Mostofian B, Cai CM, Smith MD, Petridis L, Cheng X, Wyman CE, et al. 

Local phase separation of co-solvents enhances pretreatment of biomass 
for bioenergy applications. J Am Chem Soc. 2016;138:10869–78.

	18.	 Alonso DM, Wettstein SG, Dumesic JA. Gamma-valerolactone, a sustain-
able platform molecule derived from lignocellulosic biomass. Green 
Chem. 2013;15:584–95.

	19.	 Brandt A, Ray MJ, To TQ, Leak DJ, Murphy RJ, Welton T. Ionic liquid 
pretreatment of lignocellulosic biomass with ionic liquid–water mixtures. 
Green Chem. 2011;13:2489–99.

	20.	 Li C, Knierim B, Manisseri C, Arora R, Scheller HV, Auer M, et al. Compari-
son of dilute acid and ionic liquid pretreatment of switchgrass: biomass 
recalcitrance, delignification and enzymatic saccharification. Bioresour 
Technol. 2010;101:4900–6.

	21.	 Shill K, Padmanabhan S, Xin Q, Prausnitz JM, Clark DS, Blanch HW. Ionic 
liquid pretreatment of cellulosic biomass: enzymatic hydrolysis and ionic 
liquid recycle. Biotechnol Bioeng. 2011;108:511–20.

	22.	 Singh S, Simmons BA, Vogel KP. Visualization of biomass solubilization and 
cellulose regeneration during ionic liquid pretreatment of switchgrass. 
Biotechnol Bioeng. 2009;104:68–75.

	23.	 Sathitsuksanoh N, Holtman KM, Yelle DJ, Morgan T, Stavila V, Pelton J, et al. 
Lignin fate and characterization during ionic liquid biomass pretreat-
ment for renewable chemicals and fuels production. Green Chem. 
2014;16:1236–47.

	24.	 Li H-Y, Chen X, Wang C-Z, Sun S-N, Sun R-C. Evaluation of the two-step 
treatment with ionic liquids and alkali for enhancing enzymatic hydroly-
sis of Eucalyptus: chemical and anatomical changes. Biotechnol Biofuels. 
2016;9:166.

	25.	 Parthasarathi R, Sun J, Dutta T, Sun N, Pattathil S, Konda NM, et al. Activa-
tion of lignocellulosic biomass for higher sugar yields using aqueous 
ionic liquid at low severity process conditions. Biotechnol Biofuels. 
2016;9:160.

	26.	 Kamiya N, Matsushita Y, Hanaki M, Nakashima K, Narita M, Goto M, 
Takahashi H. Enzymatic in situ saccharification of cellulose in aqueous-
ionic liquid media. Biotechnol Lett. 2008;30:1037–40.

	27.	 Labbé N, Kline LM, Moens L, Kim K, Kim PC, Hayes DG. Activation of 
lignocellulosic biomass by ionic liquid for biorefinery fractionation. 
Bioresour Technol. 2012;104:701–7.

	28.	 Samayam IP, Hanson BL, Langan P, Schall CA. Ionic-liquid induced 
changes in cellulose structure associated with enhanced biomass 
hydrolysis. Biomacromol. 2011;12:3091–8.

	29.	 Kilpeläinen I, Xie H, King A, Granstrom M, Heikkinen S, Argyropou-
los DS. Dissolution of wood in ionic liquids. J Agric Food Chem. 
2007;55:9142–8.

	30.	 Lucas M, Macdonald BA, Wagner GL, Joyce SA, Rector KD. Ionic liquid 
pretreatment of poplar wood at room temperature: swelling and incor-
poration of nanoparticles. ACS Appl Mater Interfaces. 2010;2:2198–205.

	31.	 Castro MC, Rodriguez H, Arce A, Soto A. Mixtures of ethanol and the 
ionic liquid 1-ethyl-3-methylimidazolium acetate for the fractionated 

solubility of biopolymers of lignocellulosic biomass. Ind Eng Chem Res. 
2014;53:11850–61.

	32.	 Li Y, Liu X, Zhang Y, Jiang K, Wang J, Zhang S. Why only ionic liquids with 
unsaturated heterocyclic cations can dissolve cellulose: a simulation 
study. ACS Sustain Chem Eng. 2017;5:3417–28.

	33.	 Socha AM, Parthasarathi R, Shi J, Pattathil S, Whyte D, Bergeron M, et al. 
Efficient biomass pretreatment using ionic liquids derived from lignin 
and hemicellulose. Proc Natl Acad Sci USA. 2014;111:E3587–95.

	34.	 Deb S, Labafzadeh SR, Liimatainen U, Parviainen A, Hauru LK, Azhar S, 
et al. Application of mild autohydrolysis to facilitate the dissolution of 
wood chips in direct-dissolution solvents. Green Chem. 2016;18:3286–94.

	35.	 Wang J. The impacts of biopolymer-ionic liquid interactions on the utili-
zation of lignocellulosic biomass. http://trace​.tenne​ssee.edu/utk_gradd​
iss/3973/ (2016). Accessed 15 Nov 2017.

	36.	 Wang J, Boy R, Nguyen NA, Keum JK, Cullen DA, Chen J, et al. Controlled 
assembly of lignocellulosic biomass components and properties of 
reformed materials. ACS Sustain Chem Eng. 2017;5:8044–52.

	37.	 Moyer P, Smith MD, Abdoulmoumine N, Chmely SC, Smith JC, Petridis 
L, et al. Relationship between lignocellulosic biomass dissolution and 
physicochemical properties of ionic liquids composed of 3-methyl-
imidazolium cations and carboxylate anions. Phys Chem Chem Phys. 
2018;20:2508–16.

	38.	 Stepan AM, Michud A, Hellstén S, Hummel M, Sixta H. Ioncell-P&F: pulp 
fractionation and fiber spinning with ionic liquids. Ind Eng Chem Res. 
2016;55:8225–33.

	39.	 Kuzmina O, Hallett JP. Application, purification, and recovery of ionic 
liquids. Amsterdam: Elsevier; 2016. ISBN 978-0-444-63713-0.

	40.	 Sun J, Shi J, Murthy Konda NVSN, Campos D, Liu D, Nemser S, Shamshina 
J, Dutta T, Berton P, Gurau G, Rogers RD, Simmons BA, Singh S. Efficient 
dehydration and recovery of ionic liquid after lignocellulosic processing 
using pervaporation. Biotechnol Biofuels. 2017;10:154F.

	41.	 Sluiter A, Ruiz R, Scarlata C, Sluiter J, Templeton D. Determination of 
extractives in biomass., NREL/TP-510-42619Golden: National Renewable 
Energy Laboratory; 2008.

	42.	 Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al. Deter-
mination of structural carbohydrates and lignin in biomass., NREL/TP-
510-42618Golden: National Renewable Energy Laboratory; 2008.

	43.	 Martens H, Naes T. Multivariate calibration. Chichester: Wiley; 1989.
	44.	 Segal L, Creely J, Martin A Jr, Conrad C. An empirical method for estimat-

ing the degree of crystallinity of native cellulose using the X-ray diffrac-
tometer. Text Res J. 1959;29:786–94.

	45.	 Xu F, Yu J, Tesso T, Dowell F, Wang D. Qualitative and quantitative analysis 
of lignocellulosic biomass using infrared techniques: a mini-review. Appl 
Energy. 2013;104:801–9.

	46.	 Mussatto SI. Biomass fractionation technologies for a lignocellulosic 
feedstock based biorefinery. Amsterdam: Elsevier; 2016.

	47.	 Schwanninger M, Rodrigues J, Pereira H, Hinterstoisser B. Effects of short-
time vibratory ball milling on the shape of FT-IR spectra of wood and 
cellulose. Vib Spectrosc. 2004;36:23–40.

	48.	 Kubo S, Kadla JF. Hydrogen bonding in lignin: a Fourier transform infrared 
model compound study. Biomacromol. 2005;6:2815–21.

	49.	 Cheng G, Varanasi P, Li C, Liu H, Melnichenko YB, Simmons BA, et al. Transi-
tion of cellulose crystalline structure and surface morphology of biomass 
as a function of ionic liquid pretreatment and its relation to enzymatic 
hydrolysis. Biomacromol. 2011;12:933–41.

	50.	 Yuan X, He L, Singh S, Simmons BA, Cheng G. Effect of ionic liquid 
pretreatment on the porosity of pine wood: insights from small angle 
neutron scattering, nitrogen adsorption analysis and x-ray diffraction. 
Energy Fuels. 2017;31(10):10874–9.

	51.	 Clough MT, Geyer K, Hunt PA, Mertes J, Welton T. Thermal decomposition 
of carboxylate ionic liquids: trends and mechanisms. Phys Chem Chem 
Phys. 2013;15:20480–95.

	52.	 Ault A. General acid and general base catalysis. J Chem Educ. 2007;84:38.
	53.	 Zhang J, Wang Y, Zhang L, Zhang R, Liu G, Cheng G. Understanding 

changes in cellulose crystalline structure of lignocellulosic biomass dur-
ing ionic liquid pretreatment by XRD. Bioresour Technol. 2014;151:402–5.

	54.	 Cheng G, Varanasi P, Arora R, Stavila V, Simmons BA, Kent MS, et al. 
Impact of ionic liquid pretreatment conditions on cellulose crystalline 

http://trace.tennessee.edu/utk_graddiss/3973/
http://trace.tennessee.edu/utk_graddiss/3973/


Page 13 of 13Moyer et al. Biotechnol Biofuels  (2018) 11:265 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

structure using 1-ethyl-3-methylimidazolium acetate. J Phys Chem B. 
2012;116:10049–54.

	55.	 Wheeler EA, Baas P, Gasson PE. IAWA list of microscopic features for hard-
wood identification. Leiden: IAWA; 1989.

	56.	 Kristensen JB, Thygesen LG, Felby C, Jørgensen H, Elder T. Cell-wall 
structural changes in wheat straw pretreated for bioethanol production. 
Biotechnol Biofuels. 2008;1:5.

	57.	 Pu Y, Hu F, Huang F, Davison BH, Ragauskas AJ. Assessing the molecular 
structure basis for biomass recalcitrance during dilute acid and hydro-
thermal pretreatments. Biotechnol Biofuels. 2013;6:15.

	58.	 Cruz AG, Scullin C, Mu C, Cheng G, Stavila V, Varanasi P, Xu D, Mentel J, 
Chuang YD, Simmons BA. Impact of high biomass loading on ionic liquid 
pretreatment. Biotechnol Biofuels. 2013;6(1):10.


	Structural changes in lignocellulosic biomass during activation with ionic liquids comprising 3-methylimidazolium cations and carboxylate anions
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Materials: biomass and ionic liquids
	Activation and regeneration of HP in ionic liquids
	Chemical composition analysis
	Fourier transform infrared (FTIR) spectroscopy
	Statistical analysis: principal component analysis of FTIR spectra
	X-ray diffraction (XRD) of activated biomass
	Anatomical characterization
	Enzymatic saccharification
	Results and discussion

	Conclusions
	Authors’ contributions
	References




