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ABSTRACT: Thin films with enhanced water repellency and
mechanical strength can be fabricated from renewable lignocellulosic
feedstock as a replacement for petrochemical-derived synthetic
polymers, such that it minimizes life cycle impact on the
environment and human health. In this study, hybrid poplar
wood, either untreated (control) or pretreated with hot water at 160
°C for 20 min (HWE-20), 60 min (HWE-60), and 90 min (HWE-
90), was dissolved in 1-ethyl-3-methylimidazolium acetate and
regenerated to fabricate thin films. The HWE-90 films were enriched
in lignin by 74%, specifically on the surface, which along with
hemicellulose depletion imparted hydrophobicity (108° water
contact angle) when compared to the control (56°), HWE-20
(77°), and HWE-60 (84°) films. They also exhibited 86% reduced
water vapor sorption hysteresis and 75% improved storage modulus compared to the control. Thus, we demonstrate how to tune the
lignocellulosic film properties via a combination of hot water pretreatment and ionic liquid dissolution.
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■ INTRODUCTION

The global annual production of plastics was about 368 million
tons in 2019,1 and in the U.S. alone, the petrochemical
industry annually consumes about 4.1 billion gallons of
feedstock like naphtha, alkanes, olefins, and hydrocarbon gas
liquids for the production of plastics and other synthetic
polymers.2 Consumption of these fossil fuel-derived feedstock
leads to an emission of 81−287 million tons of CO2 equivalent
per year, which is one of the main sources of greenhouse gas
emissions in the U.S. at 23%.3 In addition to the production of
greenhouse gases and the resulting contribution to climate
change, utilization of synthetic polymers and plastics has other
adverse impacts on the environment. The products of synthetic
polymer degradation, namely, micro- and nano-plastics, are
estimated to accumulate in the agricultural ecosystems at a rate
of 0.3−6.3 kg m−2 in a human lifetime.4 If the production and
consumption of synthetic polymers continues at the current
rate, there could be higher quantities of plastics than fish in the
ocean by 2050, which will cause an irreversible damage to the
ecosystem services.5 Hence, development of biobased alter-
natives to petrochemical feedstock, which are net carbon
neutral, biodegradable, and/or effectively recyclable, is of
utmost importance.
Synthetic thin films and coatings used in sensors, smart

devices, multiphase packaging, and biomedical applications are
hard to replace because of their robust water resistance,
thermo-stability, and specific structural order that proffers

novel functionalities. However, recent studies have shown that
natural polymers like cellulose, lignin, alginate, and chitosan
could be successfully tuned to produce distinctive surface
morphology and wetting behavior that have applications in
barrier packaging,6 drug delivery, wound healing,7,8 and
biosensors,9 among others. Specifically, the inherent covalent
linkages in lignin and structural polysaccharides could be
exploited to achieve enhanced functionality and homogeneity.
Lignocellulosic feedstock have been previously reported to
improve interfacial compatibility and binding strength and
tensile as well as barrier properties in composites, epoxy
coatings, and biobased films.10,11 Hence, if technologies are
developed to directly utilize these feedstock, they will not only
save on capital costs with processing and maintaining phase
dispersions but also yield sustainable bioproducts with inherent
environmental stability and resistance to mechanical deforma-
tion.
Lignocellulosic bioenergy feedstock, such as perennial

grasses (switchgrass), short rotation woody crops (hybrid
poplar), and agricultural residues (corn stover), have the
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potential to supply ∼450 million tons of dry biomass annually
in the U.S. for sustainable bioproduct manufacturing.12−14 Our
previous research has shown that whole lignocellulosic
biomass, that is, hybrid poplar, could be successfully dissolved
in ionic liquids like 1-ethyl-3-methylimidazolium acetate
([EMIM][OAc]) and regenerated to form thin films exhibiting
a continuous 3D network with uniformly dispersed domains.15

Initially, ionic liquids like [EMIM][OAc], 1-allyl-3-methyl-
imidazolium chloride ([AMIM][Cl]), 1-butyl-3-methylimida-
zolium chloride, and [EMIM][Cl] were investigated to
dissolve and cast cellulosic films by virtue of disrupting and
substituting the natural intra- and inter-molecular hydrogen
bonds between the elementary fibrils.16−18 Later, dialkylimi-
dazolium ionic liquids were demonstrated to achieve a near-
complete dissolution of whole biomass, such as southern
yellow pine, bagasse,19 miscanthus,20 beech,21 poplar, and
eucalyptus,22 by virtue of hydrogen bond disruption, π−π
stacking with lignin aromatic rings, and formation of electron
donor/electron acceptor complexes between cation, anion, and
lignocellulose.23,24 The direct dissolution of lignocellulosic
biomass would facilitate downstream fractionation of cellulose
and lignin for value addition25 or manufacturing of biobased
materials like films,26,27 fibers,24,28 and hydrogels.29 Moreover,
it is possible to potentially recover and reuse these ionic
liquids.30 Hence, they are an efficient tool to directly fabricate
renewable thin films from whole lignocellulosic biomass.
Previous studies utilizing ionic liquids for biomaterial

fabrication have expounded on the composition of solvent
systems and dissolution temperature to (1) effectively
regenerate cellulose or biomass dopes and (2) tune the
resultant film’s mechanical properties.15−17 Also, in previous
reports, biomass-based films were often fabricated from
delignified substrates,16,18 included additional solvents like
DMSO, or artificially functionalized lignocellulose with vinyl
groups to enable solution casting.26,27 In the present study, we
are demonstrating how to directly cast thin films from
lignocellulosic biomass via a sequential autohydrolysis and
ionic liquid-based dissolution process. And how the alteration
of biomass chemical composition, and structural rearrange-
ment of cellulose and lignin, could induce natural hydro-
phobicity in lignocellulosic films. To this end, we used
[EMIM][OAc] and hybrid poplar wood as our model system
and performed hot water pretreatment at different severities to
induce biomass chemical compositional changes. Our results
show how, despite the presence of hydroxyl groups,
lignocellulosic biomass could yield hydrophobic thin films
through ionic liquid-assisted induction of hierarchical
networked structures. On a broader note, our investigation
aims to elucidate the factors affecting advanced material
fabrication using renewable lignocellulosic feedstock.

■ MATERIALS AND METHODS
Reagents and Lignocellulosic Biomass. The ionic liquid,

≥95% pure 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]),
was purchased from IoLiTec GmbH (Heilbronn, Germany). Reagent-
grade methanol and ethanol were purchased from Alfa-Aesar (Ward
Hill, MA).
Hybrid poplar stem wood (Populus trichocarpa × Populus

maximowiczii) was obtained from the Center for Renewable Carbon
at the University of Tennessee, Knoxville; air-dried; and ground using
a Wiley mill (Thomas Scientific, model #3383-L10, Swedesboro, NJ)
to a particle size of <0.425 mm (40-mesh screen). The water and
ethanol soluble extractives were removed from the ground biomass by
following the NREL/TP-510-42619 protocol (National Renewable

Energy Laboratory, Golden, CO). The extractives-free solids were air-
dried and subjected to hot water pretreatment for partial hydrolysis of
carbohydrates.

Hot Water Extraction. Hot water extraction (HWE) of the
extractives-free hybrid poplar wood powder was conducted using ASE
350, an Accelerated Solvent Extractor (Dionex, Sunnyvale, CA), at
160 °C for 20, 60, and 90 min. The resultant solid hydrolysates are
hereby denoted as HWE-x, where “x” signifies the duration of hot
water treatment in minutes. The solid hydrolysate recovery was
determined gravimetrically, based on the oven dry weight (ODW) of
the starting material. An untreated control was also studied.

Solution Casting of Thin Films. The casting dopes were
prepared by dissolving 5.5 g of control and 6.5 g of hot water
pretreated hybrid poplar wood powder in 94.5 and 93.5 g of
[EMIM][OAc], respectively, at 100 °C. The as-received ionic liquid
had an equilibrium moisture content (MC) of 8.94 ± 0.72%,
determined using a Pyris 1 thermogravimetric analyzer (TGA,
PerkinElmer, Shelton, CT). An initial pre-heating step was employed
at 100 °C for 30 min; as a result, its MC was reduced to 3.11 ± 0.53%
(based on TGA). The pretreated solids were slowly added in stages to
the pre-heated [EMIM][OAc] to facilitate uniform mixing. The
dissolution process was monitored using a bright-field optical
microscope at 10× magnification; the samples were deemed to be
completely dissolved when no wood tissue was visible. The typical
duration of biomass dissolution was between 12 and 18 days,
depending on the hot water treatment severity.

Once the biomass was completely dissolved, the resulting dope was
cooled down and maintained at 80 °C to fabricate thin films using the
solution-casting technique. The dope was evenly spread on a glass
plate to a thickness of 25 μm (for all HWE samples) or 40 μm
(control) using a pre-calibrated casting knife. The control film was too
brittle and needed to be cast at higher thickness to remain intact
during the drying stage. After casting, the thin films were precipitated
and regenerated in an anti-solvent bath composed of 100% methanol,
incubated in de-ionized water for 1 h, sandwiched between metal
mesh screens, and equilibrated in a series of humidity-controlled
chambers at 21 °C to facilitate drying without sacrificing structural
integrity. Relative humidities of 100, 95, 85, 75, and 54% were
maintained in these chambers by using water and saturated solutions
of KNO3, KCl, NaCl, and Mg(NO3)2, respectively. The films were
stabilized at 54% relative humidity for at least 24 h prior to any
physical or mechanical analyses. The thin film yield was determined
gravimetrically, in triplicate, after drying a representative sample in the
oven at 105 °C for 16 h, as follows

=
×

×
m

m
film yield

percent
100film

casting solution dissolved biomass (1)

The sustainability of our film fabrication process was estimated
using the feedstock intensity factor,31 defined as follows

=
+ ‐

m
m m

feedstock intensity factor raw material

film co product (2)

where the liquid hot water hydrolysates are considered as co-
products;32 the lower the value of this factor, the higher will be the
sustainability of operations.

Characterization of Wood Powder, Casting Solution, and
Thin Films. Chemical Compositional Analysis. The structural
carbohydrates, ash, acetyl, and lignin content of hybrid poplar wood
powder and thin films were determined following the NREL/TP-510-
42618 and TP-510-42622 protocols.33,34 The films were shredded to a
size of ≤4 mm2 prior to the two-step hydrolysis using 72 and 4% (w/
w) sulfuric acid. High-pressure liquid chromatography (HPLC) was
employed to quantify the glucose, xylose, arabinose, galactose, and
mannose content of the liquid hydrolyzate. The HPLC system was
equipped with an Aminex HPX-87P analytical column (Bio-Rad
Laboratories, Inc., Hercules, CA) and a refractive index detector
(PerkinElmer, Shelton, CT). The acetyl content was measured using
the same HPLC system but fitted with an Aminex HPX-87H
analytical column, where glacial acetic acid purchased from Alfa Aesar
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(Haverhill, MA) was used as the calibration standard. The solid
residues were adjusted for inorganic content and used to calculate the
acid insoluble lignin content. The absorbance of liquid hydrolyzate at
240 nm was used to calculate the acid soluble lignin content.33

Rheological Properties. The casting solution’s dynamic viscosity
was measured in triplicate using an AR-G2 stress-controlled
rheometer (TA Instruments, New Castle, DE), fitted with a cone
and plate geometry of 40 mm diameter, 2° cone angle, and 56 μm
truncation. Samples, protected by perimeter application of silicon oil
and metal plate covers, were subjected to steady state shear at a rate of
0.1−100 s−1 and at 80 °C.
Physico-chemical Properties. The density of the thin films was

determined by accurately weighing excised squares of 1 cm × 1 cm
and known thickness (0.022 mm for HWE films and 0.040 mm for
the control) measured using a screw gauge.
Changes in inherent linkages of hybrid poplar biomass and

resulting films were determined using 2D-HSQC (heteronuclear
single quantum coherence) nuclear magnetic resonance (NMR)
spectroscopy. About 50 mg of the thin films was first soaked in 650
μL of a DMSO-d6/pyridine-d5 (4:1 v/v) solvent mixture for 5 h,
pulverized into a gel-like consistency, and then carefully transferred
into thin-walled quartz tubes of 5 mm diameter for analysis.35 For
wood powder, about 50 mg was transformed into a homogenous gel
by using the above-stated NMR solvent mixture and sonicating in a
water bath for 5 h. Quantitative and qualitative HSQC measurements
of the resulting gels were obtained in 8 scans (with a longer recycle
delay) and 32 scans per increment (∼1.5 h), respectively, using a 600
MHz NMR instrument fitted with a cryoprobe. The 2D 1H/13C
HSQC acquisition parameters published by Mansfield et al. were
followed,35 and data processing was conducted using Mnova v14.2
software (Mestrelab Research S.L., Santiago, Spain). The DMSO-d6
cross-peak signal at (δC/δH) 39.5/2.5 ppm was used as a reference,
and the sample spectra were processed by applying a baseline
correction (third-order Bernstein polynomial fit), manual phase
corrections, Gaussian and exponential apodization (F1: 90 Hz/−10
Hz, F2: 10 Hz/−0.5 Hz), and a spectrum size of 1024 (along t1 and
t2). For quantification, all cross-peaks were integrated and normalized
to the pyridine-d5 peak at (δC/δH) 123.8/7.2 ppm.
Fourier transform infrared (FTIR) spectra of the thin films

(equilibrated at 54% relative humidity) were collected using a
Spectrum Two spectrometer (PerkinElmer, Shelton, CT) fitted with a
universal attenuated total reflectance (diamond crystal) accessory; the
scanning specifications were 4 cm−1 resolution, 16 scans per spectrum,
and 5 spectra per film. The collected spectra were detrended using
second-order polynomial function and normalized using standard
normal variate method, prior to principal component analysis (PCA)
using the Unscrambler X v10.4 software (Aspen Technology, Inc.,
Bedford, MA). PCA, a multivariate analytical method, was applied to
the FTIR spectra to detect any significant differences, similarities, or
trends in chemical signatures. Grouping in the PCA scores will
indicate samples with similar chemical features, whereas the PCA
loadings will identify major spectral bands responsible for such
grouping.
Morphological Properties. Atomic force microscopy (AFM) was

conducted in a tapping mode using an Asylum Research Cypher S
system (Oxford Instruments America Inc., Concord, MA) fitted with

a AC200TS silicon probe. A standard cantilever in air with a
resonance frequency of ∼286 kHz and stiffness of k = 40 N m−1 was
used. The scan area per film was 5 μm2, and the line scan rate was 1
Hz. The topography data were collected from two independent
locations for each treatment, at ambient temperature, and processed
using Igor Pro 9.0 software (WaveMetrics Inc., Lake Oswego, OR).

Thermo-mechanical Properties. Dynamic mechanical analysis
(DMA) of the thin film samples with average dimensions of 6.5 ×
4.25 mm was carried out using a DMA-Q800 instrument (TA
instruments, New Castle, DE). Samples were pre-conditioned at 54%
relative humidity and analyzed at a constant strain mode, where the
temperature was ramped from 21 to 300 °C at a rate of 3 °C/min, 1
Hz frequency, and 5 μm displacement. The preload strain was set at
0.01 N.

The Pyris 1 TGA was used to measure the change in MC of neat
[EMIM][OAc] by heating a 10 mg sample from 50 to 100 °C, under
air, at a rate of 20 °C/min and by holding it at 100 °C for 30 min. To
determine the thermal degradation properties of thin films, about 2
mg samples were heated from 25 to 700 °C, at a rate of 10 °C/min,
under nitrogen. The DMA and TGA measurements were conducted
in duplicate. Statistical analysis, namely, comparison of means using
Tukey−Kramer HSD test and multivariate correlation, was conducted
using the JMP 16 software (SAS Institute, Cary, NC).

Dynamic Vapor Sorption and Static Contact Angle Studies.
Water vapor sorption and desorption was determined gravimetrically,
where the dry films were first incubated in a series of increasing
relative humidities, that is, 54, 75, 85, 95, and 100% and then in the
reverse order, at 21 °C. The film weight was recorded manually, at
predetermined intervals for several weeks, until the sorption−
desorption isotherms were built. The MC, on an ODW basis, was
determined based on the equilibrated weight of films in each relative
humidity chamber. Hysteresis was then calculated based on the
difference in MC for a specific relative humidity,36 as given below

= −absolute hysteresis (%) MC MCdesorption sorption (3)

Hydrophobicity of the thin films was determined using a model
100-00 contact angle goniometer (Rame-Hart instrument Co.,
Succasunna, NJ). About 2 μL of sessile water droplets, generated at
a rate of 10 μL/min, were placed on even surfaces and the contact
angle was measured after equilibration. All analyses were conducted at
21 °C, where the surface tension of water was about 72.3 mN m−1.
The average of six measurements was reported for both the water
contact angle (WCA) and water vapor sorption experiments.

■ RESULTS AND DISCUSSION
Effect of HWE on Biomass Physico-chemical Proper-

ties and Ionic Liquid Dissolution. The chemical
composition of untreated and HWE hybrid poplar biomass is
presented in Table 1. The HWE conditions were selected
based on previous reports, where the pretreatment of poplar
species at 160 °C, between 15 and 90 min, facilitated the
maximization of xylan recovery without significantly hydro-
lyzing lignin and cellulose.37,38 As given in Table 1, increase in
HWE severity led to a corresponding decrease in the recovery
of pretreated solids, from 10 to 25%. Other studies have also

Table 1. Chemical Composition of Untreated and Hot Water Pretreated Hybrid Poplar Wooda

chemical compositionc (% ODW)

sample ID HWE severityb cellulose hemicellulosed lignine acetyl ash post-HWE biomass recoveryc (% ODW)

control n/a 44.1 ± 0.1 20.5 ± 0.2 28.5 ± 0.3 6.2 ± 0.2 0.6 ± 0.1 n/a
HWE-20 5.8 47.5 ± 0.3 17.9 ± 0.3 29.4 ± 0.8 5.1 ± 0.3 0.5 ± 0.1 90.1 ± 1.1
HWE-60 6.3 54.4 ± 0.2 13.1 ± 0.2 29.9 ± 0.7 3.6 ± 0.4 0.2 ± 0.1 79.1 ± 1.5
HWE-90 6.5 57.7 ± 0.3 10.9 ± 0.2 29.8 ± 0.4 2.2 ± 0.1 0.3 ± 0.1 74.6 ± 0.9

aHot water extraction (HWE) was conducted at 160 °C for 0, 20, 60, or 90 min; ODWoven dry weight. bCombined severity factor = log R0 + |
pH-7|, where R0 = time × e(tempreaction−100)/14.75 (Chum et al., 1990). cMeans and standard deviations are determined for N = 3. dHemicellulose is the
sum of xylan, arabinan, galactan, and mannan. eLignin is the sum of acid soluble and acid insoluble (Klason) lignin.
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reported a mass loss of 25−48% during hot water pretreatment
of hardwoods.39 Hot water pretreatment enables the reduction
in recalcitrance of lignocellulosic feedstock via (i) deacetyla-
tion of matrix polymers by hydronium ions and subsequent
autohydrolysis by the released acetic acid;40 (ii) reduction in
molecular weight of residual hemicellulose and the degree of
polymerization of cellulose;41 and (iii) cleavage of native ether
linkages in lignin.41 In the present study, HWE resulted in the
solubilization and removal of hemicellulosic polysaccharides by
up to 61% and lignin loss by up to 23%. Since both lignin and
hemicellulose form a matrix surrounding the cellulose fiber
bundles and contribute toward the recalcitrance of plant
biomass,42 partial autohydrolysis of these fractions would
enhance biomass accessibility for ionic liquid dissolution.
HWE has been previously reported to improve the

dissolution of wood chips in ionic liquids like tetrabutylphos-
phonium acetate43 and [EMIM][OAc]39 via (i) cleaving
lignin−hemicellulose linkages42 and (ii) exposing the hydroxyl
groups of cellulose, hemicellulose, and lignin to ionic liquids.
The acetate anion of the ionic liquids then forms a strong
hydrogen bond with the exposed hydroxyl groups and
facilitates the dissolution of pretreated biomass.43 The
pressurized conditions of HWE also enhances the penetration
of ionic liquid into lignocellulosic biomass via increasing the
porosity and fibrillation.39 Therefore, we applied HWE to
facilitate the complete dissolution of hybrid poplar wood in
[EMIM][OAc].
Our study results showed that the application of HWE

improved the amount of hybrid poplar biomass soluble in
[EMIM][OAc] by 20% (i.e., from 5.8 to 6.95% w/w)
compared to the untreated control. The effects of HWE on
hybrid poplar’s chemical structure could be elucidated using
2D-HSQC NMR spectroscopy. The cross-peak signals of
control and HWE-90 biomass observed by quantitative 2D
NMR analyses are provided in Figure 1A−D, and the spectra
of HWE-20 and HWE-60 biomass are provided in the
Supporting Information, Figure S1. The cross-peaks were

integrated and normalized to the pyridine signal and are
presented in Figure 1F. It is evident from Figure 1F that the
total amount of measurable inter-unit (β-O-4, β-5) and
aromatic linkages (syringyl, guaiacyl) in lignin, as well as the
number of polysaccharide (xylopyranoside) substructures,
increased significantly from control to HWE-90 biomass as a
function of increasing HWE severity. As a result of hot water
pretreatment, under identical NMR acquisition parameters,
several chemical structures of the biomass were rendered
accessible/measurable. As shown in Figure 1F, only the
methoxyl and xylopyranoside groups are measurable in the
control, while additional lignin β-O-4 linkages are measurable
in HWE-20. Linkages like β-5 and aromatic units in lignin are
measurable in HWE-60, whereas the HWE-90 biomass
exhibited 16-fold higher polysaccharide structures, 11-fold
more methoxyl groups, and 100% more aromatic, β-O-4, and
β-5 inter-unit linkages when compared to the control. The
increase in quantifiable/accessible xylopyranoside units in
HWE-60 and HWE-90 biomass aligns well with the previous
report that hot water pretreatment could increase the access of
ionic liquids to the hydroxyl groups of polysaccharides and
thus enhance biomass dissolution.43 Our study additionally
shows that the changes rendered to lignocellulosic biomass
even at low HWE severity, such as the increase in access to
lignin methoxyl groups in HWE-20, are sufficient to improve
biomass solubility in [EMIM][OAc]. Thus, based on the
chemical compositional analysis (Table 1) and 2D-HSQC
NMR results, we can conclude that both the partial
solubilization of matrix polymers and increase in access to
labile functional groups, as a result of HWE, enhance biomass
dissolution in ionic liquid.

Effect of HWE on Film Yield and Physico-chemical
Properties. The HWE process affected both the chemical
composition and yield of hybrid poplar thin films, as shown in
Figure 2. The yield of films, which is expressed as a mass
fraction of the original biomass (eq 1), increased as a function
of HWE severity, from 51% for control to 71% for HWE-90

Figure 1. Aromatic regions of (A) control and (B) HWE-90 hybrid poplar biomass determined using quantitative 2D-HSQC NMR; side-chain
regions of (C) control and (D) HWE-90 biomass; (E) legend for substructures identified in the 2D-HSQC NMR spectra; (F) normalized cross-
peak integrals of substructures in control and HWE biomass at 160 °C for 20 min (HWE-20), 60 min (HWE-60), and 90 min (HWE-90). The
corresponding chemical shift assignments are provided in the Supporting Information, Table S1.
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treatment. The control film lost about 65% of lignin during
dissolution and regeneration from [EMIM][OAc], whereas the
HWE films experienced only 17−26% lignin loss. Previous
studies have shown that pretreatment of poplar wood with
[EMIM][OAc] led to a lignin loss of 30%, due to the
formation of strong hydrogen bonds between acetate anion
and lignin, thereby retaining it in a solution state and
preventing its regeneration.44 Moreover, lignin’s interaction
radii with methanol, the regeneration solvent, is relatively
higher compared to cellulose or hemicellulose, and hence,
some lignin may be solubilized during the film regeneration
stage.15 The higher retention of lignin in HWE films could be
attributed to the presence of the relatively insoluble phenyl-
coumaran (β-5) and resinol (β−β′) substructures.45 The 2D-
HSQC NMR analysis of HWE-60 and -90 films demonstrated
the presence of resinol (β−β′) substructures, in addition to
oxidized syringyl units (Figure S2), that are characteristic to
that of lignocellulosic biomass subjected to HWE and ionic
liquid dissolution.45,46 Apart from inducing lignin structural
changes, the film fabrication process also selectively deacety-
lated and dissolved ≤68% of the hemicellulosic polysaccharides
in the HWE films compared to the control (Figure 2). Thus, as
a result of lignin retention and selective hemicellulose
dissolution, our HWE films were enriched in lignin, while
the cellulose content remained nearly the same.
Another important effect of HWE, and the subsequent

changes in hybrid poplar biomass composition, is its impact on
the casting solution’s viscosity (Figure S4). A strong positive

correlation (Pearson’s r = 0.93) existed between the ratio of
cellulose and lignin over hemicellulose (C + L/HC) in the
biomass and the dope viscosity (Tables 2 and S2). Our
previous research showed that increasing the concentration of
dissolved hybrid poplar biomass (≥4% w/w) as well as a
subsequent rise in dope viscosity was essential to induce
molecular entanglements between cellulose and lignin.24 The
current study shows that the partial removal of hemicellulosic
sugars also leads to an increase in the casting solution’s
viscosity, perhaps due to the enhanced mobility and
accessibility of cellulose fiber bundles and lignin, causing
polymer−polymer and polymer−ionic liquid interactions via
hydrogen bonding.23,24 In the end, as a result of changes in
dope viscosity, the density of our films was also affected (Table
2). A higher dope viscosity was strongly correlated to an
increase in film density (Pearson’s r = 0.93), which once again
delineates the significant impact of biomass composition on
the process of film casting as well as the end product
properties.
The HWE pretreatment also impacted the film morphology;

as seen in Figure 3A−D, all hybrid poplar films were
translucent, but the HWE-60 and HWE-90 films were notably
darker in color owing to their enrichment in lignin. The surface
roughness increased as a function of HWE severity (Figure
3E−H); the root-mean-square averages of the profile heights
(Rq), over an evaluation length of 5 μm, for the control, HWE-
20, HWE-60, and HWE-90 films were 10.5 ± 3.4, 26.2 ± 0.4,
38.2 ± 1.2, and 45.9 ± 2.7 nm, respectively. This increase in
surface roughness could be directly correlated to the
enrichment of cellulose and lignin (C + L/HC) in the films
(Pearson’s r = 0.94). Previous reports have also shown that
films made from a physical mixture of nanocellulose and lignin
exhibited a roughness factor of 27−50 nm.47,48 The top-
ography of our HWE films closely resembled wood powder
membranes, regenerated from a tetrabutylammonium acetate
and DMSO solvent system, where a heterogeneous mixture of
cellulose fibrils of 100−400 nm dimension and globular lignin
nanoparticles was observed.49 Moreover, only the control film
exhibited uniform peaks of 10−20 nm in diameter with
occasional heterogeneous phases of ≤400 nm (Figure 3I). All
HWE films exhibited peaks of 270−700 nm in diameter
(Figures 3J−L), which could correspond to fibrillated
cellulosic bundles. The severely pretreated biomass films
(HWE-60 and -90) also exhibited globular features of ∼10
nm in diameter (Figure 3G,H), which could be lignin
nanoparticles;47,49 additional characterization using techniques
like nano-FTIR is required for a more direct elucidation.

Effect of Film Composition on Thermo-mechanical
Properties. X-ray diffraction studies showed that the cellulose
crystalline domains of the hybrid poplar films were character-

Figure 2. Chemical composition and yield of thin films regenerated
from hybrid poplar wood after dissolution in [EMIM][OAc]. The
biomass was extracted with hot water at 160 °C for 0 min (control),
20 min (HWE-20), 60 min (HWE-60), and 90 min (HWE-90). All
measurements are provided on an ODW basis for N = 3.

Table 2. Physico-chemical Properties of Casting Solution and Regenerated Films from Hybrid Poplar Wood Dissolved in
[EMIM][OAc]

sample
name

(C + L)/HC in
biomassa

dynamic viscosity of the dope at 80
°Cb,c (mPa s)

density of thin films
(kg/m3)

crystallinity
index (%)

ultimate tensile
strengthd (MPa)

elongation at
breakd (%)

control 3.5 ± 0.4 189.4 ± 4.2 265.2 ± 14.1 61.2 ± 0.8 22.1 ± 2.2 2.2 ± 0.0
HWE-20 4.3 ± 0.9 234.8 ± 3.5 280.5 ± 32.7 63.1 ± 1.4 33.7 ± 4.5 2.3 ± 0.6
HWE-60 6.4 ± 0.7 312.4 ± 0.7 308.7 ± 24.4 59.7 ± 0.8 40.0 ± 2.0 4.6 ± 0.2
HWE-90 8.1 ± 0.5 659.3 ± 2.4 334.8 ± 31.4 56.8 ± 1.3 32.2 ± 1.6 5.8 ± 1.0

aCcellulose; Ltotal lignin; HChemicellulose content of hybrid poplar biomass. bMeasured at 0.1 s−1 shear rate. cBiomass concentration in
[EMIM][OAc] was 5.8% (w/w) for control and 6.95% (w/w) for HWE samples. dMean and standard deviations are presented for N = 6.
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istic to that of cellulose-II polymorph, exhibiting 2θ peaks at 12
and 20.6° corresponding to (1-10) and (110) planes,
respectively (Figure S5). Considering the high crystallinity
index (57−63%), our films were not as strong at ≤40 MPa
(Table 2), which we attribute to the significant presence of
amorphous lignin. Similar ultimate tensile strength of 30−38
MPa have been reported for regenerated bagasse films that
contained a mixture of cellulose and lignin.27 The amorphous
lignin fraction, in addition to affecting film stiffness, could also

introduce flexibility (even better than crystalline cellulose) and
act as a plasticizer.50 Hence, enrichment in lignin led to the
improvement of elongation at break of HWE-60 and -90 films
(Table 2 and Figure S6). Previous reports have also shown that
the presence of plasticizers such as sorbitol and glycerol could
enhance the tensile properties of regenerated cellulose films.51

The enrichment of cellulose and lignin had a significant
impact on the viscoelastic behavior of pretreated samples, as
shown in Figure 4A,B. The storage moduli (E′) of HWE-60

Figure 3. Bulk appearance of hybrid poplar films (7 × 6 cm2) is depicted in the top row; AFM images with the corresponding height scale are
provided in the middle row; cross-sectional roughness profiles, across 5 μm, are provided in the bottom row. Legend: images (A,E,I) correspond to
the control film; (B,F,J) correspond to HWE-20 film; (C,G,K) correspond to HWE-60 film; and (D,H,L) correspond to HWE-90 film.

Figure 4. (A) Storage modulus and (B) loss tangent (tan δ curves) of hybrid poplar thin films determined via DMA at a constant frequency of 1
Hz; (C) derivative thermograms of films prepared from control and hot water-treated hybrid poplar at 160 °C for 20 min (HWE-20), 60 min
(HWE-60), and 90 min (HWE-90).
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(∼4 GPa) and HWE-90 (∼5.6 GPA) films were significantly
higher than the control (∼3 GPA) in the temperature range of
30−150 °C (Figure 4A), which is unsurprising because these
films contained 17−21% more cellulose and lignin. The
reported moduli (E′) of our hybrid poplar films are superior to
that of microcrystalline cellulose films (5.5 kPa), also
regenerated from [EMIM][OAc], and comparable to cross-
linked chitosan films (4−8 GPa).52,53 As given in Table 3, the
HWE films undergo an alpha transition (Tα) around 185−208
°C, followed by a rubbery plateau, which is characteristic to
that of cross-linked or entangled polymeric materials.
However, considering the very high Tg of the rigid lignin
phase (>200 °C) and the temperature range (275−300 °C) at
which these films reached a modulus plateau, it may be wise to
assume that the lignin fraction might have undergone partial
degradation in the rubbery region. Nonetheless, the steady
plateau of storage modulus (Figure 4A) suggests a robustness
of our films that maintained a networked structure. In the case
of the control (Figure 4A), there was a beta transition onset at
about 40 °C, which could correspond to the liberation of
methanol trapped during the regeneration process. The
evaporation of methanol was also captured by the broad
peak at around 63 °C in the tan δ curve (Figure 4B). The peak
of loss tangent could be used to calculate the glass transition

temperature, Tg, which was not significantly different between
the control, HWE-20, HWE-60, and HWE-90 films (Table 3).
While the high Tg values are indicative of molecular weights
larger than purified cellulose or lignin,54 the broad and
overlapping glass transition regions in all treatments is
indicative of a polydisperse system.
The thermal degradation behavior was distinctly different

between the control and HWE films, as shown in Figure 4C
and indicated in Table 3. There were two distinct regions of
maximum degradation rates (Tmax1 and Tmax2) in HWE-20, -60,
and -90 samples as opposed to the control, which had a broad,
indistinguishable peak maxima. Previous research has shown
that severe ionic liquid pretreatment could cause the splitting
of thermal degradation rates because (1) depolymerization of
major polymers like cellulose and lignin lowers Tmax1 and (2)
further condensation of lignin and cellulose degradation
products raises Tmax2.

55 Overall, our hybrid poplar films
exhibited higher thermal stability than [AMIM][Cl]-regen-
erated microcrystalline cellulose (260 °C) or cellulose acetate
films (197 °C).17,26

Effect of Film Structure and Physico-chemical
Properties on Water Repellency. Water repellent ligno-
cellulosic films with tunable tensile strength and elongation as
described in the previous sections could find applications in

Table 3. Dynamic Mechanical and Thermal Degradation Properties of Thin Films Cast from Hybrid Poplar Biomass Dissolved
in [EMIM][OAc]

thermal degradation properties

sample name Tα
a (°C) Tg

b (°C) mass loss at 105 °C (%) Tmax1
c (°C) Tmax2

c (°C) Char residues (%) @700 °C

control 170.9 ± 10.2B 240.8 ± 1.5A 26.6 ± 0.1 295.2 ± 1.5 329.0 ± 1.8 8.2 ± 1.9
HWE-20 184.6 ± 0.3AB 244.7 ± 0.9A 12.0 ± 0.1 254.8 ± 0.6 330.1 ± 0.7 12.2 ± 2.1
HWE-60 194.2 ± 1.2AB 248.7 ± 1.9A 11.8 ± 0.0 273.7 ± 1.8 332.3 ± 2.6 16.2 ± 0.1
HWE-90 208.0 ± 7.2A 256.2 ± 10.8A 10.4 ± 0.5 280.6 ± 2.4 338.4 ± 1.4 18.5 ± 1.3

aCalculated from storage modulus (E′). bCalculated from the peak of loss tangents; the means were compared using Tukey−Kramer HSD test, and
the values denoted by different alphabets were significantly different at α = 0.05. cTmaxtemperature corresponding to the maximum rate of weight
loss in the films.

Figure 5. (A) WCA of hybrid poplar thin films; (B) PCA of the films’ FTIR spectra and the corresponding scores plot; (C) loadings plot for PC-1;
(D) loadings plot for PC-2.
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multilayered barrier packaging.6 Hence, we tested the control
and our HWE films for WCA as well as dynamic water vapor
sorption. The control film exhibited a WCA of 56° (Figure
5A), meaning it is hydrophilic, similar to that of ionic liquid
welded nanocellulosic films.56 The HWE films, on the other
hand, exhibited significantly higher WCA, ranging from 77 to
108° (Figure 5A). Specifically, HWE-90 exhibited a WCA of
108°, which means that these films have low wettability. The
hydrophobicity of HWE-90 films is a noteworthy achievement,
as it is higher than that of ionic liquid-based cotton linter films
(WCA = 75°) and comparable to that of silane-coated wood
surfaces (WCA ≥ 100°).51,57 The high surface roughness of
HWE-90 could have contributed to its hydrophobicity (Figure
3H,L).48 Moreover, it was depleted in hemicellulose while
simultaneously enriched in lignin content, which could have
ultimately induced hydrophobicity.
The surface chemical property of the films was characterized

by FTIR spectroscopy, and the resulting spectra were
subjected to PCA, a multivariate method for classifying various
treatment groups based on their chemical signatures. The PCA
scores provided in Figure 5B show that the HWE film spectra
are clearly separated from the control by principal component
1 (PC-1). As previously discussed, the HWE films were
enriched in cellulose and lignin, and hence, their FT-IR spectra
also exhibited C−O valence vibrations belonging to both
cellulose (C3−O3H) and lignin (Calkyl−O ether), as evidenced
in the PC-1 loadings (Figure 5C).58 On the other hand, the
control film exhibited more O−H valence vibrations as well as
pyran ring vibrations corresponding to 3320 and 949 cm−1,
respectively, which could be the reason why these films are
more hygroscopic. Among the pretreated films, HWE-90
exhibited higher number of lignin signatures at 1593 and 1042
cm−1 corresponding to aromatic skeletal vibration and Calkyl−
O ether vibrations, respectively, than cellulose signature of C−
O valence vibration at 971 cm−1 [principal component 2 (PC-
2) loadings in Figure 5D]. In the case of HWE-20 and HWE-
60 films, more O−H valence vibrations (3343 cm−1),
unconjugated CO stretch (1738 cm−1), and C−O valence
vibrations (997 cm−1) were detected, characteristic to that of

cellulose (Figure 5D). These results show how the HWE-90
film transpired to exhibit a hydrophobic surface, with respect
to WCA, by virtue of higher lignin and fewer OH groups on
the surface.
The water vapor sorption and desorption isotherms of all

films (Figure 6A−D) exhibited a hysteresis characteristic to
that of mesoporous structures with slit-shaped pores (IUPAC
Type H3).59 The equilibrium moisture gain at 100% relative
humidity was ≤40% (Figure 6A−D), which is similar to that of
regenerated nanocellulose films with a cellulose-II structure.60

The absolute hysteresis between the sorption and desorption
isotherms, at a specific relative humidity, was calculated
according to eq 3 and is provided in Figure 6E. Sorption
hysteresis is commonly attributed to the swelling and
irreversible relaxation of a polymer network, resulting from
the rupture of intermolecular hydrogen bonding.61 Our HWE-
90 films exhibited the least amount of hysteresis compared to
other treatments, which could be attributed to its significantly
lower water wettability, which not only limits water vapor
sorption but could also facilitate desorption. The hysteresis in
the control films displayed an increasing trend that reached a
sharp peak at about 95% relative humidity (Figure 6E), which
is similar to that of cellulose fibers that are susceptible to
swelling upon exposure to high moisture conditions.60 On the
other hand, the HWE-20 and -60 films exhibited moderate
hysteresis that peaked at 85% relative humidity, which is
similar to that of regenerated films enriched in crystalline
cellulose II.60 The overall sorption hysteresis behavior of our
hybrid poplar films was superior to [EMIM][OAc]-treated
cellulose paper (9−11%);62 the performance of HWE films
was specifically comparable to that of phenol resin-treated
pinewood veneers (1−5%).63

Sustainability of Lignocellulosic Films. Because these
films are entirely made of lignocellulosic biomass, they are
100% renewable and could be recycled using the ionic liquid.
Our proposed process encompasses sustainable technologies
such as hot water pretreatment, which does not require any
chemical input and produces a hemicellulose-rich co-product
with direct utility as a prebiotic ingredient, among others.32

Figure 6. Sorption (solid lines) and desorption (dotted lines) isotherms of (A) control, (B) HWE-20, (C) HWE-60, and (D) HWE-90 films at 21
°C; (E) effect of relative humidity on absolute hysteresis between the sorption and desorption isotherms of thin films at 21 °C. Mean and standard
deviations are provided for N = 6.
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The anti-solvents (methanol, water) used during solution
casting are non-hazardous and could be recovered via
distillation and reused. The ionic liquid could also be
recovered via rotovaporation,19 or pervaporation,64 and
recycled for up to four biomass treatment cycles before losing
its efficacy.30 Based on these assumptions and eq 2, the
sustainability of HWE-90 film, our best water repellent
product, was compared to that of plastics and other biobased
films used in packaging and mulching applications. As shown
in Table 4, the HWE-90 films are more sustainable in terms of

achieving a near-complete utilization of hybrid poplar biomass.
The process feasibility could be further improved by reusing
the ionic liquid and by increasing the amount of dissolved
lignocellulosic biomass.
Overall, the films prepared in this study show tunable

physico-chemical characteristics including material composi-
tion, thermal stability, mechanical property, and water vapor
sorption and desorption capability, as a function of hot water
pretreatment severity. This suggests a tremendous potential for
designing renewable films and fibers from whole lignocellulosic
biomass by deploying an ionic liquid-based partial decon-
struction and plasticization process. The hydrophobicity of the
lignin-rich HWE-90 films, along with high elastic modulus and
dimensional stability (Tg ∼ 256 °C), can help to develop
sustainable water repellent materials. Natural fiber-based
reinforcements find limited applications due to discontinuity
in filament length, high porosity, and moisture sorption that
creates problem with composite fabrication. Results from this
research can help to mitigate these issues if continuous fibers
or films, which are water and moisture repellent, could be
manufactured from whole or waste lignocellulosic biomass.

■ CONCLUSIONS

This study elucidates how HWE enhances hybrid poplar
dissolution in [EMIM][OAc], improves the resulting film
yield, and enriches their cellulose and lignin composition at the
cost of hemicellulose content. HWE also has a latent impact on
film density and surface orientation of OH groups, which
ultimately induces water repellence. Moreover, utilization of
whole lignocellulosic biomass provided several advantages:
water repellence on par with expensive silylated products,
tensile strength and storage modulus on par with cross-linked
polymers, and higher thermo-tolerance than cellulose-only
films. In future, we will explore the process sustainability via
designing continuous fabrication methods and determining
techno-economic feasibility.
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Table 4. Comparing the Sustainability of Hybrid Poplar
Films with Commercial Products

sustainability
metric

polylactide
filma

polypropylene
filma

linear low
density

polyethylene
filma

HWE-90
filmb

feedstock
intensity
factor

1.45 1.66 1.12 1.04

aValues are referenced from Lokesh et al. (2020).31 bFor every 1 g of
HWE-90 film, the amount of raw material used and value added co-
products generated were 1.41 and 0.35 g, respectively.
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