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Abstract

Due to the increasing detrimental impacts of mass non-renewable plastics over the last decades, cellulose-based materials have been extensively
studied as a promising sustainable alternative. Here, we prepare lignocellulosic papers (LBC) from bacterial cellulose (BC) impregnated with lignin,
and analyze their mechanical properties, microstructure, and wetting kinetics. We follow a design of experiment analysis to obtain the optimal press-
ing conditions of the BC and LBC papers, targeted at maximizing the specific ultimate tensile strength and toughness. At optimal conditions, lignin

impregnation enhances the absolute modulus, strength, and toughness of BC by 108%, 142%, and 63%, respectively.

Introduction
Research into cellulose as a sustainable plastic alternative has
continued to grow in the past few decades due to its inherent
strength, abundance and ability to be readily extracted from
renewable biomass and processed into new products.!!7] Most
commonly, cellulose is extracted from woody biomass, in a pro-
cess that involves chemically stripping lignin and other cell wall
components and subsequently processing the extracted cellu-
lose.l'"®) Recently, however, studies have begun to focus on lig-
nocellulosic materials, which take advantage of the upwards of
20% lignin present in the woody biomass for potential improve-
ments in strength and hydrophobicity in the final product.[>!
The two different strategies which have been explored so far
include the introduction of lignin as a filler in pure cellulose
matrix materials, and the removal of other cell wall components
from wood to leave a lignocellulose framework after chemical
processing. The former strategy allows any type of cellulose
to be used as a matrix, and as a result, it has been applied to
introduce lignin in wood-extracted micro- and nano-cellulose
blends.[*3"1 Wang et al. recently demonstrated that heat-treat-
ing of cellulose-lignin blends, allows lignin to soften and fill
the voids of the cellulose network, thus providing substantial
improvements in mechanical properties and water stability of
the composite.!*) Prior results from Jiang et al. concur with
these observations and provide evidence that altering the hot-
pressing temperature allows modulation of the mechanical
properties of the lignocellulose composite.l) Specifically, the
reintroduction of lignin back into totally delignified cellulose
matrices, at optimal press temperature (100-130°C), showed
tensile strength in the composite to be five times higher com-
pared to the conventional cellulose paper.”’! In another study,
Farooq et al. introduced different amounts and types of lignin

into nanofibrillated cellulose (from wood pulp) and reported a
drastic improvement on the toughness of the composite in 10
wt% colloidal lignin particles. They also reported an increase
in the stiffness of the composites at the expense of toughness
when they hot-pressed their papers at 100°C.1

More recently, Xia et al. demonstrated the potential to cre-
ate lignocellulose composites directly from woody biomass by
selectively removing the other cell wall components and main-
taining the native lignin-cellulose as found in cell walls.!! That
builds on a prior study by Song et al., who reported that partial
wood delignification (via chemical treatment followed by hot-
pressing) can lead to self-bonded composites with closed pore
structures that achieve dramatically enhanced strengths, which
are maximized at 10-15 wt% lignin.!'!}

Another possibility for modifying properties of lignocellulose
materials is by changing the cellulose source.!"'?) For example, a
highly crystalline, pure cellulose nanofibrillar matrix can be natu-
rally synthesized by certain types of bacteria in the form of a lay-
ered, interconnected stack of individual cellulose sheets (referred
to as pellicle). Bacterial cellulose (BC) pellicles circumvent the
unavoidable cellulose matrix partial degradation that occurs dur-
ing delignifying chemical treatments of wood sources.!*!

Here, we aim to explore the effects of lignin in the mechani-
cal properties of BC papers and understand how the processing
conditions can enable tuning of the final obtained properties of
the composite lignocellulose papers. We employ a design of
experiment (DOE) analysis to facilitate a systematic understand-
ing of the effects of lignin as well as the selected processing con-
ditions and develop processing-structure—property relationships
for the produced papers. Our detailed analysis revealed optimal
processing temperature/pressure/time conditions and the overall
effects of lignin infusion into the BC papers.
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Materials and methods

Materials

Water-soluble alkali lignin (7CI America) and sodium hydrox-
ide (NaOH) (Fisher Scientific) were commercially sourced.

BC paper fabrication

BC pellicles were grown in a 30 x 60 cm? tank from a sym-
biotic culture of bacteria and yeast starter formula (SCOBY;
Joshua Tree Kombucha; USA). Growth media comprised 0.5
wt% tea leaves (filtered out of media before culture began)
and 5 wt% of sucrose per liter of water. A single pellicle was
harvested after 14 days of incubation, washed with water, and
then soaked in a 1 M NaOH solution overnight to remove the
embedded bacteria and yeast. The final BC pellicles, after
extensive washing with deionized water, were divided into
10 x 10 cm? sheets. Each sheet was placed between water
mats (New Pig Corp.; Tipton, PA, USA) and metal plates and
passed through a metal roller once, before being air dried
under a paperweight (~5 kg) for 7 days. Finally, each dried
sheet was subjected to hot-pressing following a design of
experiment mentioned below. The processing steps are sum-
marized in Fig. 1.

Lignin impregnation

A 0.1 g/mL lignin solution was prepared by dissolving sul-
fonated alkali lignin in water, stirring under ambient tem-
perature. BC sheets were placed in the solution and stirred
at 120 rpm for 1 h before being removed. The resulting lig-
nocellulose (LBC) sheets were placed on a water mat for

3 min on each side to remove excess lignin solution, and
subsequently rolled and processed as described above. After
the papers were pressed into sheets as described in the fol-
lowing section, a Klason analysis was performed, measuring
15.1+1.9 wt% (n=06) of lignin in the composites.

Design of experiment

BC and LBC sheets were processed under the same design
of experiment (DOE) conditions. All samples were initially
cold-pressed at 40°C for 5 min at 5 MPa before being hot-
pressed. Hot-pressing conditions varied in temperature
(120-160°C), pressure (5—15 MPa), and time under pres-
sure (10-30 min). Parameter combinations were assigned in
a Latin squares design (See Table S1). A longhand notation
is used here where “temperature (°C)/pressure (MPa)/time
(min)” is used to refer to the factor-levels of the DOE sample
(e.g., “120/5/10” refers to DOE 1, which shares the same
factor-levels).

Property-parameter dependence was determined using the
Minitab software (Minitab, LLC; State College, PA). A general
factorial regression model was fitted to the data for main effects
and two-way interactions analyses. For statistically significant
main effects (p<0.05) a post hoc Games-Howell analysis at
95% confidence was conducted with one-way ANOVA for fur-
ther pairwise difference comparisons. Lack-of-fit error analysis
was used to determine whether a main effects model was appro-
priate for the data: a significant value (p<0.05) indicated that
the main effects model did not fit the data.

Bacterial culture Mixing with Lignin Rolling
‘ ﬂ%\/@i’a 7 BC sheet
— BC/LBC sheet -
BC pellicle
Culture medium Lign|.. solution = =
(b) (c)
(@)
Air drying Controlled Pressing Sample
BC/LBC sheet
BC/LBC sheet ~bkg
I S
(d) (e) ® \

Figure 1. Schematic of bacterial cellulose (BC) sheet processing. (a) BC is cultured in a tank as a pellicle and then cut into smaller sheets.
(b) Optional processing step of impregnating BC with lignin via stirring in a dissolved lignin solution. (c) Sheets are rolled out in one direc-
tion to remove water and help align fibrils. (d) Sheets are dried under weight until paper-like in thickness and touch. () Cold-pressing
followed by hot-pressing of sheets under DOE conditions of a specified temperature, pressure, and time. (f) Representative image of a

resultant composite sample after processing.
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Characterization methods

Scanning electron microscopy (SEM)

Samples were mounted with carbon tape and sputter coated
with 4 nm of platinum on an EM ACE600 (Leica Microsys-
tems GmbH; Wetzlar, Germany). SEM imaging was per-
formed on an Apreo VP (ThermoFisher Scientific; Waltham,
MA, USA) with an accelerating voltage of 2 kV and 13 pA
using a mixed detector mode of T1 (BSE): T2 (SE) at 50:50.

Mechanical testing

Tensile testing was conducted on a mechanical test frame
(AGS-X; Shimadzu Scientific Instruments; Columbia, MD,
USA) using stock tensile grips with a 5 kN load cell. The
tensile testing strain rate was 0.5%/s, adjusted accordingly
for each sample. All samples were desiccated for 24 h in a 0%
relative humidity chamber before being tested.

Water contact angle

Contact angle tests were performed using a Kriiss Drop Shape
Analyzer and its processing software, ADVANCE (KRUSS
Scientific; Germany), equipped with a high-resolution CCD
camera. This analysis was performed in ambient conditions.
Five separate droplets of 4 pL of DI water were placed on
each sample after mechanical testing and measured every
15 s for 2 min. The contact angle was determined according
to the average angle between the baseline (sample surface)
and the left and right tangent (ellipse fit) of a droplet edge.

Stylus profilometry

Surface roughness was measured on a Dektak XTL Stylus
Profilometer utilizing Vision64 analysis software (Bruker;
Germany). A representative sample from each BC and LBC
paper was measured in the parallel and perpendicular direc-
tions to the axis of tensile testing (measurement length:
1000 um, duration: 10 s, force: 3 mg) and the average surface
roughness (P,) was recorded.

X-ray diffraction (XRD)

Diffraction measurements were performed on a D8 Advance
(Bruker; Germany) equipped with a Cu Ka source operated
at 40 V and 40 A with a wavelength of 1.54184 A. Samples
were laid out on a puck with the direction of testing going
along the direction of incident scattering. The degree of crys-
tallinity was calculated using the peak height ratio, after a
baseline subtraction, described by Park et al.l'¥]

Thermogravimetric analysis (TGA)
Thermogravimetric Analysis (TGA) was performed on a Dis-
covery TGA (TA Instruments; New Castle, DE, USA). 2-5 mg
of sample was placed in a platinum pan and heated from room
temperature to 900°C at 20°C/min in N, atmosphere.

Results and discussion

Effects of lignin in BC

Prior work has indicated that lignin may improve bind-
ing between cellulose fibrils in a cellulose matrix.[*>%1% In
Fig. 2(a) we present the results of tensile testing of all the BC
and LBC papers (prepared under the conditions reported in
Table S1). Overall, the incorporation of~ 15 wt% lignin leads to
LBC composites with significantly improved elastic modulus,
and marginally improved strength, at the expense of tough-
ness. There are 66% and 9% increases in Young’s modulus (E;
9.9 to 16.4 GPa) and ultimate tensile strength (UTS; 128.0 to
139.6 MPa), respectively, and a 58% decrease in toughness
(Tgh; 2.48 to 1.04 MJ/m?) in the lignin-containing composites.
The average density for all LBC samples was 1.38 g/cm® com-
pared to 1.04 g/cm? for BC samples.

Starred values, indicating specific properties, were normal-
ized against individual sample densities and then averaged.
Comparing normalized values between the BC and LBC sam-
ples confirms the observed positive influence of lignin in the
Young’s modulus and its reduction of the toughness of the pro-
duced papers. Analyzing the specific UTS (UTS*), we observe
a marginal strength reduction in the LBC composites compared
to BC, though the standard deviations in both cases (UTS and
UTS*) overlap.

SEM analysis shows the morphology of pressed BC papers
as layered sheets of cellulose fibers [Fig. 2(c)]. The addition of
lignin does not fundamentally change this structure at the level
of lignin incorporation studied here, as seen in Fig. 2(d). Cross-
sectional views of the fracture surface indicate the individual
cellulose fibrils as the load-bearing element in both BC and
LBC papers, with no distinct lignin phase appearing at the frac-
ture surface of the composite [Fig. 2(c) inset]. The increased
stiffness seen in LBC samples suggests that the lignin is well-
incorporated into the matrix and mediates binding between cel-
lulose fibrils. However, the decrease in LBC UTS* suggests
that lignin acts as an origin for tensile failure, possibly due to
the formation of weak, intralayer aggregates. A reduction in
strength is seen in other lignin-cellulose materials where they
describe the reduced hydrogen bonding from the higher lignin
concentrations leading to weaker dry samples.!'>! Such aggre-
gates may prevent cracks from reaching the individual cellu-
lose fibrils, thus promoting stress concentration in the weaker
lignin-rich areas. Furthermore, lignin does not contribute duc-
tility to BC, as indicated by the brittle failure at UTS in repre-
sentative stress—strain curves [Fig. 2(b)]. Elongation to break
(EtB, equivalent to EtB*) showed a modest difference between
BC and LBC: 3% vs. 1%. This decrease could be explained by
the hindrance of cellulose chain sliding caused by hardened
lignin interfaces between fibrils. The various processing con-
ditions appear to have no significant effect on the crystallinity
of the cellulose, as measured by XRD (BC: 82.0+1.8%; LBC:
82.7£0.7%) (See Fig. S1). The incorporation of lignin into the
BC matrix also showed no enhancement in thermal stability, as
seen from the mass loss profiles of the TGA plots (Fig. S2). In
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Figure 2. Mechanical properties of BC (blue) and LBC (red) papers. Starred values indicate properties normalized by sample density. (a)
Comparative average properties across all DOEs. p is density, EtB is elongation to break, E is Young’s modulus, UTS is ultimate tensile
strength, and Tgh is toughness. The starred properties are normalized to sample density. (b) Representative stress—-strain curves for a BC
and LBC sample. (c) SEM images depicting the layered structure of the BC and LBC papers at the fracture surface. Insets show individual
cellulose fibrils as the primary load-bearing element in these systems. The BC paper is pressed at 160/5/30, and the LBC at 140/5/20. (d)
Comparative bar graphs of each DOE condition in BC and LBC for elongation to break and specific toughness. Due to the brittle nature of

the samples, EtB has proportional behavior to Tgh*.

fact, the onset of degradation of LBC samples was consistently
lower than that of the BC samples. This may be indicative of a
low extent of lignin curing in the LBC composites.

DOE analysis of the effects of pressing
temperature, pressure, and time

on the produced papers

To maximize the mechanical properties and minimize prop-
erty trade-offs from the introduction of lignin, we investi-
gated the effect of temperature, pressure, and time during
the hot-pressing step on the tensile properties of our materi-
als. We hypothesized that these three factors could alter the
extent of densification, as well as lignin-cellulose interac-
tions, as prior literature reports demonstrated that hot-press-
ing temperature alone (around the established transition tem-
perature of lignin, i.e., 80—150°C) indeed allows tuning of the
crosslinking and interactions between cellulose and lignin.[!
Each factor was divided into low, medium, and high values
(levels) for a design of experiment (DOE, for value ranges
see Methods and Table S1). All the measured mechanical
properties for each processing condition are found in Figs.
S3 and S4.
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A Latin squares design minimizes the number of neces-
sary combination of experiments required to infer parameter-
property relationships, but all main effects are convoluted with
interaction effects as a result.['®! Thus, main effects must be
analyzed with potential interactions to be able to draw conclu-
sions. Main effects plots based on a factorial regression model
(see Methods) were generated and are summarized in Fig. S5.
The regression model assumed no interaction parameters; i.e.,
all response variation could be explained by a linear combina-
tion of each factor-level pair. The one-way ANOVA lack-of-fit
errors indicated that this model was appropriately applied for
all four specific mechanical responses (E*, UTS*, EtB, Tgh*)
for BC samples and EtB for LBC (p>0.05). However, p<0.05
for LBC E*, UTS*, and Tgh* suggested that interactions
play a prominent role in these property responses, or that the
responses would have a best fit by nonlinear models. p-values
from the model ANOVA were used to evaluate whether any of
the means at each level were significantly different from each
other. Significantly different means were further analyzed using
a post hoc Games-Howell test to distinguish the main effect(s)
in a sample. Main effects that were significant and resulted in a
maximum or minimum for properties are reported in Table S2.
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Overall, there were no main effects found to consistently
alter the mechanical properties of both BC and LBC samples.
In BC, time and temperature were shown to have a significant
effect on the final mechanical properties, while pressure did not.
The prominent effects of temperature and time are anticipated,
as they would directly affect the amount of bound water in
the BC papers.!'*!7) In fact, molecular dynamics simulations
have shown that the inter-fibrillar bound water molecules will
spontaneously leave their confinement at temperatures around
160°C,['") which upon cooling would lead to differences in the
degree of inter-fibrillar interactions within the BC papers. In
LBC, all three factors had a level showing a main effect. For
temperature, 140°C resulted in maxima for E*, UTS*, and
Tgh* in BC while the same temperature resulted in minima for
E* and UTS* in LBC. In contrast, 160°C maximized proper-
ties in LBC while minimizing them in BC. For time, 20 and
30 min resulted in the best and worst UTS*, EtB*, and Tgh* in
BC, respectively. Pressing times of 30 min and 10 min resulted
in the best and worst of the same properties for LBC, while
20 min maximized only E*.

Conclusions from these main effects can only be drawn in
the context of the interactions between our selected process-
ing conditions, which are not accounted for in the main effects
plots. Figure S6 depicts the qualitative two-way interaction
plots to elucidate the coupled effects of processing conditions
in the final mechanical properties of our materials. For exam-
ple, no pressure—time dependence could be discerned for BC.
Pressure had no main effect in BC, so the values of the interac-
tion plots should be proportional to time. Observing the time-
pressure interaction plots, in general, 20 min maximizes and
30 min minimizes the UTS*, EtB, and Tgh* as anticipated from
the main effects results stated earlier.

Lack-of-fit errors relate to the fit of a linear model. A linear
model can inform whether a positive effect on performance
is supported or attenuated by another factor. If a factor-level
increases the performance of a material in a linear system, then
we can be reasonably certain that factor-level alone is the rea-
son for the improvement. To validate the lack-of-fit error analy-
sis, we can take combinations of the extrema of performances
from the main effects and compare against the DOE that cor-
responds to their two-way interactions. For a linear main effects
model, the performances of combined main effects are equiva-
lent to that of interaction pairs, since interactions effects are
small or nonexistent. That is, the average of two main effect
properties should be similar to the same two-way interaction’s
properties. In contrast, if interactions are strong and a main
effects model does not fit, the theoretical combination of two
main effects may not be the same as the actual properties of a
two- way interaction. The properties for which main effects of
BC exist and can be compared against its two-way interactions
are UTS*, EtB, Tgh*. Specifically, we compare a combination
of temperature and time since there are no main effects for pres-
sure. The factor-levels that produced the highest, lowest, and a
combination of the highest and lowest main effects are plotted
in Fig. S7. From these values, we can tell if the linear model is

correct based on how close the DOE and main effect combina-
tions are to each other. In all cases, the properties of the mixed
values lie between that of the extrema. Furthermore, the values
of the DOE and predicted main effects are close, with an aver-
age percent difference of 10% (UTS*), 24% (Tgh*), and 14%
(EtB). These small differences suggest that interaction effects,
if present, are small in the BC papers.

Due to the possibility of three-way interactions in LBC
papers, paired combinations of all three factors were analyzed
(Fig. S8). In these cases, the mixed main effects all fell between
the high and low values. However, the mixed DOE proper-
ties did not consistently fall between these values, and their
positive or negative deviations could not be predicted by the
values of the main effect combinations. Compared to the BC
UTS* temperature—time interaction, the equivalent for LBC
showed a larger average percent difference between the DOE
and main effects values (BC 10% vs. LBC 18%), again sup-
porting that the linear main effects model does not apply for
LBC because interactions are significant. Temperature—time
and temperature—pressure appeared to have the largest interac-
tions in LBC papers, based on the relative deviations of the
measured mechanical properties to the theoretical main effects
combination properties.

Structure-processing-property
relationships

Our DOE analysis revealed that interactions between our
processing parameters (pressure, time, temperature) possibly
influence the mechanical properties of the LBC composites,
while temperature—time and temperature—pressure have syn-
ergistic effects. The combination of temperature and time may
affect the degree or kinetics of lignin curing and crosslinking or
adhesion to cellulose fibrils,” while temperature and pressure
may be involved with the degree to which deeper-penetrating
lignin particles are cured. SEM analysis was conducted on BC
and LBC samples to investigate further microstructural dif-
ferences in response to the processing conditions (Fig. 3). A
common observation across all samples, was the formation of
defects from the rolling process, evidenced by parallel sheets
folding back onto themselves, seen at low magnification
[Fig. 3(a)]. Under low temperature pressure and intermediate
time (120/10/20), we observe discrete lignin particles present
in deeper layers of an LBC sample [Fig. 3(b)], demonstrating
that not all lignin was cured evenly throughout the sample dur-
ing processing. In agreement with this observation, the low-
est temperature, pressure, and time conditions (120/5/10 and
120/10/20) produced the LBC composites with lowest UTS*,
EtB, and Tgh*. The pure BC material, before any processing,
is formed by the sequential deposition of cellulose fibrils in a
thick multilayered arrangement as shown in Fig. 2(c). Each
layer (hereafter denoted “plane”) is essentially a continuous,
porous matrix with discrete cellulose fibrils, which serve as the
load-bearing elements. In all the samples (BC and LBC) we
observed interplanar fibril bridging [Fig. 3(c)], whereby the
fibrils from one plane extended into a neighboring one, acting
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Figure 3. SEM analysis of BC and LBC samples. (a) Low-magnification (x 2000), cross-sectional view of BC (160/10/10). A defect is
highlighted in which the sheet rolls back onto itself due to rolling process before controlled pressing. Inset: A x 1000 view of the defect
and BC sheet. (b) Uncured, round lignin particles on top of BC fibrils and layers (from 120/10/20). (c) Interlayer binding fibrils highlighted.
Inset: The same image in another detector mode to highlight planes and the spacings between them. (LBC sample from 120/5/10) (d) Top
and cross-sectional view of a BC sheet showing both amorphized sheets (arrows) and sheets made of discrete fibrils. (BC sample from
120/5/10) (e) An LBC sample (160/5/30; x 5000 magnification) with stacked lignin-BC composite planes in brackets. The arrow points at a
single composite plane instance. (f) A magnified image of (e; x 20,000) highlighting the composite planes and the spacing between each
plane. The inset depicts a x 50,000 magnification to highlight fused and fractured lignin-BC fibrils.

as a primary strengthening mechanism in agreement to prior
literature observations.!*!718]

As aresult of our processing conditions, we found, in addi-
tion to the above, the formation of amorphized sheets, con-
sisting of fused, indistinguishable cellulose fibrils [Fig. 3(d)].
We speculate that the fibrils fused together during processing
due to cellulose layer interactions under elevated tempera-
ture—time—pressure conditions, and that the presence of exten-
sive amorphized sheets would hinder individual fibril sliding
as a deformation mechanism. From the mechanical property
results (Fig. S4, SI), we saw that BC samples pressed at 160°C
have the lowest average EtB and Tgh* compared to any of the
other pressing conditions, regardless of the time. At 30 min of
pressing time, the samples pressed at 120 and 140°C have the
second lowest EtB and Tgh*. SEM images show the formation
of substantially more amorphized layers in these samples that
show minimized toughness and EtB [Fig. 3(d)]. On the other
hand, the lowest temperatures (120 and 140°C) at the lower
pressing times had the highest Tgh* and EtB. These results
indicate that (i) temperature was the primary contributor to
amorphization but required an adequate amount of time to
optimize the extent of amorphization, and (ii) extensive amor-
phized layers restricted chain mobility, thus causing reduc-
tions in toughness and EtB. In the composite papers, SEM
images revealed an additional plane element, which consisted
of the base porous cellulose matrix plane densified by the pen-
etration and curing of lignin to form a lignin-BC composite
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[Fig. 3(e)—(f)]. These composite planes showed no distinct
interfaces between the lignin filler and cellulose matrix due
to the space-filling properties of the solubilized lignin before
curing. The mechanical property results [Fig. 2(a), S3, and S4]
support further the excellent adhesion between the composite
components. As in the case of the amorphized sheets, fibril
sliding would be impeded in presence of the lignin binder, at
least until failure of the binder. Indeed, we observe a higher
average E and E* of LBC compared to BC [Fig. 2(a)], support-
ing that in the elastic regime, before any plastic deformation
of lignin or cellulose, the presence of lignin improves binding
between adjacent cellulose fibrils to more evenly distribute
load.

The best performing samples for pure BC depended on the
property of interest, with 140/15/10 having the greatest E* and
140/5/20 and 140/15/10 being the top performers in UTS*,
EtB, and Tgh*. The intermediate temperature causing the best
properties suggests that there is a temperature threshold dif-
ferentiating the effects of amorphization. At that threshold
(140°C), the formation of localized amorphized areas begins,
and the samples see positive effects in their stiffness, strength,
and toughness, possibly due to enhanced intralayer interac-
tions, while the interplanar fibril bonding is not yet hindered.
As processing temperature and time increase (140/10/30, and
all 160°C conditions), the amorphized areas could dominate
the performance, hindering long-range fibril interactions and
effectively reducing strength, stiffness, and toughness, which is
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what our mechanical testing results show. In addition, at those
conditions thermal degradation may start to occur, contributing
to mechanical property deterioration.

Regarding the LBC composites, the best performance in
any of the mechanical properties consistently came from con-
ditions 120/15/30, 140/15/10, and 160/15/20. As concluded
from the DOE analysis presented in the previous section, the
performance of the LBC composites is highly dependent on
the interactions between the processing factors, rather than
on a single factor. We note, however, that the composites
with minimum strength and toughness are those formed at
the lowest temperature, time, and pressure levels (120/5/10
and 120/10/20), which also presented uncured lignin parti-
cles in SEM [Fig. 3(b)]. When comparing the performance of
LBC composites to that of pure BC processed at 120°C, we
see that lignin caused a substantial increase in the modulus,
with no effect in strength and an overall reduction in EtB and
toughness. Yet at the longest pressing time at that tempera-
ture (120/15/30) the stiffness, strength, and toughness are all
improved in the presence of lignin. Therefore, lignin curing
can improve the overall mechanical properties of composites
below the amorphization threshold conditions we observed
for the pure BC.

Best Mechanical Properties
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Effects of lignin on the wetting behavior
of the composites
Natural lignin is known to promote water hydrophobicity in
wood and therefore minimize swelling that could structurally
degrade wood. However, the extraction and processing of lignin
from woody biomass significantly impact the water proper-
ties (solubility and hydrophobicity) of lignin products through
changes in the molecular weight and the degree of sulfona-
tion.!'”) We conducted water droplet tests to measure the effects
of processed, sulfonated (water-soluble) lignin in our compos-
ites. By utilizing a combination of a 3-parameter decay func-
tion and the Avrami model proposed by Farris et al.,*% water
absorption properties were further analyzed. Contact angle
measurements were taken over a period of 2 min, allowing for
the differentiation between water absorption versus spreading.
These two phenomena are assumed to occur simultaneously.
Here, the parameters & and » represent the contact angle
evolution rate and the relative fraction of absorption versus
spreading (0=pure absorption, 1 =pure spreading), respec-
tively. Compared to the strongest BC sample (140/5/20), the
weakest BC (160/5/30) had a higher immediate contact angle
(83.7° vs 76.5°) but showed more absorption of water at a
significantly faster rate [seen in Fig. 4(a), (b)]. The strongest

00FT
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-08 fE —— BC: 140/5/20 LBC: 120/15/30
i -~ BC: 160/5/30 LBC: 120/5/10
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Figure 4. Water absorption in BC (blue) and LBC (red). (a) Time-dependent contact angle and fitted curve for the best mechanically
performing BC and LBC sheets. (b) Time-dependent contact angle and fitted curve for the worst mechanically performing BC and LBC
sheets. (c) First derivative of the fitted data with inset magnifying the last 20 s. (d) Images of water droplets at 60 s time intervals.
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lignin composite (120/15/30) had a lower immediate contact
angle compared to the weakest (120/5/10) (40.7° vs. 57.8°) but
showed roughly equal absorption and spreading between the
two samples, demonstrating that processing conditions do not
affect the long-term water resistance in the composites. The
results show that the incorporation of lignin imparts hydrophi-
licity on the material, as evidenced by the lower contact angle
values, which is justified from the use of water-soluble lignin in
these composites.['”! As discussed above, SEM images revealed
uncured lignin particles in the composite with weakest mechan-
ical properties [Fig. 3(b)], while the strongest composites had a
continuous lignin-infused matrix. Given the hydrophilicity of
our lignin, the lower contact angle for the composite with more
even lignin spreading (strongest sample) is justified.

Of the four-studied samples, the strongest and weakest LBC
have a similar average P, of 4.4+2.4 um and 4.4+2.0 pm,
respectively. In contrast, the strongest and weakest BC have
aP,of3.7+0.4 pm and 6.8+3.2 pm, respectively. This result
confirms the hypothesis that the highest surface roughness
(weakest BC, k=—0.07, n=0.23) displays the greatest water
absorption over time, and highest initial hydrophobicity (at
t=0s). By the end of two minutes, there is still absorption and
spreading of water occurring, most prominently in the weakest
BC sample. This observation is emphasized by the first deriva-
tive of the contact angle over time (generated from the fitted
data, Fig. 4(c)). While none of the samples reached the zero-
speed rate within the two-minute time frame, the weakest BC
sample starts and continues to wet the fastest. Snapshots of the
water droplets at 0 s, 60 s, and 120 s are compared in Fig. 4(d).

Conclusion

In this work, we present the effects of incorporating lignin in
bacterial cellulose matrices and analyze how altering process-
ing (cold- and hot-pressing) temperature, pressure, and time
conditions allow tuning of the mechanical properties in the
resultant composite papers. Infiltrating lignin in the unique
layered cellulose matrix we explore here comes with property
trade-offs; it induces a significant improvement in stiffness,
but also creates new sources of defects for brittle failure. Our
results demonstrate that there is a temperature—pressure and
temperature—time threshold above which lignin penetration
into and incorporation in the dense BC structure is optimized
to form a continuous composite matrix with enhanced stiff-
ness, strength, and toughness compared to the base BC matrix.
Below that threshold, lignin particles are not able to infuse into
the BC matrix, causing an enhancement to only the Young’s
modulus while reducing improvements to strength and tough-
ness. In addition, we report a cellulose amorphization mecha-
nism controlling the mechanical behavior of pure BC materials
in response to the processing conditions. We notice that when
the processing temperature and time are intermediate (140°C)
the formation of amorphized intralayer areas, in which cel-
lulose fibrils are fused together, enables an improved strength,
modulus, and toughness. However, at higher temperatures and
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processing times, the possible cellulose degradation as well as
the enlargement of amorphized layers, which hinders discrete
intra- and inter-layer fibrillar interactions, effectively reduce
the strength and toughness of the pure BC papers. Finally, we
investigated the effects of processing on our nanopaper hydro-
phobicity, given that lignin confers hydrophobic properties in
nature. We found that the same solubility that allows lignin
to infiltrate the BC matrix and improve mechanical properties
caused the BC matrix to become more hydrophilic. That is, the
lignin in the best mechanically performing sample was better
integrated throughout the matrix, causing greater absorption
and spreading of water initially and over time. The opposite
behavior was found for the worst mechanically performing
sample, implying that lignin was less well incorporated and
distributed in the BC. Our results demonstrate how introduc-
ing lignin and varying processing conditions allow different
mechanical and water properties to be achieved in BC papers.
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