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Abstract

Herein, two series of lignin—poly(vinyl alcohol) (PVA) composite hydrogels were fabricated, using both Kraft lignin (raw, unfractionated lignin) and
ultraclean lignin (fractionated lignin of controlled molecular weights). These hydrogels were synthesized via the freeze—thaw method, whereby physi-
cal crosslinks between PVA chains were created. Specifically, the lignin concentration and molecular weight were systematically varied, ranging
from lignin molecular weights of ~5700 g mol~' to ~ 160,000 g mol~" at lignin concentrations of 20 wt% to 60 wt%. Results indicate that both the
lignin concentration and molecular weight, as well as the number of freeze—thaw cycles, directly influence both the water uptake and the network

structure of these soft composites.

As efforts to reduce consumption of fossil fuels continue to
rise, there is an increasing need to produce “greener” or more
sustainable materials.""*! To address this issue, the synthesis of
renewable soft composites using alginate, cellulose, and lignin
has been heavily explored.!'*! There has been significant pro-
gress over the last decade with regards to the use of lignin as
a macromolecular building block for greener soft composites,
owing to the ample hydroxyl and carbonyl groups within its
structure, which provide avenues for chemical functionality
and subsequently, enhanced technologies.[> Lignin is also
an attractive building block for advanced materials due to its
relative abundance and the potential to add economic value to
materials fabrication, as currently over 99% of the = 50 million
tons of lignin produced annually are simply burned as fuel.[>”]
In addition, lignin is the only naturally occurring source of phe-
nolic compounds,’%! making it attractive for membrane-based
protein separation technologies.’®*]

However, traditional Kraft lignin is impure and has a broad
range of molecular weights (MWs), leading to variability in
the chemical functionality. Previous work in this area has
explored the fabrication of lignin-based hydrogels through
both chemicalt™ and physical crosslinking,!'*'?! though the
latter fabrication route has received far less attention. Physi-
cally crosslinked lignin-based hydrogels are attractive, given
that they do not require the presence of harsh chemical addi-
tives such as crosslinkers and initiators since the formation of
the dense membrane network structure is governed by inter-
molecular forces or entanglements of polymer chains.['>~!%]
The absence of such additives in physically crosslinked
soft composites uniquely qualifies this class of materials
for delicate applications, including drug delivery and tissue
scaffolding.[310:1415]

Physically crosslinked hydrogels are commonly created by
the “freeze—thaw method”,['>!¢181 whereby a free-standing
membrane is formed by sequentially freezing and then thaw-
ing a polymer solution. In the case of PVA, the freeze—thaw
cycles create ordered regions that crystallize and remain intact
once thawed, due to the intermolecular forces of the hydroxyl
groups. These crystalline regions serve as the crosslink junc-
tions for the three dimensional crosslinked network.[!!>1?]
Upon increasing the number of freeze—thaw cycles, the crys-
talline domains strengthen or further densify, often resulting
in a more ordered, uniform network structure.['' Previous
research efforts have focused on expanding the field of bio-
based, physically-crosslinked hydrogels through the incorpo-
rtation of hemicellulose and chitosan.!'®!%2% However, lignin
remains an underexplored resource for such purposes, given
the limited number of studies on these physically crosslinked
materials in the literature. In one of the few investigations on
these materials, Morales and coworkers!!*!®$2] investigated
the impact of processing parameters, such as the source of the
lignin, number of freeze—thaw cycles, and lignin concentra-
tion, on the transport and mechanical properties of the resulting
hydrogels. While their results demonstrated a clear influence of
lignin on the transport and mechanical properties,!'®*! only a
single lignin molecular weight was investigated.

Similarly, investigators recently fabricated lignin—chi-
tosan—PVA soft composites, for wound dressing, using a single
lignin molecular weight via the freeze-thaw method. These
soft composites exhibited improved mechanical properties and
adsorption capacity when compared to the neat PVA hydro-
gels, highlighting the improved performance achieved through
the introduction of these biopolymers.[*) However, due to the
heterogenous and complex nature of the unfractionated lignin
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utilized in these studies,>’! the development of fundamental
structure—processing—property relationships of these lignin-
based physically crosslinked soft composites remains hindered.
Further, as these investigations only characterized PVA-lignin
composites at a single-lignin MW, the impact of lignin MW on
the property of these physically crosslinked soft composites
remains uknown.

Other notable recent work includes the fabrication of nanol-
ignin-filled PVA hydrogels with improved conductive proper-
ties, as well as the fabrication of lignin-containing cellulose
nanocrystals, doped in bentonite, with improved absorption
rates of organic dyes.[>»?*l While these studies resulted in
lignin-containing soft composites with improved performance
properties, the molecular weight of the lignin used was not
specified, limiting our ability to develop relationships between
lignin molecular weight and the final hydrogel properties. To
address this issue, a novel lignin purification approach, known
as the aqueous lignin purification with hot agents (ALPHA)
process,[®>] which provides the ability to simultaneously
fractionate and clean Kraft lignins, was employed. With
access to purified lignins of prescribed molecular weights,
we are uniquely positioned to more directly probe the struc-
ture-processing-property relationships in this emerging class
of green materials. With the ability to directly manipulate
the network structure of these hydrogels via lignin molecu-
lar weight, soft composites with tailored transport and mechani-
cal propertiest?®*2” can be synthesized for a wide range of
applications, including membrane-baseed water filtration and
purification, as well as lignin-based soft composites for tissue
engineering.

In this work, two series of physically crosslinked lignin-
PVA composite hydrogels were fabricated via the freeze—thaw
method ranging from one (1 x) to three (3 x) freeze—thaw
cycles. Three different lignin fractions were utilized: (1)
unfractionated Kraft lignin [referred to as BioChoice™ lignin
(BCL)]; (2) low MW (LMW), ultra clean lignin; and (3) high
MW (HMW), ultra clean lignin, where the latter two lignin
fractions were obtained by simultaneously fractionating and
cleaning Kraft lignin via the ALPHA process. Within each
series of soft composites, the hydrogels were synthesized with
lignin contents of 20 wt% and 60 wt%. To our knowledge, this
is the highest lignin concentration implemented in the fabrica-
tion of this class of physically crosslinked hydrogel composites.
Note, an illustrative schematic of the hydrogel synthesis proce-
dure, along with images of the dense, free-standing composites
obtained, are shown in Figure S1 in the Supplementary Infor-
mation (SI). After fabrication, the impact of lignin concentra-
tion and number of freeze—thaw cycles on the hydrophobicity
of each soft composite was characterized by measuring the
equilibrium water uptake of each membrane. Additionally, the
swollen network structure of each soft composite was directly
imaged via scanning electron microscopy (SEM).

Table I summarizes the synthesis conditions for the three
series of lignin-PVA soft composites, as well as the specific
nomenclature that will be used to represent the various mem-
branes moving forward.

For example, 10-LMW-60-3 x will be used to repre-
sent lignin—PVA hydrogels that were fabricated using a 10
wt% PVA solution containing 60 wt% LMW lignin, which
was subjected to three freeze—thaw cycles to form the final

Table I. Nomenclature for neat PVA and lignin-PVA soft composites synthesized via the freeze-thaw method.

Lignin fraction Lignin content® PVA concentration in DMSO No. freeze—thaw Nomenclature
solution (Wt%) cycles
Neat PVA (no lignin) N/A 5 1 S5—Neat—1 x
3 5—Neat-3 x
N/A 10 1 10—Neat—1 x
3 10—Neat-3 x
BioChoice™® (BCL) 20 wt% 5 1 5-BCL-20-1 x
3 5-BCL-60-1 %
60 wt% 10 1 10-BCL-60-3 x
3 10-BCL-60-3 x
Low MW (LMW) 20 wt% 5 1 5-LMW-20-1 x
3 5-LMW-20-3 x
60 wt% 10 1 10-LMW-60-1 x
3 10-LMW-60-3 x
High MW (HMW) 20 wt% 5 1 5-HMW-20-1 x
3 5-HMW-20-3 x
60 wt% 10 1 10-HMW-60-1 x
3 10-HMW-60-3 x

#BioChoice is the trademarked name of the feed/raw lignin, which is then subjected to fractionation and cleaning by the ALPHA process to pro-

duce the low MW and high MW lignin fractions.

The concentrations of the various lignin fractions are based on the total mass of solids in solution. Here, the total mass of solids is equal to the

mass of lignin+mass of PVA in the DMSO solution.
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soft composite. Note that the PVA concentration is given
based on the PVA-DMSO solution, while the lignin con-
centration is given based on the total mass of polymer, i.e.,
Miignin/ (MPVA + Miignin ). Figure 1 shows the equilibrium water
uptake data for both neat PVA, as well as lignin—PVA soft com-
posites. Specifically, the equilibrium water uptake of soft com-
posites fabricated at various lignin concentrations using 5 wt%
and 10 wt% PVA-DMSO solutions are shown in Fig. 1(a) and
(b), respectively. Note, in Fig. 1, membranes that have under-
gone 1 xand 3 x freeze—thaw cycles are shown in solid blue bars
and shaded red bars, respectively. Focusing our attention on
1 x freeze—thaw samples fabricated from a 5 wt% PVA-DMSO
solution [solid blue bars in Fig. 1(a)], we note that there is little
variation in the equilibrium water uptake with the introduction
of 20 wt% lignin apart from 5-BCL-20-1 x, where an approxi-
mate twofold increase in water uptake is observed when com-
pared to 5—Neat—1 x. Specifically, the equilibrium water uptake
is seen to increase from 883% +200% to 1455% + 12%. Given
that the lignin added into the system is relatively hydrophobic,
this result is quite surprising and unexpected. When the BCL
concentration is increased from 20 to 60 wt%, the water uptake
of 5-BCL-60-1 x decreased to 683% =+ 40%, which is less than
half that of 5-BCL-20-1 x, as well as = 20% lower than that
of 5—Neat—1 x. This result is more in line with what we would
expect when replacing more than half of the hydrophilic PVA
with the more hydrophobic lignin.

Next, examining the 3 x freeze—-thaw membranes [shaded red
bars in Fig. 1(a)], we first observe that the water uptake of neat
PVA decreases by = 30 wt% with an increase in the number
of freeze—thaw cycles. As mentioned earlier, this behavior is
expected as the PVA crystalline structure, and subsequently the
crosslinked network, is reinforced with each freeze cycle,[1 1121
leading to a decrease in the mesh size and equilibrium water
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uptake for these membranes. Interestingly, this behavior is dif-
ferent than recent results from Morales et al.,*'! who observed
little change in the swelling kinetics and degree of swelling for
neat PVA hydrogels as a function of the number of freeze—thaw
cycles. This discrepancy may be attributed to the difference in
freeze times, where hydrogels in that study were only subjected
to 2 h of freezing, while hydrogels in this study were frozen
for 24 h.

Surprisingly, this subsequent decrease in equilibrium
water uptake with increasing number of freeze—thaw cycles
was only observed for soft composites containing BCL. For
example, increasing the number of freeze—thaw cycles from
1 xto 3 xresults in a reduction of the water uptake by approxi-
mately half when comparing 5-BCL-20-1 xto 5-BCL-20-3 x.
However, when compared to 5—Neat-3 x, it is not until the
BCL concentration reaches 60 wt% that we observe a sta-
tistically significant decrease in water uptake, going from a
value of 610% + 20% for 5—Neat—3 X to a value of 455% +
60% for 5-BCL—60-3 x. In contrast to hydrogels contain-
ing BCL, a statistically significant increase in the equilib-
rium water uptake is observed with the introduction of both
LMW and HMW lignin. Specifically, the equilibrium water
uptake is seen to increase to 898% + 22% and 845% + 85%
for 5-LMW-20-3 xand 5-HMW-20-3 x, respectively. Further,
while a decrease in water uptake is observed when the LMW
lignin content is increased to 60 wt%, little variation in water
uptake is observed among 5-LMW—-60-3 x, 5-HMW-20-3 x,
and 5-HMW-60-3 x, which all exhibited water uptake values
of =~ 800%. It is also interesting to note that at a specific LMW
and HMW lignin fraction and content, the equilibrium water
uptake does not change appreciably with an increase from 1 x to
3 x freeze—thaw cycles. That is, there are no statistically sig-
nificant differences between the solid blue and shaded red bars
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Figure 1. Equilibrium water uptake of neat PVA and lignin-PVA soft composites fabricated from PVA-DMSO solutions containing (a) 5
wt% and (b) 10 wt% PVA. Note, the solid blue and shaded red bars represent equilibrium water uptake values for membranes that have
undergone one (1 x) and three (3 x) freeze-thaw cycles, respectively. The error bars represent the standard deviation of the average, which
was calculated from at least three repeat experiments on separate membranes.
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for these soft composites in Fig. 1(a). It is not clear why the
equilibrium water uptake behavior of these samples is different
from their BCL-containing counterparts, though we suspect
this may be related to the wide range of MWs present in the
BCL fraction, making the impact of this lignin fraction on the
final properties of the soft composites less predictable. Further,
given that the ALPHA process simultaneously fractionates and
cleans the BCL, this difference may be also be a result of the
higher impurities (i.e., higher ash content) present in this lignin
prior to fractionation.

Next, focusing our attention on 1 x freeze—thaw samples fab-
ricated from a 10 wt% PVA-DMSO solution [solid blue bars
in Fig. 1(b)], we note that the equilibrium water uptake values
in this series of soft composites are generally lower than that
of their 5 wt% PVA counterparts [Fig. 1(a) vs. (b)]. The only
exception to this is 10-HMW-20-1 %, which has a similar equi-
librium water uptake to that of S-HMW-20-1 x. The observed
decrease in equilibrium water uptake is a result of the increased
concentration of PVA in the PVA-DMSO solution used to fabri-
cate the physically crosslinked hydrogels. As the concentration
of PVA is increased, there is an increase in hydrogen bonding
between PVA chains, resulting in the creation of more crystal-
line domains and a higher degree of crosslinking.!'*! Interest-
ingly, for all lignin fractions, we observe an initial increase
in equilibrium water uptake with the introduction of lignin at
a concentration of 20 wt%. Notably, the highest increase in
equilibrium water uptake was observed for l0-HMW-20-1 x,
where the water uptake was measured to be 893% + 199%, an
approximate 150% increase from 10—Neat—1 x. This result is
consistent with work by Morales et al.,l*!! where an increase in
both the swelling rate and degree of swelling, compared to neat
PVA, was observed for samples containing lignin compared to
neat PVA. The increase in water uptake with the introduction
of 20 wt% lignin may be a result of the lignin disrupting the
formation of the physically crosslinked PVA network formed
during freeze—thaw cycles of the PVA-DMSO solution.

As the lignin does not participate in the formation of the
crosslinked network formed during sequential freeze—thaw
cycles, the lignin chains have the potential to block the inter-
molecular forces (i.e., hydrogen bonding) between PVA chains
that facilitate PVA crystallization or crystallite formation,
which serve as crosslink junctions during the freeze—thaw pro-
cess.121326] This “blocking’ of the PVA chains may be due to
the steric hindrance of the lignin phase, or it may be a result of
the lignin hydrogen bonding with the PVA,?*] preventing the
PVA from hydrogen bonding with itself. In either case, this
will result in a lower degree of physical crosslinking and larger
mesh sizes,1*) ultimately allowing for higher water absorp-
tion for these soft composites. Similar to what was observed
for the 1 x5 wt% PVA hydrogels, when the lignin concentra-
tion is increased to 60 wt%, we observe that for a particular
lignin fraction the equilibrium water uptake decreases [e.g., see
10-BCL-20-1 x vs. 10-BCL-60-1 xin Fig. 1(b)]. At 60 wt%,
it appears that the relative hydrophobicity of the lignin begins
to govern the hydrophilicity of the soft composites. That is, the
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hydrophobicity of the lignin counteracts the impact lignin has
on disrupting the PVA network formation.

Next, focusing our attention on the 3 X samples [shaded red
bars in Fig. 1(b)], we observe that the equilibrium water uptake
generally increases with the introduction of lignin, apart from
10-BCL-20-3 xand 10-LMW-60-3 %, which demonstrated
no statistically significant change in water uptake from that of
10-Neat-3 x. Interestingly, when the BCL concentration was
increased from 20 to 60 wt%, an increase of = 30% in water
uptake was observed. However, consistent with the trend we
observed for the 1 x freeze—thaw composites [solid blue bars
in Fig. 1(b)], when the LMW and HMW lignin content was
increased to 60 wt%, a decrease in water uptake was observed.
Again, we believe this is related to the hydrophobicity of the
lignin, which counteracts the impact lignin has on disrupting
the PVA network formation.

When comparing the general trends observed between
the two series of soft composites [i.e., Fig. 1(a) vs. (b)], we
observe an increase in water uptake when lignin was introduced
at 20 wt% into the 10 wt% PVA soft composites, which is not
observed for the 5 wt% PVA soft composites. We believe this is
related to the lowered probability of the lignin interacting with
PVA chains when the concentration of PVA is reduced by half.
As mentioned above, this result suggests that the presence of
lignin (at least at a content of 20 wt%) is impeding the forma-
tion of physical PVA crosslink junctions, resulting in a looser
crosslinked network structure. These larger mesh sizes lead to
increased water uptake (i.e., hydrophilicity) for these soft com-
posites, as the lower concentration of crosslink junctions more
easily facilitates water-induced swelling of the hydrogel.l***7)
Moreover, the hydrogels in each series generally demonstrated
a reduction in the water uptake when the lignin concentration
was increased to 60 wt%. This is not surprising as the lignin
itself is more hydrophobic relative to the PVA it is replacing.!')
In summary, we posit that at a lignin content of 20 wt%, the
lignin generally acts to impede the PVA crosslinking, leading to
similar or higher equilibrium water uptake values to that of neat
PVA, while at a lignin content of 60 wt%, the hydrophobicity of
the lignin more significantly impacts the water uptake behavior
of the soft composites (i.e., the hydrophobicity of the lignin
counteracts its disruptive effect on PVA network formation).

To determine the impact of the various lignin fractions, as
well as the impact of lignin concentration on the hydrated net-
work structure of the soft composites, the surface morphology
of the hydrogels was characterized using scanning electron
microscopy (SEM). Images of the hydrated network struc-
ture of soft composites fabricated from a 5 wt% PVA-DMSO
solution are shown in Fig. 2. Specifically, images of the net-
work structure of soft composites that have undergone 1 < and
3 x freeze—thaw cycles are shown in Fig. 2(a) and (b), respec-
tively. Note that additional SEM images at a lower magnifica-
tion can be found in Figs. S2 and S3 in the SI. Comparing
5—Neat—1 X to its lignin-containing counterparts [Fig. 2(a)], we
see that the addition of BCL resulted in a network structure
that is much less defined with larger pores, with the presence
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Figure 2. Scanning electron microscopy (SEM) images of hydrated neat PVA and lignin—-PVA soft composites, fabricated from a 5 wt%
PVA-DMSO solution, that have undergone (a) one (1 x) and (b) three (3 x) freeze-thaw cycles. Note, the various fractions of lignin have
been organized in columns, while the lignin concentrations of 20 wt% and 60 wt% have been organized in rows. Specific labels, following
the nomenclature listed in Table |, are provided below each SEM image. Also note, the scale bar in all the images is 20 ym.

of large lignin aggregates in the hydrogel. Surprisingly, as the
BCL concentration is increased to 60 wt%, we observe the
presence of a more uniform network, though we still observe
large agglomerations of lignin (= 20 um in diameter) within
the membrane, as seen by the darker shaded globules. The
improved network structure of 5S-BCL—-60-1 x directly corre-
lates to the observed reduction in water uptake of these mem-
branes when compared to 5-BCL-20-1 x.

In contrast, the addition of LMW lignin did not significantly
impact the resulting network structure. As seen in the image
for 5-LMW-20-1 X, the network structure is similar to that of
5—Neat—1 x. When the LMW lignin concentration is increased
to 60 wt%, we observe that, on average, the size of the pores
in the membrane are smaller than those of its 20 wt% counter-
part (i.e., S-LMW-20-1 xvs. 5-LMW-60-1 x). These direct
images of the hydrated network structure correlate nicely with
differences (or lack thereof) observed in the equilibrium water
uptake among these hydrogels [see Fig. 1(a)]. That is, the equi-
librium water uptake of 5-LMW-20-1 x and 5-Neat—1 x are
statistically similar, while 5-LMW-20-1 x exhibits higher
water uptake (i.e., is more hydrophilic) than 5S-LMW—-60-1 x.
Similar to soft composites containing BCL, a large disruption of
the network structure with the introduction of HMW lignin was

observed for both S-HMW-20-1 x and 5-HMW-60-1 x. Spe-
cifically, the network structures of these soft composites were
relatively heterogenous, exhibiting large variations in the pore
size, similar to what is seen for S-BCL-20-1 x. This heteroge-
neity in network structure is manifested in the high variability
in the measured water uptake between individual membranes
[i.e., manifested as large error bars in Fig. 1(a)]. The network
structure captured in the SEM images for S-HMW-20-1 x and
5-HMW-60-1 x are similar, which coincides with the statisti-
cally similar values of equilibrium water uptake measured for
each membrane. In general, the SEM images shown in Fig. 2(a)
support the observed differences in water uptake (i.e., hydro-
philicity) among the various soft composites shown by the solid
blue bars in Fig. 1(a).

Next, focusing our attention on the SEM images shown in
Fig. 2(b), we observe a tightening of the network structure for
neat PVA and composites containing BCL [first two columns
in Fig. 2(b)] when the number of freeze—thaw cycles was
increased from 1 xto 3 X. There is, in general, a tightening of the
network structure, though this is most obvious in SEM images
of 5-BCL—-60-3 x and 5-LMW—-60-3 x [middle two images on
bottom row of Fig. 2(b)]. Further, apart from composites con-
taining HMW lignin, a tighter network structure is observed
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when the lignin concentration is increased from 20 to 60 wt%
[top row vs. bottom row in Fig. 2(b)]. This tightening of the net-
work structure corroborates the reduction in equilibrium water
uptake observed for 5-BCL—-60-3 x and 5-LMW-60-3 x when
compared to their 20 wt% counterparts [comparing shaded red
bars in Fig. 1(a)]. However, this tightening in network struc-
ture was not observed for all 3 x freeze—thaw soft composites.
Specifically, an increase in the hydrated pore size was observed
for 5-LMW-20-3 x, which is reflected in the higher water
uptake for these membranes when compared to 5—Neat-3 x.
Additionally, the similar equilibrium water uptake measured
for 5-LMW-20-1 x and 5-LMW-20-3 X can be explained by
the similar network structure seen in the SEM images of these
membranes in Fig. 2(a) and (b).

Moving our attention now to hydrogels fabricated using
a 10 wt% PVA-DMSO solution, Fig. 3(a) and (b) show the
SEM images for membranes that have been subjected to
1 xand 3 x freeze—thaw cycles, respectively. Notably, much
smaller pore sizes are observed in the network structures
when compared to their 5 wt% PVA counterparts. Specifically,
10—Neat—1 x appears to not only have smaller pore sizes than
5—Neat—1 %, but images of these soft composites indicate larger
portions of a ‘less disrupted’ PVA phase, as shown by the flat,
grey regions in the SEM image. For the 1 X samples, when

10-Neat-1x 10-BCL—60—1x

10-Neat-3x 10-BCL-60-3x

(b)

10-LMW-60-3x

lignin is first introduced into the hydrogel network structure,
there is a slight increase in the pore size and an increased fre-
quency of lignin agglomerates, apart from 10-HMW-20-1 x.
The 10-HMW-20-1 x sample appeared to have a more uni-
form, tighter network structure with relatively smaller pores
than its neat counterpart. However, the PVA phase in these
images is ‘more disrupted’—i.e., the concentration of PVA in
the image is lower than that in the image of 10—Neat—1 x. This
may help explain why the water uptake for 10-HMW-20-1 xis
over two-fold higher than 10-Neat—1 x. That is, while, on
average, the pores of 10—Neat—1 x are larger, there is a greater
degree of water uptake by 10-HMW-20-1 x due to the higher
concentration of ‘water-rich’ region in these membranes. Fur-
ther, this discrepancy may be related to the heterogeneous
nature of the HMW samples, also indicated by the high varia-
tion of the water uptake between individual sample, similar to
what was demonstrated by the 5 wt% PVA counterparts [see
Fig. 1(a) and (b)]. While the area that is captured shows the
morphology mentioned above, it is suspected that there are
local domains with varying morphologies within the network
structure of this sample.

As the lignin concentration increased to 60 wt%, the
network structure appeared to tighten for all lignin molecu-
lar weights. This is most easily seen in the SEM images of

10-LMW-20-1x

10-LMW-60—1x

X %

Y
10-HMW-60-3x

Figure 3. Scanning electron microscopy (SEM) images of hydrated neat PVA and lignin-PVA soft composites, fabricated from a 10 wt%
PVA-DMSO solution, that have undergone (a) one (1 x) and (b) three (3 x) freeze-thaw cycles. Note, the various fractions of lignin have
been organized in columns, while the lignin concentrations of 20 wt% and 60 wt% have been organized in rows. Specific labels, following
the nomenclature listed in Table |, are provided below each SEM image. Also note, the scale bar in all the images is 20 ym.
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10-BCL-60-1 x and 10-LMW-60-1 x [two middle images
in bottom row of Fig. 3(a)]. The reduction in pore size with
the addition of lignin is mirror in the water uptake data for
these samples, where all 1 x soft composites with 60 wt%
lignin (irrespective of the lignin molecular weight) showed
a statistically significant decrease in equilibrium water
uptake [see solid blue bars in Fig. 1(b)]. As the number of
freeze—thaw cycles was increased from 1 x to 3 x, the network
structure visually appeared to tighten and smaller pore sizes
are observed, though this difference is not as pronounced in
soft composites containing LMW lignin. The similar network
structure caputure in the SEM images of hydrogels containing
LWM lignin helps to explain why no statistically significant
difference in water uptake is observed for these membranes
when the number of freeze—thaw cycles is increased [com-
pare solid blue bars and shaded red bars in Fig. 1(b)]. Inter-
estingly, only the 10—Neat-3 x and 10-BCL-20-3 x showed
a decrease in water uptake. The increase in water uptake for
10-BCL-60-3 x, when compared to 10-BCL—-60-1 x, may
be related to the lower frequency of BCL agglomerates in the
SEM images for this material, allowing for a more uniform
network structure for 10-BCL—-60-3 x.

In conclusion, we have demonstrated the successful
fabrication of dense, free-standing lignin-PVA soft com-
posites, with lignin concentrations as high as 60 wt%, via
the freeze—thaw method. These hydrogel composites were
fabricated using both raw, unfractionated Kraft lignin, as
well as lignin that had been fractionated and cleaned by the
ALPHA process. It is clear from both the water uptake data
and the SEM images that the lignin concentration, as well as
the lignin molecular weight can be leveraged to influence the
network structure of these soft composites. In general, the
addition of lignin at a concentration of 20 wt% resulted in
an increase in equilibrium water uptake for all samples, irre-
spective of the PVA wt% and number of freeze—thaw cycles
the membranes had undergone. When the lignin concentra-
tion was increased to 60 wt%, the water uptake was seen to
decrease relative to the 20 wt% counterparts. The number of
freeze—thaw cycles was seen to have little impact on the water
uptake and network structure of soft composites containing
LMW and HMW lignin. For the former, this can be attributed
to the more uniform crosslinked network that was created in
these membranes, where it appears that the LMW lignin was
more easily uniformly distributed throughout the PVA matrix,
as evidenced by the low frequency of lignin aggregates. This
result highlights that we can create soft composites with a
high concentration of a renewable biopolymer while not
significantly impacting the hydrophilicity of the resulting
membrane. On the other hand, we believe that the heteroge-
neous network structure created in HMW lignin membranes,
particularly those formed from a 5 wt% PVA-DMSO solu-
tion, serves to mask the impact of the number of freeze—thaw
cycles, which can be seen in the large error bars in the water
uptake data for these membranes. Our results underscore
the benefits of the ALPHA process, whereby the molecular

weight of the lignin, as well as the lignin purity, can be con-
trolled and utilized to directly manipulate the soft composite
network structure. We believe that the results from this work
provide a framework for the fabrication of sustainable soft
composites with tailored hydrophilicty by providing a set of
processing—property relationships for physically crosslinked
lignin-based hydrogels.
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