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ABSTRACT: Herein, a series of novel, lignin-based hydrogel composites was fabricated by
incorporating ultraclean lignins (UCLs), of low molecular weight and dispersity, into poly(vinyl
alcohol) (PVA). The UCLs were obtained from a novel liquid-liquid fractionation of high
dispersity crude bulk lignins (CBLs) obtained from Kraft black liquor. A complementary series of
composite hydrogels was fabricated using these CBLs. Both the CBLs and UCLs were
functionalized with vinyl-containing acrylate groups allowing the lignins to chemically crosslink
with themselves, forming an interpenetrated network with the thermally-crosslinked network of
PVA chains. Successful functionalization of the UCLs was demonstrated by proton and
phosphorous nuclear magnetic resonance. PVA-lignin hydrogels containing 20 wt % UCL saw a
reduction in methylene blue (MB) permeability by approximately two orders of magnitude when
compared to neat PVA. Further, for composite hydrogels containing either 50 wt % UCL or CBL,
no MB was detected in the receiving reservoir over the duration of the permeation experiment. In
general, an increase in Young’s moduli was observed in PVA-lignin hydrogels containing CBLs,
where hydrogels composed of 50 wt % CBLs exhibited ~40% increase when compared to neat

PVA. In contrast, a ~10% reduction in Young’s moduli was observed for composite hydrogels
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containing 20 wt % UCLs or less, though these membranes exhibited the lowest MB permeabilities
of all membranes investigated. However, the largest increase in membrane stiffness was observed
for composite hydrogels containing 50 wt % UCLs, where a ~70% increase in Young’s modulus
was observed. Finally, the concentration and functionalization of the lignins was seen to have a
direct impact on the network structure of the soft composites, where in general, the molecular

weight between crosslinks is seen to decrease with increasing lignin concentration.
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1. Introduction

Hydrogels are attractive materials for aqueous-based separations as the selectivity of the
membrane can be directly influenced through manipulation of its network structure (i.e., mesh
size) and chemical composition (or functionality). As such, these soft materials have been used to
separate oil from water/oil emulsions,! organic dyes (e.g., methylene blue)?? and heavy metal ions
(e.g., Cu?*, Pb%") from aqueous solutions,*> as well as controlled adsorption and release of model
drugs® and model proteins, such as bovine serum albumin.”® However, the use of petroleum-based
precursors in the fabrication of traditional synthetic hydrogels — e.g., poly(acrylic acid),
poly(acrylamide), poly(vinyl alcohol) — has resulted in increased interest in the use of
environmentally friendly, renewable biopolymers for these membrane-based separations. As such,
the use of renewable biopolymers, such as chitosan,’”%10 cellulose,!!!? and lignin,>'3-27 in the
fabrication of next-generation materials has been extensively researched.

Of particular interest to the current work is the use of lignin in the fabrication of soft
composites. As an additive for composite hydrogels, lignin possesses several beneficial attributes,
including antioxidant?®?® and antimicrobial properties,*3! high ultra-violet (UV) light
absorption,?>23 and high thermal stability.>* In addition, the abundance of hydroxyl (-OH) groups
and chemical linkages allow for the potential of a wide variety of chemical functionalizations,?’
although access to these groups is not straightforward due to the complex and heterogeneous
structure of the lignins.343637 Lastly, as lignin is the world’s second most abundant natural
polymer (behind only cellulose),3*38-40 lignin-based composite membranes present an opportunity
to substantially reduce the use of petroleum-based products.*!:4?

Lignin holds significant potential for added value in the fabrication of advanced soft

composites,4 with ~50 million tons per year readily available as a by-product of biomass
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processing. However, today, >99% of that lignin is simply burned as fuel or sent to waste
treatement.* Approximately 90% of the lignin that is recovered (~150,000 tons) is Kraft lignin
from pulp mills,>** and is used in materials applications. However, all of the recovery methods in
use today indiscriminately precipitate and isolate crude bulk lignins (CBLs), which have broad
molecular weight (MW) distributions (i.e. high dispersity (P)), complex and heterogeneous
chemical architectures, and low purities.3* Furthermore, the recovered CBLs possess a high metals
content (~10,000 ppm total metals, primarily sodium and potassium), which is of particular
concern for bioseparations,® as metals can leach out of the composite material into the human
body or into an expensive product stream, presenting risks for both health and product
contamination. Note, lignin can be further broken down into small molecule, oligomeric products,
through processes such as catalytic depolymerization*¢—® or pyrolysis**~!. However, use of such
materials was not the focus of the current study, as these methods completely destroy the unique
polymeric nature of lignin.*?

The addition of lignin to hydrogels has been demonstrated as a viable means of altering both
the mechanical and permselective properties of composite lignin hydrogels.?0-2228,34.35,53-55
However, starting with early work in the late 1970s and early 1980s by Lindstrém and Westman,6-
8 to date, the vast majority of studies regarding lignin-based hydrogels involve fabrication
methods that utilize heterogeneous, ill-defined lignins (i.e., CBLs with high D).34338!
Furthermore, developing lignin-based hydrogels for targeted separations is hindered by our lack
of understanding as to how the addition of lignins to these soft composites alters the crosslinked
network structure of the resulting hydrogel. When used in the fabrication of composite hydrogels,
the heterogeneity of the lignins results in composites with ill-defined network structures,

obfuscating the molecular-scale interactions and fundamental mechanism governing transport in
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these green materials. Fortunately, recent work by Thies and co-workers3®#-82 involving the
fractionation and purification of CBLs has presented a feasible avenue for obtaining lignins of
well-defined MWs and low D. Specifically, they have developed the Aqueous Lignin Purification
with Hot Agents (ALPHA) process,®} which can be used to continuously and simultaneously clean,
fractionate, and solvate lignins into prescribed MWs of narrow dispersity (P = 2), having metals
contents lower than 50 ppm (referred to as ultraclean lignins (UCLs)).*> Incorporating UCLs of
prescribed MWs and low dispersity into hydrogels should, in principle, result in a more
homogeneous network structure of the composite hydrogel. Moving forward, such materials
systems will allow us to more accurately elucidate the fundamental relationships between lignin
molecular weight, soft composite network structure, and membrane separation performance for
this emerging class of green materials.

Traditionally, poly(vinyl alcohol) (PVA) hydrogels have been synthesized via thermal
crosslinking, 35 chemical crosslinking,®¢-% or a combination of both®°7. They have also been
synthesized via freeze-thaw methods inducing physical crosslinks.”®-1% In the case of thermal
crosslinking, physical crosslinks are formed in the PVA hydrogels through the formation of
crystallites. This has proven to be a viable method for creating free-standing PVA membranes that
are stable when re-immersed in water (i.e., they do not redissolve when placed in water). As the
crosslinks formed in this case are not permanent crosslinks, thermally-crosslinked PVA films are
susceptible to dissolution if placed in water at elevated temperatures (> 60 °C). In the case of
chemically-crosslinked PVA films, permanent crosslinks between chains are achieved through the
use of a crosslinking agent. For example, stable chemical crosslinking of PVA hydrogels has been
achieved with glutaraldehyde,?*-%3 and various acids,’*® to name a few. As hydroxyl groups along

the backbone of the hydrogel are consumed during the crosslinking process, the resulting
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membranes are much less hydrophilic than neat PVA. While this can be leveraged as a means to
alter the hydrophilicity of the crosslinked membrane, it may also be beneficial to retain the high
hydrophilicity of the neat PVA in the resulting membrane, especially for lower temperature
applications, where the stability of the PVA membrane is not in question.

In this work, two series of PVA composite hydrogels containing unfunctionalized and
functionalized lignins at concentrations ranging from 0 to 50 wt % were synthesized. These soft
composites were fabricated using both crude bulk lignins (CBLs; apparent number-average
molecular weight, My, = 4170 g mol!, dispersity, D =~ 3.9) that were recovered from a
Southeastern pine black liquor via the Sequential Liquid-Lignin Recovery and Purification (SLRP)
process,'%” and ultraclean lignins (UCLs; apparent number-average molecular weight, My 4pp =
1250 g mol-!, dispersity, D ~ 2.2), which were isolated from the aforementioned CBLs via the
ALPHA process. Detailed descriptions of the SLRP and ALPHA techniques are given elsewhere.??
The chemical functionality of the lignins was altered via an acrylation process, where a portion of
the —OH groups were replaced with vinyl groups (i.e., C=C). This functionalization allows for the
formation of an interpenetrated network (IPN)!9-115 containing chemically-crosslinked lignin and
thermally-crosslinked PVA. Successful functionalization of —OH groups was confirmed by both
proton and phosphorus nuclear magnetic resonance ('H NMR and 3!P NMR, respectively), as well
as via infrared spectroscopy. The mechanical and transport properties of the soft composites were
also measured. Specifically, the Young’s moduli of the hydrated composites were characterized
using mechanical indentation, while the permeability of methylene blue (MB) across the
membranes was captured by ultraviolet-visible (UV-vis) spectroscopy. Note, as a ‘proof of
concept’ regarding the fabrication of composite hydrogels with high lignin content, composite

hydrogels containing 50 wt % unfunctionalized CBL and UCL were also fabricated.
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2. Results and Discussion
2.1. Lignin Characterization and Composite Hydrogel Fabrication
The nomenclature for each of the composite hydrogels is summarized in Table 1.

Table 1. Nomenclature for PVA—lignin composite hydrogels.
Unfunctionalized (UF) or

Type of lignin Lignin content sl () Nomenclature
10 Wi % UF PVA-UCL-10UF
i F PVA-UCL-10F
UCL UF PVA-UCL-20UF
; 20 wt %
F PVA-UCL-20F
50 wt % UF PVA-UCL-50UF
UF PVA-CBL-10UF
10 wt %
F PVA-CBL-10F
CBLs UF PVA-CBL-20UF
20 wt %
F PVA-CBL-20F
50 wt % UF PVA-CBL-50UF

Figure 1 shows the proposed reaction schemes and an image of free-standing membranes for neat
(or pristine) PVA and the two series of hydrogel composites synthesized in this work. Specifically,
Reaction Schematic No. 1 in Figure 1a shows the proposed reaction scheme for neat PVA and
PV A-lignin composite hydrogels synthesized via thermal crosslinking. As previously mentioned,
thermal crosslinking is one route by which dense, free-standing PVA hydrogels can be
fabricated.?*8> In the schematic of the proposed network structure for these neat PVA hydrogels,
the green dots represent the physical crosslinks between PVA chains created during the thermal
crosslinking process. In addition to neat PVA hydrogels, Reaction Schematic No. 1 shows the

proposed network structure of the thermally-crosslinked PVA-lignin hydrogels, whereby the
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unfunctionalized lignins (shown as curved blue lines) remain in the hydrogel via physical
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entanglements with thermally-crosslinked network of PVA chains. Next, Reaction Schematic No.
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2 in Figure la shows the proposed reaction scheme for PVA-lignin composite hydrogels
synthesized via combined thermal and chemical crosslinking with functionalized CBLs and

UCLs.%-% In the schematic, the -OH groups on lignin are colored in blue and the reactive vinyl

(a) Raantinn Qchamaticr Nla 1
e Physical crosslinks
S
\ij
n
PVA 6‘(;oC _ _ o
"19\ Unfunctionalized Lignin
Raanrtinn Qrhamatic Nn 2 ¢ Chemical crosslinks
on o N6 ’)gFunctionalized Lignin
0 Lignin 0 Lignin j
OH
0 \/Ni/ o . M 60°C
N o . APS
o) MBA
| PVA" TMEDA
o o

Pristine 10 wit % 20 wt % 10 wt % 20 wt % )
50 wt % 50 wt %
PVA UCL(UF UCL(UF
I( ) I( ) ueLwA CBL(UF)  CEE(
10 wt % 20 wt % 10 wt % 20 wt %
UCL(F) UCL(F) CBL(F) CBL(F)

Ultraclean Lignin (UCL)

Crude Bulk Lignin (CBL)

Figure 1. (a) Reaction schematic and proposed network structure for thermally-crosslinked,
as well as thermally- and chemically-crosslinked PV A—lignin composite hydrogels using
both unfunctionalized and functionalized lignin. (b) Picture of free-standing neat PVA and
PV A-lignin hydrogels containing 0 wt % to 50 wt % unfunctionalized and functionalized

UCLs and CBLs.
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groups, containing a C=C bond that undergoes free radicalization, are colored in red. Prior to
synthesis of the composite hydrogel, the CBLs and UCLs are first functionalized, undergoing an
acrylation process that replaces some of the -OH groups on lignin with vinyl groups containing a
C=C bond, allowing the functionalized lignins to act as an additional crosslinker in the reaction
scheme. In the schematic for the proposed network structure for these PV A—lignin hydrogels, the
red dots represent the chemical crosslinks between functionalized lignin chains (shown as curved
purple lines). As shown in the schematic, these composite hydrogels form an IPN of thermally-
crosslinked PVA chains and chemically-crosslinked lignin chains.

As seen in Figure 1b, successful fabrication of stable, free-standing, crosslinked PVA
hydrogels via both reaction schemes was achieved. Figure 1b contains an image of the free-
standing hydrogel composite membranes with lignin concentrations ranging from 0 wt % (i.e., neat
PVA) to 50 wt % CBLs and UCLs. As seen in Figure 1b, the optical properties of the hydrogels
change significantly with the introduction of lignin, with membranes becoming less transparent as
the lignin content was increased from 10 wt % to 50 wt %. This lack of transparency is most
noticeable for PVA—CBL-50UF, where these membranes are almost completely opaque. Note, as
shown in Table S2 in the Supplementary Information, all of the membranes were stable in room
temperature water (~20 °C) for >120 days. Further, all membranes remained stable up to a
temperature of 40 °C for 4 hours. Above 40 °C, for both series of composite hydrogels, the thermal
stability of the membranes varied with both functionalization and lignin content. Interestingly, the
hydrogels containing unfunctionalized CBL at 20 wt % and 50 wt % remained stable (i.e., did not
dissolve or break down) up to temperatures of 80 °C for 24 hours. While degradation (or lack
thereof) for these membranes at higher temperatures presents an area of interest, full thermal

characterization of these membranes is outside the scoop of this investigation, as all mechanical
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and transport properties were characterized for composite membranes at room temperature (~20
°C).

To ensure the CBLs and UCLs were properly acrylated, both 'H and *'P NMR were performed
on the lignins before and after functionalization. For the sake of conciseness, only the 3'P NMR
spectra have been presented in the manuscript (see Figure S1 in the Supplementary Information
for 'TH NMR data). Figures 2a and 2b show the 3'P NMR spectra of the UCLs and CBLs,
respectively, before (dashed blue line) and after (solid red line) acrylation. While the use of 3'P
NMR may not seem intuitive given the lack of phosphorous groups in lignin, phosphitylation of
the —OH groups in lignin, by reagents such as 2-chloro—4.,4,5,5-tetramethyl-1,3,2—
dioxaphospholane, is carried out prior to conducting 3'P NMR experiments.!!%117 This process is
commonly utilized to quantify the type and amount of hydroxyl groups present in lignins,!16-120

and was therefore employed in our current work. The broad peak on the left-hand side of each

- (a) Ultraclean Lignin (UCL){ [ (b) Crude Bulk Lignin (CBL)7
Unfunctionalized (dashed blue) | | Unfunctionalized (dashed blue) |
B Functionalized (solid red) Functionalized (solid red)
- Guaiacyl 4T Guaiacyl -
H \ |‘| CH ]
i
i ;': 1 I Alphatic OH " .
; 2 1 |
Aliphatic OH :1 p-hydroxy| L \ L‘ C, substituted :“ g;‘f;yn(;rloxy_
B \ I C substituted ' phenyl R J \ N
ry 5 I 1 L
| || THE
B J, ! J \ | l 4T r‘ } v ]
l\' ‘\ J" "\-
s bt B e ; -
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Figure 2. 3'P NMR spectra of unfunctionalized (dashed blue line) and functionalized (solid
red line) (a) ultraclean lignins (UCLs) and (b) crude bulk lignins (CBLs).
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figure is associated with the aliphatic —OH groups, while the collection of peaks on the right-hand
side are associated with the aromatic —~OH groups of the lignins.!!” As seen from these two figures,
the decrease in height of the NMR spectral peaks indicates that the concentrations of —OH groups
on both the UCLs and CBLs have decreased after the lignins underwent acrylation. This is
quantitatively shown in Table S1 of the Supplementary Information, where it can be seen that for
both the CBLs and UCLs, the —OH content (mmol OH/g lignin) is lower post functionalization.
Further, if we take a deeper look at the —OH contents pre- and post-functionalization, it is apparent
that, collectively, a higher degree of functionalization occurred in the UCLs as compared to CBLs.
That is, a higher concentration of —OH groups were consumed during acrylation. Specifically, post
functionalization, an ~60% decrease in the total -OH content (aliphatic + aromatic) of the UCLs
was observed, while only a ~45% decrease was observed for the CBLs. The reactivity difference
between these two lignins highlights the lower steric hinderance for the —OH groups in the
ultraclean, fractionated UCLs (i.e., there is better access to the —OH groups in the UCLs).
Interestingly, relative reactivity of the aliphatic and aromatic —OH groups varied between the
CBLs than UCLs, where a higher reactivity of the aromatic —OH groups was observed for the
UCLs. To further verify successful functionalization of the lignins, the addition of the C=C bond
to the functionalized lignin was confirmed via '"H NMR (see Figure S1 in the Supplementary

Information).

2.2. Separation Performance of the Composite Hydrogels
The aqueous-separation properties of the PVA—lignin composite hydrogels were characterized by
performing methylene blue (MB) permeability experiments. For these experiments, the hydrogels

were challenged with a high concentration of MB on one side of the membrane, and the
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concentration of permeated MB in the receiving reservoir — i.e., the reservoir on the side of the
membrane opposite the MB solution — was measured as a function of time. Figures 3a and 3b show
the results of the MB permeation experiments performed on neat PVA, as well as PVA-lignin
hydrogel composites containing both unfunctionalized and functionalized UCLs and CBLs,
respectively. More specifically, these two figures show the concentration of MB in the receiving
reservoir as a function of time. Note, the time data have been normalized by the square of the
thicknesses of the hydrogels so direct comparisons between membranes of different thicknesses
can be made. Also note that MB permeation data for PVA-UCL-50UF and PVA-CBL-50UF is
not shown in Figure 3, as there was never a detectable concentration of MB in the receiving
reservoir. That is, membranes with 50 wt % UCL and CBL adsorbed the entire amount of MB
loaded in the donating reservoir. Therefore, no permeation analysis was performed on these
membranes. In general, a visual inspection of the slopes of these normalized data provide
qualitative insight into the relative changes in the MB permeability, where reductions in MB
permeability manifest as reductions in the slopes of these data. Interestingly, as seen in Figures 3a
and 3b, an initial ‘lag time’ is observed in the MB permeation data for all PVA-lignin composite
hydrogels, where for a period of time, no MB is detected in the receiving reservoir. As this is
observed with all lignin-containing composite hydrogels, we believe this initial lag in the
permeability data is a direct result of electrostatic interactions between the diffusing MB molecules
and the —OH groups of the lignins inside the membranes. In water, MB has a positive charge (i.e.,

cationic), which results in attractive electrostatic interactions with the —OH groups in lignin.
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Figure 3. Concentration of methylene blue (MB) in the receiving cell as a function of time for neat
PVA and PVA membranes containing various amounts of unfunctionalized and functionalized (a)
ultraclean lignins (UCLs) and (b) crude bulk lignins (CBLs). Note, the data have been normalized
by the square of the membrane thickness. (¢) Concentration of MB in the receiving cell as a function
of time for PVA membranes containing 10 wt % UCLs (closed green symbols) and CBLs (open
black symbols), both unfunctionalized. Each data set is a unique MB permeation experiment on an
individual hydrogel sample. Note, some of the data displayed in Figs. 3a & 3b was reshown in 3c,
as part of a collection of multiple experiments. (d) Summary of the calculated MB permeabilities for
neat PVA and PVA-lignin composite hydrogels. The dashed black line indicates the average MB
permeability for neat (or pristine) PVA (i.e., PVA containing no lignin). Note, the error bars in the
figure represent the standard deviation of (at least three) repeat experiments.
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If we focus our attention on Figure 3a, this assertion appears to be further validated by the fact
that the length of the initial lag is directly affected by both the amount of UCL in the composite
membranes, as well as whether or not the UCL had undergone functionalization. With regards to
the concentration of lignin, the time before initial MB breakthrough increased significantly as the
UCL concentration in the hydrogel composites was increased from 10 wt % to 20 wt %. Further,
it can be seen that this initial lag time is longer for composite membranes containing
unfunctionalized UCLs. This is most easily seen when comparing PVA-UCL-20UF (open blue
circles) to PVA-UCL-20F (closed red circles) in Figure 3a. The trends in these data follow what
we would expect, based on the chemistry involved in the lignin functionalization.

As shown in Figure 1a (Reaction Schematic No. 2), acrylation of the lignins replaces the -OH
groups in the lignins with C=C bonds, ultimately resulting in a lower concentration of —OH groups
in the functionalized lignins (see Table S1 in Supplementary Information for quantitative hydroxyl
content). The lower hydroxyl content should lead to less electrostatic interactions between the
diffusing MB and the functionalized lignins, resulting in longer initial lag times in the data for
hydrogels containing unfunctionalized lignin versus their functionalized counterpart. This, for the
most part, is what we observe in the data for both series of hydrogels containing UCLs and CBLs
(open blue circles vs. closed red circles in Figures 3a and 3b, respectively). For hydrogels
containing 10 wt % CBLs, the initial lag times in the data are approximately the same, regardless
of lignin functionalization. Interestingly, when we compare the initial lag times for PVA-lignin
composites containing unfunctionalized UCLs and CBLs at 20 wt %, we see that the length of time
before which MB is detected on the opposite side of membrane is significantly higher for
membranes containing unfunctionalized UCLs. This result is worth noting, as it alludes to the

possibility that for composite membranes containing unfunctionalized UCLs, a greater
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concentration of —OH groups are available (or are accessible) to electrostatically interact with the
MB as it diffuses through the composite hydrogel.

While the proposed chemical structures of lignin show numerous —OH groups,'?! access to
these groups is hindered due to the complex (branched), collapsed structure of the CBLs. Our
results appear to indicate that the UCLs have a less collapsed structure (or chemical architecture)
inside of the composite hydrogel when compared to the CBLs. That is, the —OH groups in the
UCLs are more easily accessible than those in the CBLs, which is more than likely due to the
higher steric hindrance of the —OH groups in the higher MW, high dispersity CBLs. The higher
concentration of accessible —OH groups on the UCL can be further suggested by the fact that the
length of time before MB is measured on the other side of PVA-UCL-20F composite membranes
is similar to that of PVA-CBL-20UF membranes (closed red circles vs. open blue circles in
Figures 3a and 3b, respectively). That is, even after the UCLs have undergone functionalization,
and quantitatively contain less hydroxyl groups than their unfunctionalized CBL counterparts,
there still appears to be a higher degree of electrostatic interactions between the diffusing MB
molecules and UCLs in the hydrogels, as compared to those containing CBLs, regardless of lignin
functionalization.

To highlight the impact of P on the variability of these time-dependent MB concentration data,
Figure 3¢ shows the permeated MB concentration as a function of (normalized) time for PVA—
lignin composite hydrogels containing 10 wt % unfunctionalized UCLs (closed green symbols)
and unfunctionalized CBLs (open black symbols). From Figure 3c, we observe a significantly
higher scatter in the MB permeation data between experiments for composite hydrogels fabricated
from unfunctionalized CBLs when compared to those fabricated from unfunctionalized UCLs. We

believe this scatter in the permeation data alludes to the possibility that the higher P in
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heterogeneous CBLs results in the fabrication of membranes with more heterogeneous network
structures, leading to higher scatter (or variation) in the transport properties extracted from the
permeation experiments performed on these membranes. Note, we would like to point out to the
reader that acrylate-based networks are inherently heterogeneous,!?>124 so the lower dispersity of
the UCLs may not be the only factor to consider when examining the final heterogeneity of the
network structure. However, as seen from Figure 3c, even when both samples are fabricated via
the formation of arylate-based networks, the spread in the experimental permeation data between
individual experiments is greater for CBL-based networks, as compared to those fabricated with
UCLs. While additional experiments are needed to fully validate these claims, this result
underscores the potential importance of utilizing well-defined, fractionated lignins of prescribed
MWs, as these materials may provide a more robust platform to help elucidate the structure-
processing-property relationships in this emerging class of green hydrogels. A quantitative
description regarding the impact of the UCL and CBL on the network structure of the composite
hydrogels will be presented and discussed later in this section.

Figure 3d shows the MB permeability calculated (using eq 1 in the Experimental Section) for
the PVA-lignin composite hydrogels containing both unfunctionalized and functionalized UCLs
and CBLs. Note, as there was an initial lag time in the permeability data before any MB was
detected in the receiving cell for PVA-lignin hydrogels, the permeability is extracted from the
slope of the data post lag time. That is, the initial lag time was subtracted from the permeability
data before the MB permeability was calculated. While this manipulation of the data does not alter
the slope of the MB permeability data, the MB permeability calculated (and reported in Figure 3d)
does not necessarily represent a ‘true’ permeability, as there is an initial period of time where the

diffusing MB molecules electrostatically interact with the accessible hydroxyl groups within the
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composite hydrogel until ‘saturation’ occurs, after which, unassociated MB molecules are allowed
to permeate due to the concentration gradient across the membrane. However, we believe the MB
permeabilities calculated herein serve as an ‘effective’ MB permeability, and as such, provide
insight into how the introduction of lignins, both UCLs and CBLs, alters the permselectivity of the
resulting composite membranes.

As seen in Figure 3d, the concentration, type, and functionalization of the lignin affected the
permeability of MB through the composite hydrogels. The MB permeability for the control
membrane (that is, neat PVA) was approximately 5 X 101 cm? s'!. Focusing on PVA-lignin
composites containing UCLs, we observe that the introduction of 10 wt % UCLs results in an
approximately 60% reduction in the permeability of MB through the membrane, regardless if the
UCLs were functionalized (5 X 101%cm?s!'vs.2 x 10-19cm? s'!). We observe a more significant
decrease in the MB permeability when the concentration of UCLs is increased to 20 wt %. As seen
in Figure 3d, the introduction of 20 wt % unfunctionalized UCLs resulted in almost a two orders
of magnitude reduction in MB permeability. However, while still significant, only an order of
magnitude reduction in MB permeability was observed for composite membranes fabricated with
functionalized UCLs.

Focusing our attention on PVA—-CBL composites hydrogels in Figure 3d, we see a similar
qualitative behavior for the change in MB permeability with various concentrations of
unfunctionalized and functionalized CBLs. With the introduction of 10 wt % CBLs (both
unfunctionalized and functionalized), we see a similar reduction in MB permeability as was seen
with membranes containing 10 wt % UCLs. That is, with the introduction of 10 wt % CBLs, the
MB permeability dropped from a value of approximately 5 x 10-'° cm? s°! to approximately 2 X

101 ¢m? s!. However, unlike PVA-UCL-20UF membranes, only an order of magnitude
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reduction in MB permeability was observed with the introduction of 20 wt % unfunctionalized
CBLs. Composite hydrogels containing 20 wt % functionalized UCLs and CBLs exhibited similar
MB permeabilities (~3 X 10! cm? s!). With regards to MB permeability, PVA-UCL-20UF
membranes exhibited both the longest initial time lag before MB was detectable in the receiving
reservoir (see Figure 3a), as well as the lowest ‘effective’ MB permeability (see Figure 3d) of all

the membranes investigated.

2.3. Young’s Modulus and Equilibrium Water Uptake

Next, the mechanical (i.e., Young’s modulus) and hydration (i.e., equilibrium water uptake)
properties of the composite hydrogels were investigated. The Young’s moduli and equilibrium
water uptake of the hydrogels were measured, and the results of these measurements are
summarized in Figures 4a and 4b, respectively. Note, here the phrase “hydrated Young’s modulus”
refers to the Young’s modulus of the hydrogels after the membranes were equilibrated in liquid
water for at least 48 hours prior to the measurement. As seen in Figure 4a, the Young’s modulus
of hydrated neat PVA was approximately 8.5 MPa. Focusing our attention on PVA-UCL
composite hydrogels, we observe that, at 10 wt % and 20 wt % lignin concentrations, and
independent of lignin functionalization, the stiffnesses of these membranes are consistently lower
than that of neat PVA, ranging in reductions of ~5% to ~25%, for PVA-UCL-10F and PVA—
UCL-10UF membranes, respectively. An increase in Young’s modulus is finally observed when
the UCL content was increased to 50 wt % (i.e., PVA-UCL-50UF), where a ~70% greater
modulus than that of neat PVA was measured. In contrast, the stiffnesses of the PVA-CBL
membranes, at all concentrations and independent of lignin functionalization, are consistently

higher than that of neat PVA, ranging in increases of ~10% to ~40%, for PVA-CBL-20F and
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Figure 4. (a) Hydrated Young’s modulus (that is, Young’s modulus of the hydrogel
equilibrated in liquid water) and (b) equilibrium liquid water uptake of neat PVA and PVA—
lignin composite membranes containing various concentrations of unfunctionalized (light
blue bars) and functionalized (solid red bars) UCLs and CBLs. The dashed black lines in
(a) and (b) represent the average hydrated Young’s modulus and equilibrium water uptake
of neat (or pristine) PVA (i.e., PVA containing no lignin), respectively. Prior to both
measurements, all hydrogels were hydrated in liquid water for at least 48 hours. Note, the
error bars in the figure represent the standard deviation of (at least three) repeat
experiments.

PVA-CBL-10F membranes, respectively. Following this same trend, PVA-CBL-50UF
membranes exhibited a higher hydrated Young’s modulus, ~40% higher than that of neat PVA.
For the most part, we believe that the higher stiffnesses exhibited by membranes containing CBLs
vs. those containing UCLs is primarily due to the higher apparent MW of the CBLs as compared
to UCLs (1250 g mol-! vs. 4170 g mol-! for UCLs and CBLs, respectively). However, as mentioned
above, we measured the highest Young’s modulus for PVA-UCL-50UF membranes, so it appears
that more than just the absolute MW of the lignins is playing a role in the observed moduli for

hydrogels containing 50 wt % lignins, potentially related to the lower dispersity of the UCLs.
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Finally, we see that the stiffness of PVA—CBL membranes initially decreases when the lignin
content is increased from 10 wt % to 20 wt %, but then increases again when the lignin content is
further increased to 50 wt %. In conjunction with the permeability results shown in Figure 3b,
these results highlight how both the mechanical and transport properties of these composite
membranes can be tuned, yielding both soft and stiff membranes with significantly reduced
permeation of MB.

The reduction in Young’s modulus with the addition of UCLs is even more surprising when
we look at the equilibrium liquid water uptake values for these membranes. As seen in Figure 4b,
the water uptake percentages for PVA-lignin membranes containing UCLs range from ~95% to
~145% for PVA-UCL-50UF and PVA-UCL-10UF membranes, respectively. Note, water uptake
for neat PVA is ~160%. For the most part, the introduction of UCLs results in a decrease in the
equilibrium water uptake in the composite membrane. Even with this reduction in equilibrium
water uptake, composite membranes containing 10 wt % and 20 wt % UCLs are softer than neat
PVA. In line with the highest hydrated Young’s modulus measured for PVA-UCL-50UF, these
membranes exhibited the highest reduction in equilibrium water uptake of all composites
containing UCLs. Similarly, the introduction of CBLs to the PVA membrane results in a decrease
in the equilibrium liquid water uptake of the resulting composite membranes. Specifically, the
water uptakes ranged from ~65% to 120% for the PVA-CBL-50UF and PVA-CBL-10F
membranes, respectively. As the hydrated stiffness of these membranes, in some cases, increased
by ~50%, it is not surprising that the equilibrium water uptake in these membranes is less than that
of neat PVA. However, we must note that even when the equilibrium water uptake values between
UCL and CBL membranes were similar, these membranes exhibited drastically different Young’s

moduli. For example, comparing PVA-UCL-10F to PVA—-CBL-10F, we observe that the water
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uptake values for these membranes are ~120%, though there is almost a 50% increase in Young’s
modulus when the UCLs are replaced by the CBLs. This result underscores that the introduction
of UCLs and CBLs into the hydrogel is resulting in drastically different effects on the formation

of the corresponding network structure.

2.4. Network Structure of the Composite Hydrogels
To gain insight into how the introduction of lignin changes the network structure of the

composite hydrogels, the molecular weight between crosslinks, M., was calculated for each

membrane. The results of this analysis are shown in Figure 5. Note, the dashed black line in Figure
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Figure 5. The molecular weight between crosslinks, M., of pristine PVA and PVA-lignin

composite membranes containing various concentrations of unfunctionalized (light blue
bars) and functionalized (solid red bars) UCLs and CBLs. The dashed black line represents
the average M. of neat (or pristine) PVA (i.e., PVA containing no lignin). Note, the error
bars in the figure represent the standard deviation of (at least three) repeat experiments.
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5 represents the average M, of neat PVA (i.e., PVA containing no lignin), which was calculated to
be ~ 800 g mol-'. As seen in Figure 5, the M, of the composite hydrogels varies drastically with
increasing lignin concentration, and for hydrogels containing UCLs, is seen to depend on whether
the composite hydrogels contained functionalized UCLs. In general, the M. is seen to decrease as

the lignin content is increased from 10 wt % to 50 wt %. Most notably, PVA-UCL-20UF, PVA—
UCL-50UF, both PVA-CBL-20UF and PVA-CBL-20F, and PVA-CBL-50UF membranes all

exhibit similar values of M, (=400 g mol!), which is = 50% lower than that of neat PVA.
Interestingly, for composites containing CBLs, the calculated M. does not change appreciably once

the lignin content reaches 20 wt %, regardless of whether the lignin has undergone
functionalization. We also observe that the functionalization of the UCL has a significant effect
on the M, where this value is seen to decrease with increasing unfunctionalized UCL content. For
composite hydrogels containing functionalized UCLs, the M, for PVA-UCL-10F and PVA-
UCL-20F are similar, where the average M, is seen to increase from ~ 600 g mol''to ~ 650 g
mol-! when the concentration of functionalized UCL is doubled. In contrast, the average M. is seen
to decrease from = 770 g mol-'to ~ 400 g mol-! when the concentration of unfunctionalized UCL
is doubled, though as mentioned previously, the calculated M. does not change appreciably when
the concentration of unfunctionalized UCL is increased from 20 wt % to 50 wt %.

In general, the observed changes in the M. between the various composite hydrogels correlate
with the observed reductions in MB permeabilities shown in Figure 3d. First, with the exception
of PVA-UCL-10UF, the calculated M, for the composite hydrogels are lower than that of neat
PVA, where, as seen in Figure 3d, all composite hydrogels containing lignins exhibited lower MB
permeabilities. Second, with the exception of PVA-UCL-20F, lower values of M, were calculated

for hydrogels containing 20 wt % UCLs and 20 wt % CBLs than those calculated for their 10 wt
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% counterparts, where lower MB permeabilities were observed for composite membranes
containing 20 wt % UCLs and CBLs. However, the trends in the MB permeability data cannot be
completely correlated to changes in the M, between samples, as little change in the average M. is
observed when the lignin content was increased to 50 wt %, even though no MB was seen to
permeate across hydrogels containing 50 wt % lignins. This result supports the notion that transport
of MB molecules is governed by a combination of electrostatic interactions between the charged
MB molecules and the lignin inside the composite hydrogels. However, in general, composite
hydrogels containing 50 wt % lignin exhibited the highest Young’s modulus and lowest
equilibrium water uptake, which correlates well with the low values of M, calculated for these
membranes. Note, while these initial calculations of M. obtained through swelling measurements
provides a ‘rough’ picture of how the network structure changes with lignin content, obtaining
independent calculations of the effective mesh size via mechanical indentation and neutron

scattering is ongoing and the focus of our ongoing future work.

3. Conclusion

In conclusion, we have synthesized free-standing PV A-lignin composite hydrogels containing
various concentrations of unfunctionalized and functionalized UCLs and CBLs, where ‘proof-of-
concept’” membranes containing as high as 50 wt % unfunctionalized lignins were fabricated.
Successful functionalization of the lignins with vinyl-containing acrylate groups was confirmed
by a combination of 'H and 3'P NMR spectroscopy, where a higher reactivity of the -OH groups
in the fractionated UCLs was quantitatively observed. All composite hydrogels were shown to
exhibit superior MB separation performance when compared to neat PVA. Additionally, an initial

breakthrough time in the permeation data was observed for all composite hydrogels, which was
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attributed to the electrostatic interactions of the diffusing MB with the lignin inside the composite
hydrogels. The length of this breakthrough time was seen to be a function of both the
functionalization and type of lignin from which the composite membranes were fabricated. Longer
initial breakthrough times were observed for membranes containing 20 wt % lignin, where the
longest breakthrough time was observed for PVA-UCL-20UF membranes (~4 x 107 s cm™). In
contrast, the shortest breakthrough time was observed for composite membranes containing 10 wt
% lignin (~1 x 107 s cm™2), both for membranes containing UCLs and CBLs and irrespective of
functionalization. Notably, for permeation experiments for composite hydrogels containing 50 wt
% unfunctionalized lignins, no MB was ever detected in the receiving reservoir, indicating that all
of the MB in the donating reservoir was adsorbed by the composite hydrogel.

While all composite membranes exhibited significantly reduced MB permeability when
compared with neat PVA, an over two order of magnitude reduction in MB permeability was
observed for PVA-UCL-20UF membranes (~5 X 1019 cm? s! vs. ~2 X 1072 cm? s7). The
Young’s moduli of the composite hydrogels fabricated with UCLs were consistently lower than
that of the neat PVA. However, when the lignin concentration was increased to 50 wt % (PVA—
UCL-50UF), a 70% increase in Young’s modulus was observed. In contrast, the Young’s moduli
for membranes containing CBLs were consistently higher than that of the neat PVA hydrogels
(over 50% in some cases). With the exception of the PVA-UCL-10UF membranes, the
equilibrium liquid water uptake of the composite membranes was consistently lower than that of
neat PVA. Notably, the equilibrium water uptake of the neat PVA (~160%) was most significantly
suppressed for PVA-CBL-50UF membranes (~64%). Finally, the concentration and
functionalization of the lignins was seen to have a direct impact on the network structure of the

soft composites, where in general, the molecular weight between crosslinks is seen to decrease

Page 26 of 42



Page 27 of 42

Journal of Materials Chemistry A

with increasing lignin concentration. Results from this work highlight how lignin MW, dispersity,
and functionality can be used to fabricate composite hydrogels that span a broad landscape of
mechanical and transport properties. Furthermore, results from this work underscore the
importance of utilizing well-defined (i.e., low D) lignins in the fabrication of these hydrogels, as
they allow for a direct, systematic approach to elucidating the structure-processing-property

relationships in this emerging class of green composite materials.

4. Experimental Section

Material: Dimethyl sulfoxide (DMSO) (ACS reagent, >99.9%), dimethylformamide (DMF)
(anhydrous, 99.8%), diethyl ether (ACS reagent, >98.0%, contains ~2% ethanol and ~10 ppm BHT
as inhibitor), ammonium persulfate (APS) (ACS Reagent, >98.0%), methylenebisacrylamide
(MBA) (99%), N,N,N’,N -tetramethylethylenediamine (TMEDA) (ReagentPlus®, 99%), acryoyl
chloride (97.0%, contains <210 ppm MEHQ as stabilizer), triethylamine (>99%), DMSO-d¢ (99.9
atom %D, contains 0.03 % (v/v) TMS) were purchased from Sigma Aldrich. Methylene blue (MB)
was purchased from VWR Analytical. Poly(vinyl alcohol) (My = 78,000 g mol!, 99+%
hydrolyzed) (PVA) was purchased from Polysciences, Inc. Kraft lignins (My = 4170 g/mol, D =
3.9), produced from the Sequential Liquid Lignin Recovery and Purification (SLRP) process,'?’
were obtained from Liquid Lignin, LLC. From these Kraft lignins, ultraclean lignins (My = 1250
g mol!, B ~2.2), were produced from the Aqueous Lignin Purification with Hot Agents (ALPHA)
process,* developed by the Thies Group at Clemson University. Briefly, the UCLs were isolated
from the CBLs using a 50/50 (by volume) acetic acid—water solution at 70 °C, with the low MW

lignin of interest being isolated in the solvent-rich phase. The UCL was then precipitated from the
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solvent-rich phase as a solid by adding deionized (DI) water in a 1:1 (v/v) ratio. Reverse osmosis
(RO) water (resistivity ~ 18 MQ.cm) was used for all experiments.

Characterization of Molecular Weight of Lignins: The molecular weight of the
unfunctionalized UCLs and CBLs was determined using gel permeation chromatography (GPC).
Specifically, the lignins were analyzed using an Alliance GPCV 2000 instrument. Two columns
were used in series: (1) a Waters Styragel HTS column (10 um, 4.6 mm X 300 mm) and (2) an
Agilent PolarGel-L column (8 pm, 7.5 mm X 300 mm). In this case, the mobile phase consisted
of 0.05 mol L-! lithium bromide in DMF at a flow rate of 1 mL min!. Poly(ethylene glycol) (PEG)
calibration standards were used for the estimation of the apparent molecular weight of the lignins.
Samples were dissolved in the mobile phase at a concentration of 1 mg mL-! and were filtered
using a 0.2 um nylon membrane syringe filter prior to injection into the column. Detection of the
PEG standards was carried out via a Waters differential refractometer, while the detection of
lignins was carried out via ultraviolet-visible light (UV-vis) with a Waters 2487 detector at 280
nm.!?6 The molecular weight for a given sample were generally reproducible within +/- 50 g mol-
138

Lignin Acrylation Procedure: After the aforementioned drying procedure, for example, 1 g of
ultraclean lignin was immediately added to 5 mL of DMF in a RBF, and the solution was brought
into a nitrogen atmosphere (i.c., nitrogen glove box). Based on a previously developed method,!?’
786 uL of triethylamine, followed by 986 pL of acryoyl chloride, were added to the solution. The
RBF was then capped with a rubber stopper and removed from the glove box. Next, the solution
was left to stir for 24 h, after which it was vacuum filtered to remove unwanted salts. Precipitation

and dissolution were performed three times using diethyl ether and DMF. This solution was then
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placed into a vacuum oven at room temperature under dynamic vacuum until all DMF was
removed.

Characterization of lignins using infrared spectroscopy: Successful functionalization of the
lignins was analyzed by FTIR spectroscopy using a Thermo Scientific Nicolet iSSOR FT-IR
equipped with Specac Golden Gate attenuated total reflectance (ATR) attachment. All spectra were
collected using a liquid nitrogen-cooled mercury-cadmium-telluride detector with 64 scans per
spectrum at a resolution of 4 cm!.

Lignin Hydrogel Synthesis: (1) Thermally-crosslinked hydrogels: A solution of PVA and
DMSO was produced by dissolving PVA in DMSO at 9% w/w for 6 h at 120 °C. After cooling to
room temperature, high-purity nitrogen gas was bubbled through the PVA-DMSO solution for 1
h at room temperature. Additionally, pure DMSO was placed in a separate round bottom flask
(RBF), and high-purity nitrogen gas was bubbled through the DMSO for 1 h at room temperature.
The lignins (both crude bulk and ultraclean lignins) were dried in a room temperature oven under
dynamic vacuum for 24 h. Note, to prevent thermal crosslinking of the lignins prior to their use in
the fabrication procedure, the lignins were not dried at elevated temperatures (i.e., were not dried
above 60 °C). After drying, a prescribed amount of lignin (unfunctionalized or functionalized —
see next section) was added to the purged DMSO and mixed until the lignin was fully dissolved,
creating a dark black solution. The lignin—-DMSO solution was then added to the PVA-DMSO
solution, creating PVA-lignin-DMSO solutions at various lignin loadings (10 wt %, 20 wt %, and
50 wt %, relative to the mass of PVA) and was stirred for 10 min to ensure homogeneous mixing
of the two solutions. After 10 min of stirring, the solution was cast onto a polytetrafluoroethylene
(PTFE) dish and placed into an oven under partial static vacuum at 60 °C for 36 hours or until all

DMSO was removed, creating a robust, free-standing film. To remove any residual DMSO, the
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hydrogels were subjected to multiple rinse-soak cycles with DI water. (2) Thermally- and
chemically-crosslinked hydrogels: For these composite hydrogels, everything in the
aforementioned fabrication process remains the same except that we start with functionalized
lignins (both UCLs and CBLs). Next, 1.5 wt % APS (relative to the mass of PVA) was dissolved
in purged DMSO (< 1 g) and added to the PVA-lignin—-DMSO solution. After 1 min of stirring,
0.5 wt % MBA (relative to the mass of PVA) was dissolved in purged DMSO (< 1 g) and added
to the PVA-lignin—-DMSO solution. After 1 min of stirring, 0.75 wt % TMEDA (relative to the
mass of PVA) was added to the PVA-lignin—-DMSO solution. After 5 min of stirring, the solution
was cast onto a polytetrafluoroethylene (PTFE) dish and placed into an oven under partial static
vacuum at 60°C for 36 hours or until all DMSO was removed, creating a robust, free-standing
film. To remove any residual DMSO, the hydrogels were subjected to multiple rinse-soak cycles
with DI water. Once fabricated, all composite hydrogels were stored in DI water at room
temperature (~20 °C) until they were used in experiments.

Mechanical Indentation Experiments: Hydrated Young’s modulus measurements, based on the
JKR (Johnson-Kendall-Roberts) theory of adhesion,!?® were conducted using a custom-built
mechanical indentation apparatus. The setup consisted of a high-resolution linear actuator (M-
230.25, Physike Intrumente) and mercury servo controller (C-863.11, Physike Instrumente)
connected to a S-beam load cell (Futek LSB200, FUTEK Advanced Sensor Technology, Inc) with
a rigid glass indenter of radius of curvature R = 3.308 mm. The linear actuator was mounted to a
high-performance linear stage with 46 mm of travel range (M433, Newport). A custom program
designed in LabVIEW was used to acquire load and indenter height data as a function of time from
the S-beam load cell and the linear actuator, respectively, during all indentation experiments. For

these experiments, the indenter was lowered at a speed of 2 um s'! until the indenter came in
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contact with the swollen hydrogel. Upon contact, the indenter velocity increased to 4 um s-! until
a prescribed load of 29.4 mN was reached, after which the indenter was retracted from the sample.
Using Hertz’s solution for spherical indentation, a solution to Hooke’s law was used to acquire
Young’s modulus.!?® Note, prior to beginning all indentation experiments, the membranes were
equilibrated in liquid water for at least 48 h. Also, the Poisson’s ratio (v) of the hydrated composite
hydrogels was assumed to be v = 0.5.

Nuclear Magnetic Resonance Spectroscopy: Characterization of the lignins, before and after
acrylation, was performed using 'H nuclear magnetic resonance (NMR) spectroscopy on a Bruker
300 MHz. The lignin was dissolved in DMSO-dg¢ at a concentration of ~4 mg/mL and placed into
an NMR tube. Measurements were performed at 16 scans/spectrum. All spectra were Fourier-
transformed, baseline corrected, and phased using SpinWorks. Of interest to this investigation
were NMR peaks corresponding to the aromatic (6 = 6.7 ppm) and aliphatic (6 = 3.7 ppm) hydroxyl
(—OH) groups,'3° as well as the peak corresponding to protons on a vinyl group (8 = 6.2 ppm)!3!.

Additional characterization of the hydroxyl content of the lignins, before and after acrylation,
was performed using 3'P NMR spectroscopy on a Bruker Neo 500 MHz (with cryoprobe). The
solutions for dissolving lignin were prepared from the following: (1) 1 mL of chloroform-d and
1.6 mL of pyridine, and (2) 1 mL of chloroform-d, 1.6 mL of pyridine, 100 mg of cyclohexanol
(internal standard), and 90 mg of chromium acetylacetonate. 20 mg of vacuum dried lignin were
added to a solution containing 400 puL of (1) and 150 pL of (2). 50 uL of 2-Chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphoapholane (TMDP) was added to this solution and transferred into an
NMR tube. Measurements were performed within 30 minutes of sample prep and at 32

scans/spectrum. All spectra were Fourier-transformed, baseline corrected, and phased using
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TopSpin. Of interest to this investigation were NMR peaks corresponding to the aromatic (5 =

144.6-137.3 ppm) and aliphatic (8 = 149.1-145.4 ppm) hydroxyl (-OH) groups.!”
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Figure 6. Illustrative schematic of permeation cell used for methylene blue (MB)
permeation experiments.

Methylene Blue Permeation: A custom-built diffusion cell was used for MB permeation
experiments. As depicted in Figure 6, the hydrated hydrogel was sandwiched between a receiving
reservoir filled with 25 mL of 1.37 mmol L' NaCl in RO water and a donating reservoir filled
with 2 mL of 1.37 mmol L-! MB in RO water. To measure the concentration of MB in the receiving
reservoir, aliquots were taken at fixed time intervals. The concentration of MB ions in each aliquot
was measured via ultraviolet-visible light (UV-vis) spectroscopy (VWR, UV-3100PV), scanning
from wavelengths of 700 nm to 600 nm. Following the scan, the aliquot was immediately returned
to the receiving reservoir. Observed in the UV-vis spectrum, the prominent peak at 662 nm is
attributed to MB ions.!3? From these data, the permeability of MB ions can be calculated from the

following equation:!33
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v dCr(t) —AP (1)
Rar 1

where Cp and Cg(t) are the MB ion concentrations (mol L") in the donating and receiving
reservoirs, respectively, A and L are the area (cm?) and thickness (cm) of the membrane,
respectively, P is the permeability of MB ions (cm? s''), and V is the volume (L) of the receiving
cell. The following assumptions were made in use of this expression: (1) MB permeability is
independent of ion concentration; (2) permeation in the membrane is at pseudo-steady state; and
(3) the concentration of MB in the donating reservoir remains constant and Cp > Cg(t).
Equilibrium Liquid Water Uptake: The equilibrium liquid water uptake of the membranes was
determined for each hydrogel by first immersing the hydrogel in RO water for at least 48 h. After
48 h, the hydrogels were removed from the RO water, quickly patted with a KimWipe to remove
any liquid water on the membrane surface, and then weighed using an analytical balance (Mettler
Toledo ME204E) to obtain the hydrated mass of the hydrogel. To measure the dry weight, the
hydrogels were dried at 90 °C for 24 h under dynamic vacuum. After 24 h, the membranes were
removed from the oven and quickly weighed using an analytical balance. The equilibrium liquid

water uptake for each membrane was calculated using the following equation:

Wwet - Wdry

Water Uptake = ( ) X 100% 2)

where W et and W,y are the hydrated and dry mass of the hydrogel, respectively.

Characterization of Molecular Weight Between Crosslinks: The molecular weight between

crosslinks of the membranes was calculated based on the Peppas-Merrill equation.!3* The swollen,
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wet mass of the membranes was determined by first immersing the hydrogel in RO water for at
least 48 h. After 48 h, the hydrogels were removed from the RO water, quickly patted with a
KimWipe to remove any liquid water on the membrane surface, and then weighed using an
analytical balance (Mettler Toledo ME204E) to obtain the hydrated (swollen) mass of the
hydrogel. To weigh the hydrogel in the relaxed state, the hydrogels were dried at 60 °C for 3.75 h
under 10 inHg vacuum. After 3.75 h, the hydrogels were quickly weighed to acquire a relaxed
membrane mass. Note, due to the fact that the hydrogels were fabricated in DMSO, and not water,
this step of the procedure is slightly different than the traditional method reported in literature. The
hydrogels were then put back into the oven at 100 °C for 24 h under dynamic vacuum to acquire
a mass in the dried state. The following equations were then used to acquire the polymer volume

fractions in the swollen (v, ¢) and relaxed (v;,) state:!%

Q _ (Wwet - Wdry) 3
- Wdry ( )
1
Vos=—" —
' 4
Q P +1 @)
PH,0

where @ is the mass swelling ratio, p is polymer density, and py,¢ is the density of water. These

values were then used in the following Peppas-Merril equation:
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1
1 1 V_l[ln (1 - 172,5) +VUst+ X v%,s]
M.~ M, 1
Uy 5\3 1 Vas
) [ (5
pyer (Uz,r) Z(VZ.r)

where M, is the number average molecular weight of the polymer, y is the Flory-Huggins
parameter and was taken from previous work on PVA-water systems,!3¢ and V; is the molar

volume of water ( = 18 cm?).
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