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ABSTRACT 
 
 

The use of lignin in the fabrication of soft composites has become an emerging area of 

research in polymer science and polymer chemistry. These lignin-based materials present 

numerous benefits, notably, a reduction in the use of petroleum-based precursor, improved 

structural benefits to otherwise soft host polymers, as well as the inherent antimicrobial 

and antioxidant properties of lignin, making it suitable for biomaterials. Herein, we present 

two chemical reaction pathways of incorporating lignin that was fractionated and cleaned 

using the Aqueous Lignin Purification with Hot Agents (ALPHA) process into poly(vinyl 

alcohol) (PVA) hydrogel composites for aqueous-based separations. By leveraging the 

ALPHA process, we can obtain lignins of prescribed molecular weights (MWs) with 

narrow dispersity (Ð) and low ash content – i.e., low concentrations of sodium and 

potassium.  

In one reaction pathway, lignin was first functionalized with vinyl-containing acrylate 

groups that enabled free radical chemical crosslinking of lignin chains. Notably, both the 

lignin MW and chemical functionality had an impact on the permeability of methylene blue 

(MB), where the breakthrough time of the MB across the membrane was significantly 

longer for lignin with higher hydroxyl content. Further, the permeability of MB was seen 

to decrease by over two orders of magnitude with the introduction of just 20 wt % lignin. 

In addition, the importance of leveraging lignin of narrow Ð in the development of 

structure–processing–property relationships for these materials was underscored by the 

consistent, repeatable permeation experiments obtained for these membranes versus their 

counterparts made with unfractionated lignins.  
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In the second reaction pathway, both the lignin and PVA chains were chemically 

crosslinked via a condensation reaction using glutaraldehyde (GA). In general, increases 

in the GA content and lignin MW resulted in improved mechanical properties, including 

increases in ultimate tensile strength, storage modulus, and Young’s modulus, which was 

attributed to a tightening of the hydrated network structure and supported by decreases in 

equilibrium water uptake and molecular weight between crosslinks.  Enhanced mechanical 

properties were also observed in hydrogel composites containing ALPHA-fractionated 

lignin as compared to unfractionated, stock lignin, underscoring the impact of the ALPHA 

process on the resulting properties.  
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CHAPTER ONE 
 

INTRODUCTION 
 
 
1.1 Introduction 

1.1.1 Hydrogels 

Polymers are long-chain molecules assembled from many smaller, repeating molecules 

called monomers. Polymers can be natural or synthetic, along with hydrophobic or 

hydrophilic. Hydrogels are crosslinked hydrophilic polymers that form tunable three-

dimensional network structures. The presence of hydrophilic functional groups such as 

hydroxyls (–OH), carbonyls (C=O), carboxyls (–COOH), and aminos (–NH2) in the 

monomer unit provides these materials with the unique capability of absorbing a high 

amount of water, which can range anywhere from ≈150 wt %1 to as high as ≈1200 wt % 

(relative to the dry mass) equilibrium water uptake,2 or greater). Common polymers 

utilized in hydrogels include poly(vinyl alcohol) (PVA),3 poly(2-hydroxylethyl 

methacrylate) (pHEMA),4 poly(N-isopropylacrylamide) (PNIPAM),5 

polyvinylpyrrolidone (PVP),6 polyethylene glycol (PEG),7,8 polyethylene glycol diacrylate 

(PEGDA).9,10  

Due to their high hydrophilicity, rubbery-like behavior, and tunable mechanical and 

transport properties, hydrogels have shown promise in a broad range of fields. Some of 

these fields include separations,11–18 drug delivery,19–24 tissue engineering,25–29 wound 

healing,30–32 and medical device coatings.33 Some of these separations include removal of 

oil from water/oil emulsions,17 organic dyes (e.g., methylene blue) from water,34 and toxic, 

heavy metal ions (e.g., Cu2+, Pb2+)14 that find their way into our water sources. 
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Additionally, hydrogels have been investigated as materials for controlled adsorption and 

release of model drugs, such as salicylic acid22 and diclofenac sodium,35 along with model 

proteins, such as bovine serum albumin,36–39 and polypeptides such as insulin-like growth 

factor-1.20 Such investigations highlight how the characteristic properties for these soft 

polymer composites can be tuned and optimized to function in a wide range of separations, 

as well as a variety of controlled adsorption and release applications. Hydrogels that 

respond to stimuli changes in the environment (e.g., pH, heat, light) are attractive for 

controlled drug release as they allow for in situ gelation and are commonly referred to as 

smart hydrogels. Much research has investigated biocompatible, thermoresponsive 

PNIPAM hydrogels that undergo a sol-gel transition at a lower critical solution temperature 

(LCST) of 32 °C, an attractive characteristic for designing efficient drug delivery systems 

as this is close to and below the human body temperature (37 °C).24 Due to their similarities 

in structure and composition to that of the extracellular matrix (ECM), many studies have 

investigated pHEMA hydrogels for tissue engineering applications, particularly urethral 

tissues.27 

1.1.2 Fabrication Routes for Hydrogels 

Optimizing these soft materials for specific applications oftentimes involves fine-

tuning the characteristic mechanical and transport properties, which are ultimately 

governed by the network structure of the hydrated hydrogel. The hydrogel network 

structure is defined as the three-dimensional architecture of crosslinked hydrophilic 

polymers at the molecular level. Many different approaches have been employed to alter 

the network structure of hydrogels. Some of these approaches include manipulation of the 
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reaction pathway,40,41 crosslinker/initiator concentration,19,42–46 molecular weight of host 

polymer,47 and synthesis temperature.21,48,49 When considering PNIPAM hydrogels, these 

can be chemically crosslinked via a combination of free-radical polymerization of NIPAM 

monomer chains, along with crosslinking via N,N’-methylenebisacrylamide (MBA). In 

other words, the NIPAM monomers free-radically polymerize with themselves to form 

PNIPAM, while MBA chains are simultaneously crosslinking PNIPAM chains together to 

form a chemically crosslinked network structure. A reaction schematic detailing this 

reaction of NIPAM and MBA chains is shown in Figure 1.1. Note, this fabrication route is 

also present in PEGDA50–52 and pHEMA53–55 hydrogel systems. Upon crosslinking, a 

chemically crosslinked network structure is formed. An idealized version of 

homogeneously crosslinked polymer chains is shown in Figure 1.2.  

Figure 1.1. Reaction schematic for chemically crosslinked N-isopropylacrylamide 
(NIPAM) and N-N’-methylenebisacrylamide (MBA) chains via free radical 
polymerization and crosslinking. 
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When considering PVA-based hydrogels that are commonly utilized in biomedical and 

water purification applications, these can be synthesized several ways. Some of these 

include thermal crosslinking,56,57 chemical crosslinking,45,47,58–66 or a combination of 

both.60,67 Another common, less chemically invasive fabrication method for PVA 

hydrogels is referred to as the “freeze-thaw method”, which induces physical crosslinks 

between PVA chains through sequential cycles between temperatures of <273K and 

>293K.68–71 For chemically-crosslinked PVA films, covalent crosslinks between chains are 

achieved through the use of crosslinking agents such as glutaraldehyde (GA)47,58,61,63 or 

various acids (e.g., citric acid).45,65,66 When GA is used to fabricate chemically-crosslinked 

PVA membranes, hydroxyl (–OH) groups along the PVA chains are consumed during the 

crosslinking process (i.e., condensation reaction). The reaction schematic for PVA 

hydrogels chemically crosslinked via GA is shown in Figure 1.3. Further, the consumption 

Figure 1.2. Idealized network structure of chemically crosslinked polymer chains in a 
hydrogel. 
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of –OH groups during fabrication can be leveraged as a means of altering the hydrophilicity 

of the resulting crosslinked membrane.64 

1.1.3 Characterizing Hydrogel Network Structures 

There are many properties to consider when characterizing hydrogel network 

structures, with the parameter of merit being the mesh size. The mesh size (𝜉) is the end-

to-end distance between crosslinks in the network structure (note, this is analogous to how 

the size of a television or computer screen is measured) and is depicted in the schematic of 

a crosslinked hydrogel network shown in Figure 1.4. The mesh size ultimately governs 

several transport properties characteristic of soft polymer materials, those including the 

diffusion coefficient (𝐷) and intrinsic permeability (𝑘). The diffusion coefficient is defined 

as the speed of a molecule moving within a material, while the intrinsic permeability is the 

ability for a fluid to flow through the pores of a swollen material, or the ease at which a 

molecule moves through a system. The intrinsic permeability is not time dependent, and 

calculating its square root provides a pore (mesh) size measurement. The diffusion 

coefficient is a major factor in the calculation of penetrant permeability (𝑃), the overall 

Figure 1.3. Reaction schematic for chemically crosslinked poly(vinyl alcohol) (PVA) 
chains via condensation reaction. 
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mass transport of a particular penetrant through a material. Increases in 𝐷, 𝑘, and 𝑃 

generally correlate with increases in the mesh size for a hydrogel system. For a deeper 

understanding of permeability and its mathematical derivation, please refer to Chapter 

2.2.3. 

Another parameter similar to the mesh size that is used to characterize the network 

structure of crosslinked materials is the molecular weight between crosslinks (𝑀!), 

representing the total molecular weight of polymer between two crosslinks. An illustration 

depicting both the mesh size and 𝑀!  is shown in Figure 1.4. 

When characterizing the network structure of a crosslinked hydrogel, it is critical to 

understand the average 𝜉 or 𝑀!  in developing fundamental structure–property–processing 

Figure 1.4. Depiction of the hydrogel network structure at nanometer scale. Mesh size 
is the end-to-end distance between crosslinks (blue arrows, 𝜉), and molecular weight 
between crosslinks is the molecular weight of polymer between crosslinks (red oval, 
𝑀!). 
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relationships that correlate changes in network structure with changes in mechanical and 

transport properties.  

One experimental method employed to acquire the mesh size of crosslinked hydrogels 

is small-angle neutron scattering (SANS). SANS can be used to characterize structures at 

length scales ranging from a couple to 10s of nanometers. Inhomogeneities in scattering 

length density result in small-angle scattering that are fitted to models depicting structures 

in reciprocal space. For the simplest case – a material that exhibits a single scattering peak 

in the SANS curve – the most common model used to analyze the scattering data and 

extract a correlation length is referred to as the correlation-length model, where the 

measured intensity can be related to the scattering vector via the following equation: 

 

𝐼(𝑄) =
𝐶

1 + (𝑄Ω)" + Bkg  (1.1) 

 

where 𝐼(𝑄) is scattering intensity, 𝑄 is scattering vector, Ω is correlation length, 𝐶 is 

Lorentz scale, 𝑚 is Porod exponent, and Bkg is the incoherent background. Solving for Ω 

gives an indication of the mesh size in a hydrogel network structure72 as shown in the 

following modified equation: 

Ω = 4
1
Q6 4

𝐶
𝐼(𝑄) − Bkg − 16

#/"

  (1.2) 

												 

In addition to the correlation length model, some other common models employed in fitting 

scattering data include Broad Peak Model,73 Debye-Beuche,74 and Ornstein-Zerniche.75 
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Many studies have explored correlations between fabrication parameters of hydrogels and 

their resulting mechanical properties in correlation with the mesh size. For example, work 

by Zander et al.73 investigated a PEG-based hydrogel system where the mesh size was 

inversely proportional to storage modulus, a material’s ability to store energy elastically. 

In another study by Papagiannopoulos et al.,76 polyethylene oxide hydrogels were 

fabricated for the controlled release of bovine serum albumin and lysozyme. Mesh sizes 

for the hydrogels were extracted from scattering data, where release profiles of both 

proteins correlated with mesh size. 

There are many processes for characterizing the 𝑀!  of a hydrogel network structure, 

with two common methods being application of the Peppas-Merrill equation to hydrogel 

swelling data and dynamic mechanical analysis (DMA). The Peppas-Merrill equation 

combines thermodynamic and rubber elasticity theories to predict an average molecular 

weight of polymer between two crosslinks in the network structure. The equation is 

dependent on the swelling behavior of the hydrogel system, taking into account the mass 

at swollen, relaxed, and dry states.1 For a crosslinked polymer, 𝑀!  is directly correlated 

with the storage modulus in the rubbery plateau region of a DMA measurement. DMA 

experiments can be performed in various setups, with the two most common being shear 

and tensile mode. Upon acquiring a storage modulus, these measurements can be taken one 

step further to calculate an 𝑀!  by simply knowing the density of the polymer and the 

measurement temperature. A more detailed description of DMA is provided in Section 

4.2.6. 
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1.1.4 Lignin – The Movement Towards Biopolymers 

Synthetic plastics have dominated many materials-based markets since their invention 

in the 1950s due to their ability to be molded into numerous shapes, high mechanical 

strength, and light weight.77 According to a 2018 report by the United States Environmental 

Protection Agency, National Overview: Facts and Figures on Materials, Wastes and 

Recycling, 35.7 million tons of plastic products were generated in the US.78 This 35.7 

million tons of plastic encompasses 292 million tons of total waste generated in 2018, as 

Figure 1.5. Total generation of municipal solid waste (in metric tons) in the United 
States from 1960 to 2018. Image taken from: US Environmental Protection Agency. 
National Overview: Facts and Figures on Materials, Wastes and Recycling [internet 
database] available via https://www.epa.gov/facts-and-figures-about-materials-waste-
and-recycling/national-overview-facts-and-figures-materials. Accessed November 18, 
2022.  
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shown in Figure 1.5. Of mention, the amount of plastic waste entering the ocean worldwide 

in 2010 was approximately 4.8 to 12.7 million metric tons, with that number expected to 

increase by an order of magnitude by 2025.79 In addition to polluting water sources, 

microplastics can contaminate air and soil. Many studies have shown that aquatic fauna 

and terrestrial flora are contaminated by microplastics, which humans can easily consume, 

leading to potential digestive issues and even colon cancer.77 As such, the movement 

towards biopolymers replacing plastics has vastly grown due to their accelerated 

biodegradability when compared to synthetic polymers – some biopolymers degrade within 

2 months as compared to synthetic polymers that can take >100 years to degrade (>500 

years in some cases).80  This long-standing issue of biodegradability has pushed polymer 

chemists towards engineering degradation pathways for sustainable polymers that are 

decades long instead of millennia.81 These efforts towards renewable, plant-based 

polymers with shorter degradation times are visualized in Figure 1.6. In addition to faster 

degradability timeframes, biopolymers do not carry any toxins (i.e., carbon monoxide 

release during combustion) that synthetic polymers traditionally have.   

Another big drawback to traditional synthetic polymers is they require the use of 

petroleum-based precursors (e.g., ethylene, propylene, benzene), commonly referred to as 

petrochemicals. According to a report by the U.S. Energy Information Administration, the 

United States consumed 72.9 quadrillion British thermal units (Btu) of fossil fuels in 2020. 

Our reliance on fossil fuels and the movement towards renewable, sustainable energy has 

further increased interest in fabricating soft polymer composites from environmentally 

friendly, renewable biopolymers. 
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Coinciding with the movement towards “greener,” sustainable polymers, much 

materials research has moved towards the usage of composites employing renewable 

biopolymers. Specifically, some of the most common green additives utilized in the 

fabrication of next-generation hydrogel materials are chitosan,38,82,83 cellulose,84,85 and 

lignin.33,86–100 Much research has been conducted with chitosan-based hydrogels due to 

their high biocompatibility, low toxicity, and their degradation by human enzymes.101 

Cellulose-based hydrogels also present good biocompatibility, along with mechanical 

strength, and being the most abundant natural material on Earth.102 When considering the 

relatively low cost (≈ $0.40 per pound), high abundance, and appealing chemical structure, 

lignin has emerged as a popular greener alternative in hydrogel-based, materials research. 

Lignin exhibits numerous inherent properties, including high ultra-violet (UV) light 

Figure 1.6. A feedstock renewability/polymer degradability matrix for various common 
plastics and bioplastics. Reproduced from Ref. Polym. Chem., 2014, 5, 3117-3118 with 
permission from the Royal Society of Chemistry. 
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absorption,67,68 high thermal stability,105 and antioxidant106,107 and antimicrobial 

properties.108,109 Further, lignin contains an abundance of hydroxyl (–OH) groups that 

creates avenues for various chemical functionalizations110 and direct crosslinking, although 

access to these groups is not straightforward as a result of a highly complex and obfuscated 

structure.105,111,112 A proposed chemical structure for lignin is shown in Figure 1.7.113  

According to the report, Global Lignin Market – Industry Analysis, Size, Growth, 

Trends, Statistics, Segment and Forecast 2014-2020, the market for lignin and lignin-based 

products was valued at USD 775 million in 2014114 and is expected to continue growing to 

USD 1.54 billion globally by the end of 2026.115 In line with the increasingly growing 

lignin market, the volume of research publications focused on lignin and lignin-based 

materials has also increased. In 2000, there were approximately 100 lignin-based research 
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publications, though that number rapidly increased to nearly 600 by 2016.114 Additionally, 

there were 10 patents dedicated to lignin in 2000 with that amount increasing to nearly 40 

in 2016.116 

Lignin is the second most abundant biopolymer on earth, behind only cellulose. It 

composes roughly 30 wt % of the mass in softwood trees, and 20–25 wt % of hardwood 

trees. Plants generate lignin via photosynthesis with carbon dioxide being utilized for the 

aromatization and polymerization of carbohydrates. It is found naturally in vascular plant 

cell walls and serves as the glue that holds together cellulose and hemicellulose. A 

depiction of the three main components found in plant cell walls is shown in Figure 1.8.117 

When considering separation processes for recovering cellulose, lignin is a byproduct of 

both pulp-and-paper mill and biorefineries. Overall, the Kraft pulping process is used by 

95% of the pulp-and-paper mill industry. The Kraft process involves immersing wood 

fibers in a hot (170 °C) aqueous solution of sodium sulfide and sodium hydroxide, referred 

to as white liquor, breaking most of the bonds that link lignin and cellulose.118 It is during 

this process that most lignin dissolves into the solution, freeing cellulose from the wood 

matrix as a pulp that is utilized in the paper-making process. The resulting, lignin-based 

solution is commonly referred to as black liquor, which is mostly burned (>99%) for its 

heating value in a recovery boiler. Approximately ~50 million tons of lignin are readily 

available a year,119,120 with only 0.2% of lignin recovered for nonfuel uses. Approximately 

90% of the lignin that is recovered (~150,000 tons) is lignin from Kraft pulp mills,105,118 

and is used in materials applications. The Kraft processes has many advantages over other 

recovery processes, including a surprisingly low sulfur content (~2-3%) despite being 
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exposed to a high sulfur environment, low waste generation, and high purity (low metals 

content).114 There are several proposed commercial processes for recovering lignin from 

black liquor solution, including LignoBoostTM, LignoForce SystemTM,  and Sequential 

Liquid-Lignin Recovery and Purification (SLRP).121 

In addition to the Kraft process, there is another, older sulfur-bearing lignin recovery 

process in practice whereby lignosulfate lignin is recovered from sulfite pulping mills. 

When considering sulfur-free extraction processes, the two most common extraction 

methods are soda lignin via alkaline pulping and the Organosolv process via solvent 

pulping. The Organosolv process is an attractive extraction method as there are no 

inorganic solvents utilized in the process. In addition, the final lignin product has low ash 

Figure 1.8. Depiction of the three main components (lignin, hemicellulose, and 
cellulose) found in plant cell walls.  Image taken from: Brethauer et al. Appl. Microbiol. 
Biotechnol. 2020, 104, 5201–5212. (Creative Commons License) 
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content (~1.75 wt %) and molecular weight values can be less than 1000 kg mol-1.  While 

the Organosolv process exhibits many attractive qualities, the major drawback is that it is 

rather expensive.122 Lignin obtained from Kraft processes has a market value of 50 to 280 

USD per metric ton (MT), while Organosolv lignin has much higher prices ranging from 

280 to 520 USD/MT.116 Of mention, the Kraft process is the dominant pulping process in 

the world, and neither the Organosolv nor alkaline process are commercially practiced in 

North America today.   

While not of direct relevance to this project, it is worth mentioning that recovered lignin 

can be broken down into small molecule, oligomeric products, through processes such as 

catalytic depolymerization123–125 or pyrolysis126–128. However, use of such materials was 

not a focus of this project as these methods completely destroy the unique polymeric nature 

of lignin.129 

1.1.5 Lignin-Based Materials 

When properly recovered, there are many valuable uses for lignin, including concrete 

additives,130–133 pesticides,134–136 binders,137–139 adhesives,140–142 activated carbon,143–145 

and adsorbents.146,147 For instance, work by Wei et al.132 demonstrated that the water 

resistance and bending strength of botanical concrete, a sustainable material that 

simultaneously recycles concrete and wood waste in absence of cement, can be enhanced 

by the addition of Kraft lignin, at loadings of up to 20 wt %. Another study by Huang et 

al.130 produced lignosulfates from alkaline lignin that were incorporated into concrete 

admixtures for improved compressive strength. Experimental results indicated that these 

lignosulfates can be used as a dispersant for improving the fluidity of cement paste, along 
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with meeting the industrial standards as water reducers for concrete admixtures. From an 

agricultural standpoint, the reliance on copper compounds in plant protection products for 

more than 100 years has created movements towards reducing usage of copper due to its 

negative environmental impact. As a result, work by Gazzurelli et al.136 highlighted the 

fabrication of lignin-copper materials that can be used for efficient pathogen control. 

Another investigation by Lin et al.134 showed that lignin can be utilized in the controlled 

release of pesticides where drug-loaded microspheres were deemed to be temperature-

responsive. 

When considering the pavement industry, bitumen is commonly used as a gluing binder 

for loose aggregates during pavement construction. To reduce our reliance on bitumen, a 

byproduct of crude oil, work by Xu et al.137 investigated the feasibility of lignin in modified 

bituminous binders with improved performance and lower construction costs. Studies done 

by Xie et al.138 created new avenues for lignin to serve as an asphalt binder modifier with 

improved high and low temperature performance. In a similar area of research, lignin has 

been investigated for incorporation into bio-based adhesives for wood bonding. In 

particular, work by Chen et al.142 showed that lignin adhesives can have acceptable dry 

shear strength when used in wood bonding applications. Another lignin-based adhesive 

studied by Henn et al.141 demonstrated that epoxidized Kraft lignin combined with 

biocolloids (in the form of lignin nanoparticles) resulted in the formation of a strong 

adhesive comparable to commercially used adhesives, along with high wet strength, great 

thermal stability, and free of fossil fuel such as phenol or formaldehyde. 
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Porous carbon materials have been extensively researched for the removal of volatile 

organic compounds from air such as benzene, halomethanes, and aldehydes. Lignin has 

shown promise as a precursor for activated carbon, as noted in a recent study by He et al.143 

where lignin-based pitch was used as a precursor for activated carbon in the removal of 

gaseous benzene. In another study by Wu et al.,145 lignin-based magnetic activated carbon 

material demonstrated a higher adsorption of p-arsanilic acid from water, creating a new 

avenue for organic arsenic compound adsorbents. 

1.1.6 Lignin-Based Hydrogels 

When considering hydrogels, there are many studies investigating lignin-based 

hydrogels for an array of applications. Some of these applications include 

adsorbents/separations,13,86,148–152 stimuli-responsive materials,95,153,154 controlled-

release,91,154 biomedical materials,33,92,155 and energy storage devices.156–158 Since lignin is 

a fairly ill-defined polymer, much research involving lignin-based hydrogels was 

performed without a specific application in mind and had a focus on strictly tuning the 

swelling and mechanical properties of those well-defined host polymers seen in traditional 

hydrogel research.49,89,159 Specifically, work done by Rajan et al.89 investigated 

crosslinking 2-hydroxyethyl methacrylate-lignin hydrogels with 39% increase in water 

retention, a three-order magnitude increase in storage modulus, and 20% increase in 

thermostability. These properties were all tunable via modification of lignin content in the 

fabrication process. 

Many lignin-based hydrogels have been synthesized for adsorbent and/or separation 

applications. In general, almost all lignin used in hydrogels is unfractionated, with the main 
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source being pine wood and recovered from the Kraft process. For example, work by Wu 

et al.148 studied lignin-based hydrogels containing unfractionated, alkali lignin from pine 

and eucalyptus soda pulping, with super-adsorbent capacities of rhodamine 6G (196 mg g-

1), crystal violet (169 mg g-1), and methylene blue (179 mg g-1), presenting opportunities 

for these materials in soil water retention, agricultural seed cultivation, and dye pollutant 

removal from water. Additional studies involving lignin-based hydrogels for methylene 

blue removal were carried out by Yu et al.149 where a lignosulfate-g-acrylic acid hydrogel 

was capable of adsorbing 2013 mg g-1 of methylene blue. The lignosulfonate utilized was 

unfractionated and supplied by Sunson (China). It was discovered that pH and initial 

concentration of methylene blue in solution had a profound impact on adsorption capacity. 

Shifting from dyes to heavy metal ion removal, work by Mengyu Liu et al.150 investigated 

polyacrylic acid lignin-based hydrogels with adsorption capacities of Pb2+ (1.076 mmol g-

1), Cu2+ (0.3233 mmol g-1), and Cd2+ (0.059 mmol g-1). The lignin employed here was 

unfractionated, alkali lignin from a paper mill. These lignin-containing materials show 

promise for treatment of water with a mixture of heavy metal ions, with a focus on selective 

removal of Pb2+. Further examining the potential for usage in water purification 

applications, work by Yuan et al.151 examined lignin-based hydrogels (again containing 

unfractionated, alkali lignin) with cellulose nanofibers and carbon dots for the adsorption 

and removal of hexavalent chromium, a highly toxic and carcinogenic compound. 

One of the biggest drawbacks to stimuli-responsive hydrogels employing traditional 

polymers is the difficulty in achieving fast pH-response in combination with low cost and 

high mechanical performance. To address this concern, work done by Dai et al.95 



 

 19 

investigated poly(ethylene glycol) diglycidyl ether lignin-based hydrogels with fast pH-

stimuli-response, reversibility, and good mechanical properties, which was attributed to the 

incorporation of unfractionated, Kraft lignin. These smart materials could create a new 

field for lignin-based hydrogel actuators. In another study of stimuli-responsive, lignin-

based hydrogels, work by Parvathy et al.153 examined N-isopropylacrylamide, acrylic acid, 

lignin hydrogels with temperature and pH responsive behavior that ultimately impacted 

equilibrium swelling capacity. These hydrogels again contained unfractionated, Kraft 

lignin, but showed improved cell viability and could find usage in possible biomedical 

applications. 

Lignin-based hydrogels can potentially serve as controlled release systems, with work 

by Ciolacu et al.91 highlighting cellulose–lignin hydrogels for the controlled release of 

polyphenols. The lignin employed in this study was unfractionated, stream explosion lignin 

from aspen wood. The swelling and release profiles of these materials is tunable via 

hydrogel composition and could find potential in various biomedical applications. In 

another study by Jin et al.,154 lignosulfate-based hydrogels were synthesized containing 

unfractionated, lignosulfate from Borregaard LignoTech USA. The resulting hydrogels had 

stimuli-responsive behaviors that present great potential for the controlled release of 

pesticides or drugs. 

When considering lignin hydrogels as biomedical materials, work done by Larrañeta et 

al.33 involved the fabrication of lignin-based hydrogels with resistance to infection and 

ability to release drugs over several days with high potential for medical material coatings. 

Specifically, these materials showed reduction in adherence to Staphylococcus aureus and 
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Proteus mirabilis. Of mention, the lignin utilized was unfractionated, and purchased from 

Cambridge Bioscience. In a similar line of work, an investigation by Kai et al.92 studied 

poly(ethylene glycol) methyl ether methacrylate, grafted lignin hyperbranched copolymers 

with high biocompatibility, tunable mechanical response, and self-healing capability 

suitable for smart biomaterials in biomedical applications. The lignin used in this study 

was unfractionated, Kraft lignin with a Ð of 5.6. Additional work done by You et al.155 

involved a multi-energy dissipative lignin-based hydrogel that exhibited effectual 

antioxidant properties and nontoxicity, properties desirable for further exploration in 

biomedical hydrogel applications. Of mention, the lignin used in these hydrogels was 

unfractionated, acetic acid lignin from bamboo. 

When focusing on lignin-hydrogels for energy storage applications, work by Liu et 

al.156 studied a hybrid double-crosslinked lignin hydrogel that possessed high specific 

capacitance after 500 cycles and high energy density, paving way for a new area of lignin-

based materials that are compression-resistant, foldable energy storage devices. The lignin 

used in this investigation was derived from the corncob, with no mention of fractionation 

or a recovery process. Similarly, work by Cui et al.157 also investigated a flexible 

supercapacitor containing unfractionated, corncob-lignin-based nitrogen-doped carbon 

dots, suitable for portable/wearable electronic products. 

Overall, incorporating lignin into composite materials has been demonstrated as a 

viable means of altering both the mechanical and permselective properties of resulting 

composite materials.89,155,159–161 Specifically, improvements to the Young’s159,160 and 

storage moduli,89,155,160 as well as the ultimate tensile strength155 and toughness161 have 
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been observed with the introduction of lignin, even at small lignin contents. In general, the 

majority of these studies do not mention a Ð, and oftentimes do not mention a molecular 

weight either. 

1.1.7 Incorporating Fractionated, ALPHA Lignin into Hydrogels 

While the introduction of lignin has led to improved mechanical and permselective 

properties in many different hydrogel materials, to date, the majority of studies involving 

the synthesis of lignin-based hydrogels involve fabrication methods that utilize 

unfractionated lignin with high Ð, anywhere from ~5 to as high as 10 and beyond.86,89,92,162–

172 

Current recovery methods, those being Kraft and Organosolv, indiscriminately 

precipitate lignin out of solution, leading to a final product with broad molecular weight 

(MW) distributions (i.e., high Ð)105 and high metals content (~1–2 wt %, primarily 

composed of sodium and potassium salts). These impurities can pose a risk for health or 

product contamination as these salts can leach out of the lignin-containing composite into 

an expensive product stream or the human body.118 Consequently, the development of 

lignin-based hydrogels for various applications is hindered by our limited understanding 

surrounding the role of lignin molecular weight (MW) and purity in the formation of the 

network structure of the resulting hydrogel composite. Fortunately, recent work by Thies 

and co-workers118,173,174 involving the fractionation and purification of lignin presents a 

viable avenue for obtaining lignin of well-defined and controlled MWs of lower Đ. 

Specifically, they have developed the Aqueous Lignin Purification with Hot Agents 

(ALPHA) process,175 which can be used to continuously clean, fractionate, and solvate 
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lignin. Some of these fractions can have prescribed MWs of narrow dispersity as low as Đ 

≈ 2 and metals contents as low as 50 ppm (referred to as ultraclean lignin (UCL)).118 For 

a full inductively coupled plasma (ICP) analysis, along with ash content of all lignin used 

in this Dissertation, please refer to Appendix D. The uniqueness of the patented ALPHA 

process is that the lignin–solvent mixture forms two liquid phases, enabling separation of 

the lignin by molecular weight and purity by tuning the composition of the aqueous 

renewable solvent.175 The ALPHA process operates in liquid-liquid equilibrium, which 

allows for better fractionation due to diffusion coefficients in liquid being much faster than 

in solid phase diffusion, along with potential for higher purity. A schematic of the ALPHA 

process, along with an illustration comparing the molecular weight distribution of feed 

lignin and ALPHA-fractionated lignin is shown in Figure 1.9.  

Figure 1.9. (a) Aqueous Lignin Purification with Hot Agents (ALPHA) process (US 
Patent No. 10,053,482; August 2018). (b) Molecular weight distribution before and after 
lignin is recovered from the ALPHA process  
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When considering the importance of the mesh size in the network structure of a 

hydrogel composite, this present work supports the hypothesis that ALPHA-fractionated 

lignin of low Ð homogenizes the resulting hydrogel network structure by potentially 

increasing the repeatability of mesh size distributions during the fabrication process. This 

homogenization of the network structure provides better tailored control of opening and 

closing the effective mesh size and allows for the establishment of fundamental structure-

process-property relationships in this emerging class of green hydrogel composites. A 

depiction of the network structure with both high and low Ð lignin chains is shown in 

Figure 1.10. 

In this Dissertation, much of the work has focused on elucidating the structure-

processing-property relationships of lignin-based hydrogel composites that utilize lignin of 

narrow Ð and a range of molecular weights. For detailed tables describing all types of 

lignin, their MW and Ð, along with the characteristic mechanical and transport properties 

for all hydrogels in this Dissertation, please refer to Appendix C. The first study (Chapter 

Figure 1.10. Homogenizing the network structure of lignin-based hydrogel composites 
via incorporation of controlled, narrow dispersity fractions of lignin. 
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3) investigates the impact of lignin Ð, functionalization, and loading on both mechanical 

and transport properties. Specifically, the Ð of lignin had a profound impact on the 

repeatability of methylene blue permeability in hydrogel composites containing lignin of 

high Ð, where repeatable measurements were difficult to attain. An avenue for direct 

chemical functionalization of ALPHA-fractionated lignin was demonstrated and verified 

via proton and phosphorus nuclear magnetic resonance (1H NMR and 31P NMR, 

respectively). Results from the 31P NMR concluded that ALPHA-fractionated lignin 

possessed a higher hydroxyl content and higher yield of hydroxyl groups removed during 

functionalization than unfractionated SLRP lignin containing a higher molecular weight 

and Ð. These results support the hypothesis that access to hydroxyl groups is hindered by  

heterogeneous lignin of high Ð and higher molecular weight. It was concluded that lignin-

containing samples had the capability of reducing methylene blue permeability by over two 

magnitudes.  

The second investigation (Chapter 4) expands upon the work of Chapter 3, 

investigating the impact of lignin MW, loading, and crosslinker concentration on the 

mechanical properties of PVA-lignin composites. Lignin was crosslinked with PVA via 

glutaraldehyde through a condensation reaction along the hydroxyl groups of both lignin 

and PVA chains. Substantial increases in ultimate tensile strength, Young’s modulus, and 

storage modulus were observed when lignin content was increased, along with increases in 

crosslinker concentration in most cases. Results from the dynamic mechanical analysis 

were utilized in calculating a molecular weight between crosslinks that showed correlations 

between stiffer and stronger composites having smaller 𝑀!  values. This decrease in 𝑀!  
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demonstrated a tightening of the network structure that was visualized from scanning 

electron microscopy images of the hydrogel composites. 
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CHAPTER TWO 
 

METHODS AND BACKGROUND 
 
 

This section will cover the experimental details and general methods utilized in this 

Dissertation. Specifically, this includes background information related to experimental 

techniques used, as well as employed equations and their respective derivations, some 

which may be somewhat esoteric. Note, every chapter that follows will include a methods 

section that specifically pertains to all experiments performed in that Chapter. 

2.1 Lignin Modification Techniques 

2.1.1 Lignin Acrylation Process 

A functionalization process was performed on lignin whereby hydroxyl groups along 

lignin chains were replaced with vinyl-containing acrylate groups. When considering the 

high abundance of hydroxyl groups along lignin chains, this creates avenues for direct 

chemical functionalization. As such, much research has investigated different chemical 

functionalizations of lignin, with a common one being methacrylation.89,154,176 To perform 

free radical crosslinking of the lignin chains, vinyl-containing acrylate groups need to be 

present in the chemical structure. To achieve this, a chemistry approach utilized in PEG-

based hydrogels177,178 was exercised on lignin chains where hydroxyl groups were 

functionalized with acrylate monomers. A proposed reaction schematic and chemical 

structure for this functionalization process is shown in Figure 2.1. By tuning the molar 

quantities of triethylamine and acryloyl chloride with respect to lignin, optimum 

functionalization can be achieved and confirmed via 1H NMR and 31P NMR techniques. 
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These acrylate-containing functional groups can now perform in free radical crosslinking 

as seen in Chapter 3. 

 

2.2 Lignin-Hydrogel Characterization Techniques 

2.2.1 Dynamic Mechanical Analysis of PVA-Lignin Hydrogel Composites 

Measuring the elasticity of a material via Dynamic Mechanical Analysis (DMA) is a 

common technique of rheological characterization. The utilization of oscillatory 

experiments to measure elasticity in a material was first performed by Poynting in 1909 

and was further mainstreamed in the 1980s with the progression of technology. One way 

to describe DMA analysis is the application of an oscillating force to a material and 

analyzing it’s response to that applied force.179 DMA experiments can be performed in a 

Figure 2.1. Reaction schematic and proposed chemical structure for functionalized 
lignin with vinyl-containing acrylate groups that replaced once present hydroxyl groups 
along lignin chains. 
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number of ways, those being shear, torsion, compression, three point bending, and 

tension.180 Applying an oscillatory strain to a viscoelastic material induces elastic and 

viscous stresses that are referred to as the in-phase and out-of-phase stresses. The elastic 

stress is a measure of the degree to which a sample behaves as an elastic solid, with the 

ratio of elastic stress to strain representing a material’s ability to store energy elastically 

and is commonly referred to as the storage modulus (𝐸%). The viscous stress is the measure 

of the degree to which a sample behaves as an ideal fluid, with the ratio of viscous stress 

to strain representing the material’s ability to dissipate energy and is commonly referred to 

as the loss modulus (𝐸%%).181 When performed in linear geometry, storage and loss modulus 

are represented by 𝐸% and 𝐸%%, however, when performed in shear geometry they are 

represented by 𝐺% and 𝐺%%.  

DMA can be performed on a sample across a temperature or frequency range. 

Performing a temperature sweep provides information about the glass transition 

temperature (𝑇&) and melting temperature (𝑇"). Performing a frequency sweep above the 

𝑇& and below the 𝑇" is known as the rubbery plateau, whereby storage modulus is 

independent of frequency and remains approximately constant.179 When considering the 

high-water content of hydrogels, and the 𝑇& of PVA being ≈85 °C, it is safe to assume the 

𝑇& of all hydrogels utilized in this Dissertation are below room temperature (25 °C). An 

illustrative example of a DMA frequency sweep performed on PVA-lignin hydrogel 

composites is shown in Figure 2.2. Note, this figure is explained in further detail in Figure 

B.4 of Appendix B.  
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A major takeaway from Figure 2.2 is the relatively constant storage modulus across the 

entire frequency sweep, demonstrating these experiments being performed in the rubbery 

plateau. It is in this rubbery plateau where the storage modulus is proportional to the 

molecular weight between crosslinks (𝑀') of the network structure. By using principles 

from the theory of rubber elasticity that explain relationships between stress and 

deformation,182 we are able to employ the following equation183 

𝑀' =
𝜌𝑅𝑇
𝐺%   (2.1) 

Figure 2.2. Dynamic mechanical analysis spectra from 0.1 to 100 rad s-1 for Low 
molecular weight lignin-based PVA hydrogel composites. Note, the error bars in the 
figure represent the standard deviation of the average, which was calculated from repeat 
measurements on at least three separate membranes. 
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where 𝜌 is the density of the hydrogel measured via mass in its dry state, and volume in 

hydrated state. 𝑅 is the universal gas constant, 𝑇 is temperature of the DMA measurements 

(room temperature, ≈25 °C), and 𝐺% is the shear modulus of the hydrogels. Note, when 

doing these measurements in tension mode, an equation is needed to convert linear storage 

modulus to shear modulus. The shear modulus of each hydrogel was calculated from the 

following equation179,180,184 

𝐺% =
𝐸%

2(1 + 𝜈) 
 (2.2) 

where 𝐸% is the storage modulus and 𝜈 is the Poisson’s ratio, which was assumed to be 0.5 

for all hydrogels used in this Dissertation.185 

2.2.2 Young’s Modulus of PVA-Lignin Hydrogel Composites via Mechanical Indentation 

Measuring the compression Young’s modulus of PVA-lignin hydrogel composites was 

utilized in all investigations of this Dissertation. Much research has been done investigating 

the Young’s modulus of soft hydrogel materials.186–189 The utilization of mechanical 

indentation can be used acquire a compression Young’s modulus.190  

When considering mechanical indentation on soft materials, inhomogeneous 

deformations result in complex stress fields creates difficulty in describing the fundamental 

relations of applied load, P, to internal stresses and penetration depth, h, to the adjoint 

strains. Fortunately, Meyer’s principle of geometrical similarity supports the notion of a 

representative stress, commonly referred to as the mean contact pressure, 𝜎∗. This contact 

pressure is calculated from the following equation 
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𝜎∗ =
𝑃
𝐴'

  (2.3) 

 

where P is indentation load, and 𝐴' is to the contact area of impression. When considering 

stress-strain relationships, Hooke’s law is commonly employed, which is given by the 

following equation: 

𝑑𝜎∗ =
𝐸

1 − 𝑣) 𝑑𝜀
∗  (2.4) 

where 𝑑𝜎∗ is representative stress, 𝐸 is Young’s modulus, 𝑣 is poisson’s ratio, and 𝑑𝜀∗ is 

representative strain. For experiments employing a spherical indenter, the following 

equations are used for 𝑑𝜎∗ and 𝑑𝜀∗ 

𝑑𝜎∗ =
𝛾𝑃
2𝜋𝑅ℎ =

𝑃
2𝜋  (2.5) 

 

𝑑𝜀∗ = 𝑘* 4
𝑑𝑟
𝑅 6  (2.6) 

where 𝛾 is the geometrical factor, R is radius of the indenter, ℎ is total penetration depth,  

𝑘* is frontal coefficient, r is radius of contact, and	𝑑 is diameter of the spherical indenter. 

Upon further examination of the geometrical factor for spherical indentation and purely 

elastic indentations, we can say that 𝛾 = 2 (Hertz’s solution). When considering total 

penetration depth, ℎ, the contact depth, ℎ = 𝛾ℎ'. The frontal coefficient, 𝑘* =
+
,
, for 

Sneddon’s elastic solutions. Compiling all of these substitutions and assumptions brings us 
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to a modified version of Hooke’s law in calculating a Young’s modulus via spherical 

indentation given by the following equation191 

𝐸 =
(1 − 𝑣))

𝜋
∆(𝑃/ℎ)
∆𝑟   (2.7) 

where 𝑟 is the contact radius of the indenter contacting the membrane. A substitution for 

contact radius is shown in the following equation: 

When considering a spherical indenter, the following equation applies for Hertz contact 

mechanics190 

𝑃 =
𝐸

(1 − 𝑣))
4𝑟-

3𝑅   (2.9) 

𝑟) = 𝑅ℎ  (2.8) 

Figure 2.3. Experimental setup for a Young’s modulus measurement via mechanical 
indentation. 
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Performing these Young’s modulus measurements involves placing a hydrogel 

membrane into a water bath directly located under the indenter. A depiction of this 

experimental setup is shown in Figure 2.3. A LabVIEW software program was created to 

measure load applied to the sample versus time. Manipulation of the load versus time data, 

while taking equation 2.9 into consideration, leads us to a plot of indentation load versus 

contact area times representative strain as shown in Figure 2.4. Fitting a linear model to 

this data allows one to calculate a Young’s modulus value as it is directly related to the 

slope of the fitted line. 

 

Figure 2.4. Indentation load versus contact area times representative strain data. Slope 
of data is indicative of Young’s modulus for hydrogel sample. 
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2.2.3 Calculating Permeability through PVA-Lignin Hydrogel Composites 

Methylene blue (MB) permeability experiments were utilized in Chapter 3 to analyze 

transport performance of PVA-lignin hydrogel composites. Methylene blue is a cationic 

dye that serves as a common model pollutant in water filtration research. Much work has 

investigated the adsorption of MB from water,12,13,34,192–194 along with permeability 

experimentation of MB195–197 and other various permeates.198–203 Permeability is defined 

as the overall mass transport through a material. 

A schematic of the static permeation cell utilized in these experiments is shown in 

Figure 2.5. The hydrogel membrane is mounted in between the donating and receiving 

reservoirs, making sure the hydrogel stays hydrated for the entirety of the experiment to 

prevent it from drying out and cracking. Above the hydrogel is a high concentration (1.37 

mM) of MB in reverse osmosis (RO) water. To minimize osmotic drag of the permeation 

Figure 2.5. Illustrative schematic of permeation cell used for methylene blue (MB) 
permeability experiments. 
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setup, an equimolar concentration (1.37 mM) of NaCl in RO water was placed in the 

receiving reservoir. 

There are a few assumptions that must be taken into consideration when obtaining the 

final equation to calculate MB permeability through PVA-lignin hydrogel composites. 

Specifically: 

1. Methylene blue permeability is independent of its concentration. 

2. The permeation through the membrane has reached pseudo-steady state. 

3. The concentration of methylene blue concentration in the donating reservoir is 

assumed to be constant and is much greater than the methylene blue 

concentration in the receiving reservoir for the entirety of the experiment. 

4. The reduction in the concentration of the donating reservoir over the length of 

the experiment is negligible. 

Taking these assumptions into consideration, the permeability equation derivation 

starts at Fick’s second law of diffusion as shown in the following equation204  

𝑑𝐶.
𝑑𝑡 = 𝐷./∇)𝐶.  (2.9) 

where 𝐶. is the concentration of the diffusing species and 𝐷./ is the diffusion coefficient 

which is assumed to be constant here. The diffusion for these permeation experiments is 

assumed to be in one direction, that being the z-direction. An illustration of this z-direction 

diffusion from donating reservoir through the hydrogel membrane to the receiving 

reservoir is shown in Figure 2.6 where 𝑉# is the donating reservoir volume, 𝐶#(𝑡) is the 

concentration of MB in the donating reservoir at time t, 𝐴 is the cross sectional area of the 
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exposed hydrogel to MB, 𝐿 is thickness of the hydrogel membrane, 𝑉) is the receiving 

reservoir volume, and 𝐶)(𝑡) is the concentration of permeated MB in the receiving 

reservoir at time t. The representative equations for MB concentration with respect to 

position and time (𝐶(𝑧, 𝑡)), along with both boundary conditions are shown in the 

following equations  

𝑑)𝐶
𝑑𝑧) = 0  (2.10) 

 

𝐶(0, 𝑡) = 𝐾𝐶#(𝑡)  (2.11) 

 

Figure 2.6. Illustrative schematic of permeation cell used for methylene blue (MB) 
permeability experiments. 
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𝐶(𝐿, 𝑡) = 𝐾𝐶)(𝑡)  (2.12) 

where 𝐾 is the partition coefficient, or the ratio of MB concentrations inside and outside 

of the membrane. It is an indication of MB solubility into the medium (hydrogel membrane 

in this case). Beginning with Fick’s second law of diffusion 

𝐷
𝑑)𝐶
𝑑𝑧) =

𝑑𝐶
𝑑𝑡   (2.13) 

and taking into consideration pseudo-steady state conditions leads to the following 

equation. 

𝑑)𝐶
𝑑𝑧) = 0  (2.14) 

Integrating equation 2.14 and applying both boundary conditions in equations 2.11 and 

2.12 leads to the following equation representative of a concentration profile.  

The concentration profile for permeated MB into the receiving reservoir can then be 

modeled with respect to the fluxes on both sides of the membrane facing the donating and 

receiving reservoirs. Beginning with the following flux equations 

𝑁0(0, 𝑡) = −𝐷
𝑑𝐶
𝑑𝑧 (0) 

 (2.15) 

 

𝑁0(𝐿, 𝑡) = −𝐷
𝑑𝐶
𝑑𝑧 (𝐿) 

 (2.16) 

 

𝐶(𝑧, 𝑡) = W
𝑧
𝐿X𝐾Y𝐶)

(𝑡) − 𝐶#(𝑡)Z + 𝐾𝐶#(𝑡)  (2.15) 
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and substituting in the first derivation of equation 2.15 with respect to dz leads to the 

following equations. 

𝑁0(0, 𝑡) =
𝐷
𝐾𝐿 Y𝐶#

(𝑡) − 𝐶)(𝑡)Z  (2.17) 

 

𝑁0(𝐿, 𝑡) =
𝐷
𝐾𝐿 Y𝐶#

(𝑡) − 𝐶)(𝑡)Z  (2.18) 

where 𝑁0(0, 𝑡) and 𝑁0(𝐿, 𝑡) are the z-direction fluxes. As seen in equations 2.17 and 2.18, 

these fluxes happen to be equal. This means there is zero accumulation of MB in the 

membrane during the entirety of the experiment.  

Taking a closer look at the integral balances for each compartment, we begin with the 

following integral equation and boundary conditions 

 

𝐶#(0) = 𝐶1  (2.20) 

 

𝐶)(0) = 0  (2.21) 

where 𝑁	is the flux vector,  𝑛 is the unit vector normal to the surface, and 𝐶1 is the starting 

concentration in the donating reservoir at time 0. Integration, derivation,  and substitution 

of appropriate boundary conditions is shown in the following equations 

𝑉
𝑑
𝑑𝑡 \ 𝐶𝑑𝑉

2

= −\ 𝑛
3

∗ 𝑁𝑑𝑆  (2.19) 



 

 39 

𝑑
𝑑𝑡
(𝐶#𝑉#) = −𝐴𝑁0(0, 𝑡)  (2.22) 

 

𝑉#
𝑑𝐶#
𝑑𝑡 + 𝐶#

𝑑𝑉#
𝑑𝑡 = −𝐴𝑁0(0, 𝑡)  (2.23) 

 

𝑉#
𝑑𝐶#
𝑑𝑡 = −𝐴𝑁0(0, 𝑡)  (2.24) 

 

𝑑
𝑑𝑡
(𝐶)𝑉)) = 𝐴𝑁0(𝐿, 𝑡)  (2.25) 

 

𝑉)
𝑑𝐶)
𝑑𝑡 + 𝐶)

𝑑𝑉)
𝑑𝑡 = 𝐴𝑁0(𝐿, 𝑡)  (2.26) 

 

𝑉)
𝑑𝐶)
𝑑𝑡 = 𝐴𝑁0(𝐿, 𝑡)  (2.27) 

where equations 2.24 and 2.27 are flux entering and exiting the membrane. Focusing on 

equation 2.27, and substituting in equation 2.18 leads to the following equation 

𝑑𝐶)
𝑑𝑡 =

𝐴𝐷𝐾
𝑉)𝐿

Y𝐶#(𝑡) − 𝐶)(𝑡)Z  (2.28) 

If we recall that the concentration in the donating reservoir is much greater than in the 

receiving reservoir, this presents the following equation. 

 

𝑑𝐶)
𝑑𝑡 =

𝐴𝐷𝐾
𝑉)𝐿

𝐶1  (2.29) 
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We can correlate diffusion coefficient and partituion coefficient with permeability in the 

following equation. 

𝑃 = 𝐷𝐾  (2.30) 

Lastly, substituting equation 2.30 into 2.29 brings us to the following final permeability 

equation205 that is utilized in Chapter 3 of this Dissertation. 

𝑃 =
𝑑𝐶)
𝑑𝑡

𝑉)𝐿
𝐴𝐶1

  (2.31) 
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CHAPTER THREE 
 
NOVEL COMPOSITE HYDROGELS CONTAINING FRACTIONATED, PURIFIED 

LIGNINS FOR AQUEOUS-BASED SEPARATIONS 
 
 
Gregorich, N.; Ding, J.; Thies, M. C.; Davis, E. M. Novel Composite Hydrogels Containing 
Fractionated, Purified Lignins for Aqueous-Based Separations. J. Mater. Chem. A 2021, 9, 
1025-1038. 
 
 
3.1 Introduction 

Hydrogels are attractive materials for aqueous-based separations as the selectivity of 

the membrane can be altered 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,206 organic dyes (e.g., methylene blue)34,86 and 

heavy metal ions (e.g., Cu2+, Pb2+) from aqueous solutions,207,208 as well as controlled 

adsorption and release of model drugs209 and model proteins, such as bovine serum 

albumin.38,82,210 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,38,82,83 cellulose,84,85 and lignin,33,86–100 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 antioxidant106,107 and antimicrobial properties,108,109 high ultra-violet 

(UV) light absorption,103,104 and high thermal stability.105 In addition, the abundance of 
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hydroxyl (–OH) groups and chemical linkages allow for the potential of a wide variety of 

chemical functionalizations,110 although access to these groups is not straightforward due 

to the complex and heterogeneous structure of the lignins.105,111,112  Lastly, as lignin is the 

world’s second most abundant natural polymer (behind only cellulose),105,173,211,212 lignin-

based composite membranes present an opportunity to substantially reduce the use of 

petroleum-based products.213,214 

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

composites,215,216 with ~50 million tons per year readily available as a by-product of 

biomass processing. However, today, >99% of that lignin is simply burned as fuel or sent 

to waste treatement.118 Approximately 90% of the lignin that is recovered (~150,000 tons) 

is Kraft lignin from pulp mills,105,118 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 (Ð)), complex and heterogeneous chemical architectures, and low purities.105 

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,118 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 depolymerization123–125 or pyrolysis126–128. However, use of such materials 

was not the focus of the current study, as these methods completely destroy the unique 

polymeric nature of lignin.129  
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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.93–

95,105,106,110,162,217,218 However, starting with early work in the late 1970s and early 1980s by 

Lindström and Westman,219–221 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 Ð).146,147,149,159,162–169,171,172,222–231 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 these 

‘green’ materials. Fortunately, recent work by Thies and co-workers118,173,174 involving the 

fractionation and purification of CBLs has presented a feasible avenue for obtaining lignins 

of well-defined MWs and low Đ. Specifically, they have developed the Aqueous Lignin 

Purification with Hot Agents (ALPHA) process,175 which can be used to continuously and 

simultaneously clean, fractionate, and solvate lignins into prescribed MWs of narrow 

dispersity (Đ ≈ 2), having metals contents lower than 50 ppm (referred to as ultraclean 

lignins (UCLs)).118 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 
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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,56,57 chemical crosslinking,45,47,58–66 or a combination of both60,67. They have 

also been synthesized via freeze-thaw methods inducing physical crosslinks.68–71,232–236 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,47,58–64 and various acids,45,65,66 to name a few. As hydroxyl groups along 

the backbone of the hydrogel are consumed during the crosslinking process, the resulting 

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 
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soft composites were fabricated using both crude bulk lignins (CBLs; apparent number-

average molecular weight, MN,app » 4170 g mol-1, dispersity, Đ » 3.9) that were recovered 

from a Southeastern pine black liquor via the Sequential Liquid-Lignin Recovery and 

Purification (SLRP) process,121 and ultraclean lignins (UCLs; apparent number-average 

molecular weight, MN,app » 1250 g mol-1, dispersity, Đ » 2.2), which were isolated from the 

aforementioned CBLs via the ALPHA process. Detailed descriptions of the SLRP and 

ALPHA techniques are given elsewhere.174 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)48,237–243 containing chemically-crosslinked lignin and 

thermally-crosslinked PVA. Successful functionalization of –OH groups was confirmed by 

both proton and phosphorus nuclear magnetic resonance (1H NMR and 31P 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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3.2 Experimental Section 

3.2.1 Materials  

Dimethyl sulfoxide (DMSO) (ACS reagent, ³99.9%), dimethylformamide (DMF) 

(anhydrous, 99.8%), diethyl ether (ACS reagent, ³98.0%, contains ~2% ethanol and ~10 

ppm BHT as inhibitor), ammonium persulfate (APS) (ACS Reagent, ³98.0%), 

methylenebisacrylamide (MBA) (99%), N,N,N’,N’-tetramethylethylenediamine 

(TMEDA) (ReagentPlusÒ, 99%), acryoyl chloride (97.0%, contains <210 ppm MEHQ as 

stabilizer), triethylamine (³99%), DMSO-d6 (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) (MW = 78,000 g mol-1, 99+% hydrolyzed) (PVA) was 

purchased from Polysciences, Inc. Kraft lignin (MN » 4170 g/mol, Đ » 3.9), produced from 

the Sequential Liquid Lignin Recovery and Purification (SLRP) process,244 were obtained 

from Liquid Lignin, LLC. From these Kraft lignin, ultraclean lignins (MN » 1250 g mol-1, 

Đ » 2.2), were produced from the Aqueous Lignin Purification with Hot Agents (ALPHA) 

process,118 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 solvent-rich phase as a solid by adding deionized (DI) water in a 1:1 

(v/v) ratio.  Reverse osmosis (RO) water (resistivity » 18 MW•cm) was used for all 

experiments. 
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3.2.2 Characterization of Molecular Weight of Lignin 

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 

HT5 column (10 mm, 4.6 mm × 300 mm) and (2) an Agilent PolarGel-L column (8 mm, 

7.5 mm × 300 mm). In this case, the mobile phase consisted of 0.05 mol L-1 lithium 

bromide in DMF at a flow rate of 1 mL min-1. 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-1 and were 

filtered using a 0.2 mm 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.245 The molecular weight for a given sample were 

generally reproducible within +/- 50 g mol-1.173 

3.2.3 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.e., nitrogen glove box). Based on a previously developed method,178 786 µL 

of triethylamine, followed by 986 µL 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 
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DMF. This solution was then placed into a vacuum oven at room temperature under 

dynamic vacuum until all DMF was removed. 

3.2.4 Characterization of lignin using infrared spectroscopy  

Successful functionalization of the lignins was analyzed by FTIR spectroscopy using a 

Thermo Scientific Nicolet iS50R 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-1. 

3.2.5 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 
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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 

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. 

3.2.6 Mechanical Indentation Experiments  

Hydrated Young’s modulus measurements, based on the JKR (Johnson-Kendall-

Roberts) theory of adhesion,246 were conducted using a custom-built mechanical 

indentation apparatus. The setup consisted of a high-resolution linear actuator (M-230.25, 
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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 µm s-1 until the indenter came in contact with the swollen hydrogel. 

Upon contact, the indenter velocity increased to 4 µm s-1 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.191 Note, prior to beginning all indentation experiments, the membranes were 

equilibrated in liquid water for at least 48 h. Also, the Poisson’s ratio (𝜈) of the hydrated 

composite hydrogels was assumed to be 𝜈 = 0.5. 

3.2.7 Nuclear Magnetic Resonance Spectroscopy 

Characterization of the lignins, before and after acrylation, was performed using 1H 

nuclear magnetic resonance (NMR) spectroscopy on a Bruker 300 MHz. The lignin was 

dissolved in DMSO-d6 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 (d = 6.7 ppm) and aliphatic 
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(d = 3.7 ppm) hydroxyl (–OH) groups,247 as well as the peak corresponding to protons on 

a vinyl group (d = 6.2 ppm)248.  

Additional characterization of the hydroxyl content of the lignins, before and after 

acrylation, was performed using 31P 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 μL of (1) and 150 μL 

of (2). 50 μL 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 TopSpin. Of interest to this investigation were NMR 

peaks corresponding to the aromatic (d = 144.6–137.3 ppm) and aliphatic (d = 149.1–145.4 

ppm) hydroxyl (–OH) groups.249  

3.2.8 Methylene Blue Permeation 

A custom-built diffusion cell was used for MB permeation experiments. As depicted in 

Figure 3.1, the hydrated hydrogel was sandwiched between a receiving reservoir filled with 

25 mL of 1.37 mmol L-1 NaCl in RO water and a donating reservoir filled with 2 mL of 

1.37 mmol L-1 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 
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was immediately returned to the receiving reservoir. Observed in the UV-vis spectrum, the 

prominent peak at 662 nm is attributed to MB ions.250 From these data, the permeability of 

MB ions can be calculated from the following equation:205   

       

𝑉!
𝑑𝐶!(𝑡)
𝑑𝑡

= 𝐴
𝑃
𝐿
𝐶" 

 (3.1) 

 
 

where 𝐶4 and 𝐶5(𝑡) are the MB ion concentrations (mol L-1) in the donating and receiving 

reservoirs, respectively, 𝐴 and 𝐿 are the area (cm2) and thickness (cm) of the membrane, 

respectively, 𝑃 is the permeability of MB ions (cm2 s-1), and 𝑉5 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 𝐶4 ≫ 𝐶5(𝑡). 

Figure 3.1. Illustrative schematic of permeation cell used for methylene blue (MB) 
permeation experiments. 
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3.2.9 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: 

 

Water Uptake = a
𝑊wet −𝑊dry

𝑊dry
c × 100%  (3.2) 

 

where 𝑊wet and 𝑊dry are the hydrated and dry mass of the hydrogel, respectively. 

3.2.10 Characterization of Molecular Weight Between Crosslinks 

The molecular weight between crosslinks of the membranes was calculated based on 

the Peppas-Merrill equation.251 The swollen, 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 
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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),7) state:198 

 

𝑄 = a
𝑊wet −𝑊dry

𝑊dry
c  (3.3) 

 

𝑣),* =
1

𝑄 𝜌
𝜌8!9

+ 1
  (3.4) 

 

where 𝑄 is the mass swelling ratio, 𝜌 is polymer density, and 𝜌8!9 is the density of water. 

These values were then used in the following Peppas-Merril equation: 
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where 𝑀: is the number average molecular weight of the polymer, 𝜒 is the Flory-Huggins 

parameter and was taken from previous work on PVA–water systems,252 and 𝑉# is the molar 

volume of water (≈18 cm3 mol-1). 

3.3 Results 

3.3.1. Lignin Characterization and Composite Hydrogel Fabrication 

The nomenclature for each of the composite hydrogels is summarized in Table 3.1. 

Table 3.1. Nomenclature for PVA–lignin composite hydrogels.  

Type of lignin Lignin content Unfunctionalized (UF) 
or Functionalized (F) Nomenclature 

UCLs 

10 wt % 
UF PVA–UCL–10UF 
F PVA–UCL–10F 

20 wt % 
UF PVA–UCL–20UF 
F PVA–UCL–20F 

50 wt % UF PVA–UCL–50UF 

CBLs 

10 wt % 
UF PVA–CBL–10UF 
F PVA–CBL–10F 

20 wt % 
UF PVA–CBL–20UF 
F PVA–CBL–20F 

50 wt % UF PVA–CBL–50UF 
 

Figure 3.2 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 3.2a shows the proposed reaction 

scheme for neat PVA and PVA–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.56,57 In the schematic of the proposed 

network structure for these neat PVA hydrogels, the green dots represent the physical 
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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 unfunctionalized lignins 

(shown as curved blue lines) remain in the hydrogel via physical entanglements with 

thermally-crosslinked network of PVA chains. Next, Reaction Schematic No. 2 in Figure 

3.2a shows the proposed reaction scheme for PVA–lignin composite hydrogels synthesized 

via combined thermal and chemical crosslinking with functionalized CBLs and 

UCLs.45,47,58–66 In the schematic, the –OH groups on lignin are colored in blue and the 

reactive vinyl 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 PVA–lignin hydrogels, the red dots represent the chemical 

crosslinks between functionalized lignin chains (shown as curved purple lines). As shown 
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in the schematic, these composite hydrogels form an IPN of thermally-crosslinked PVA 

chains and chemically-crosslinked lignin chains.  

Figure 3.2. (a) Reaction schematic and proposed network structure for thermally-
crosslinked, as well as thermally- and chemically-crosslinked PVA–lignin composite 
hydrogels using both unfunctionalized and functionalized lignin. (b) Picture of free-
standing neat PVA and PVA–lignin hydrogels containing 0 wt % to 50 wt % 
unfunctionalized and functionalized UCLs and CBLs. 

Reaction Schematic No. 1 

Reaction Schematic No. 2 
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As seen in Figure 3.2b, successful fabrication of stable, free-standing, crosslinked PVA 

hydrogels via both reaction schemes was achieved. Figure 3.2b 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 3.2b, 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 A.2 in Appendix A, 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 scope of this investigation, as all 

mechanical and transport properties were characterized for composite membranes at room 

temperature (~20 °C). 
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To ensure the CBLs and UCLs were properly acrylated, both 1H and 31P NMR were 

performed on the lignins before and after functionalization. For the sake of conciseness, 

only the 31P NMR spectra have been presented in this chapter (see Figure A.1 in Appendix 

A for 1H NMR data). Figures 3.3a and 3.3b show the 31P NMR spectra of the UCLs and 

CBLs, respectively, before (dashed blue line) and after (solid red line) acrylation. While 

the use of 31P 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 31P NMR 

experiments.  This process is commonly utilized to quantify the type and amount of 

hydroxyl groups present in lignins,249,253–256 and was therefore employed in our current 

work. The broad peak on the left-hand side of each figure is associated with the aliphatic –

OH groups, while the collection of peaks on the right-hand side are associated with the 

Figure 3.3. 31P 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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aromatic –OH groups of the lignins.249 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 A.1 of Appendix A, 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 1H NMR (see Figure A.1 in Appendix A). 

3.3.2 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 concentration of permeated MB in the receiving reservoir – i.e., 
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the reservoir on the side of the membrane opposite the MB solution – was measured as a 

function of time. Figures 3.4a and 3.4b 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 3.4, 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 3.4a and 3.4b, 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 phenolic and –OH groups in lignin.  
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Figure 3.4. 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. (c) 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. 3.4a & 3.4b 
was reshown in 3.4c, 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 3.4a, 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 3.4a.  The trends in these data follow what we would expect, based on 

the chemistry involved in the lignin functionalization.  

As shown in Figure 3.2a (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 A.1 in Appendix A 

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 3.4a and 3.4b, 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 
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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 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,257 

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 3.4a and 3.4b, 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 Ð on the variability of these time-dependent MB 

concentration data, Figure 3.4c shows the permeated MB concentration as a function of 
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(normalized) time for PVA–lignin composite hydrogels containing 10 wt % 

unfunctionalized UCLs (closed green symbols) and unfunctionalized CBLs (open black 

symbols). From Figure 3.4c, we observe a much higher scatter in the MB permeation data 

between experiments for composite hydrogels fabricated from unfunctionalized CBLs 

when compared to those fabricated from unfunctionalized UCLs. Although the average 

permeabilities of PVA–UCL–10UF (2.05E–10 ± 6.60E-12) and PVA–CBL–10–UF 

(1.58E–10 ± 5.50E-11) are not statistically significant from each other, it is evident that 

the standard deviation for PVA–UCL–10UF was one order of magnitude less than PVA–

CBL–10UF with an 88% decrease.  We believe this scatter in the permeation data alludes 

to the possibility that the higher Ð in 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,258–260 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 3.4c, 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 
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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 3.4d shows the MB permeability calculated (using eq 3.1 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 3.4d) 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 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 3.4d, 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 × 10-10 cm2 s-1. Focusing 

on PVA–lignin composites containing UCLs, we observe that the introduction of 10 wt % 
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UCLs results in an approximately 60% reduction in the permeability of MB through the 

membrane, regardless if the UCLs were functionalized (5 × 10-10 cm2 s-1 vs. 2 × 10-10 cm2 

s-1). This observed decrease is due to the abundant phenolic and hydroxyl groups located 

within lignin, enhancing adsorption of MB and impeding its ability to permeate through. 

We observe a more significant decrease in the MB permeability when the concentration of 

UCLs is increased to 20 wt %. As seen in Figure 3.4d, 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 3.4d, 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 × 10-10 cm2 s-

1 to approximately 2 × 10-10 cm2 s-1. However, unlike PVA–UCL–20UF membranes, only 

an order of magnitude 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 × 10-11 cm2 s-1). 

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 3.4a), as 
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well as the lowest ‘effective’ MB permeability (see Figure 3.4d) of all the membranes 

investigated. 

3.3.3 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 3.5a and 3.5b, 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 3.5a, 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 

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 
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containing CBLs vs. those containing UCLs is primarily due to the higher apparent MW 

of the CBLs as compared to UCLs (1250 g mol-1 vs. 4170 g mol-1 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.  Finally, we see that the stiffness of 

PVA–CBL membranes initially decreases when the lignin content is increased from 10 wt 

Figure 3.5. (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. 
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% 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 3.4b, 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 4.5b, 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 
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membranes exhibited drastically different Young’s moduli. For example, comparing PVA–

UCL–10F to PVA–CBL–10F, we observe that the water 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. 

3.3.4 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 3.6. Note, the dashed black line 

in Figure 3.6 represents the average 𝑀' of neat PVA (i.e., PVA containing no lignin), which 

was calculated to be ≈800 g mol-1. As seen in Figure 3.6, 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-

1), 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 
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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-1 to ≈650 g mol-1 when 

the concentration of functionalized UCL is doubled. In contrast, the average 𝑀' is seen to 

decrease from ≈770 g mol-1 to ≈400 g mol-1 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 %. 

Figure 3.6. 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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In general, the observed changes in the 𝑀' between the various composite hydrogels 

correlate with the observed reductions in MB permeabilities shown in Figure 3.4d. 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 3.4d, 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 % 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. 
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3.4 Conclusions 

In conclusion, we have synthesized free-standing PVA–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 1H and 31P 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 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-2). 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. 
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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 × 10-10 cm2 s-1 vs. ~2 × 10-12 cm2 s-

1). 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 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 Ð) 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.  
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CHAPTER FOUR 
 

ENHANCED MECHANICAL PROPERTIES OF COMPOSITE HYDROGELS 
CONTAINING FRACTIONATED AND PURIFIED LIGNIN 

 
 
Gregorich, N.; Kanhere, S.; Stutts, J.; Bethel, K.; Tindall, G.; Lynn, B.; Ogale, A. O.; Thies, 
M. C.; Davis, E. M. Enhanced Mechanical Properties of Composite Hydrogels Containing 
Fractionated and Purified Lignin. ACS Appl. Polym. Mater. 2022, X, XXXX-XXXX. 
 
 
4.1 Introduction 

Due to their high hydrophilicity and tunable mechanical properties, which are directly 

influenced through manipulation of the network structure (i.e., mesh size), hydrogels have 

shown promise in a broad range of fields, particularly separations,13,261 drug delivery,20 and 

tissue engineering.27 Various approaches have been applied to alter the network structure, 

including manipulation of the reaction pathway,40 crosslinker/initiator concentration,19 

molecular weight (MW) of the host polymer,47 and synthesis temperature.21 For example, 

PVA, a hydrogel utilized in biomedical and water purification applications, can be 

synthesized via thermal crosslinking,56 chemical crosslinking,58,64 or a combination of 

both.60,67 Another common, less chemically invasive fabrication method of manipulating 

the network structure of PVA hydrogels is referred to as the “freeze-thaw method,” which 

induces physical crosslinks between PVA chains through sequential cycles between 

temperatures of <273K and >293K.68 For chemically-crosslinked PVA films, covalent 

crosslinks between chains are achieved through the use of crosslinking agents such as 

glutaraldehyde (GA)47,58,61 or various acids (e.g., citric acid).45 When GA is used to 

fabricate chemically-crosslinked PVA membranes, hydroxyl (–OH) groups along the PVA 

chains are consumed during the crosslinking process (i.e., condensation reaction). Further, 
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the consumption of –OH groups during fabrication can be leveraged as a means of altering 

the hydrophilicity of the resulting crosslinked membrane.64 

However, the synthesis of traditional hydrogels implements host polymers (e.g, PVA) 

that require the use of petroleum-based precursors (e.g., ethylene). As such, increased 

interest in fabricating soft composites from environmentally friendly, renewable 

biopolymers has grown. Many hydrogel studies have investigated how the incorporation 

of renewable biopolymers such as chitosan,38 cellulose,85 and lignin33,87,89,155,176 impact the 

mechanical and transport properties of the resulting “green” soft composites. As lignin, a 

by-product of biomass processing, is the world’s second most abundant natural polymer 

(behind only cellulose),87,173,211 this biopolymer presents an opportunity to substantially 

reduce the use of petroleum-based products in the fabrication of next-generation 

polymers.213 In addition to its high abundance, lignin also exhibits numerous inherent 

properties, including high ultra-violet (UV) light absorption,103 high thermal stability,105 

and antioxidant106 and antimicrobial properties.109 Further, lignin contains an abundance of 

hydroxyl groups that creates avenues for various chemical functionalizations110 and direct 

crosslinking, although access to these groups is not straightforward as a result of a highly 

complex and obfuscated structure.105,111  

Incorporating lignin into composite materials has been demonstrated as a viable means 

of altering the mechanical properties of resulting composite materials.89,105,155,159,160,218,262 

Specifically, improvements to the Young’s159,160 and storage moduli,89,155,160 as well as the 

ultimate tensile strength155 and toughness161 have been observed with the introduction of 

lignin, even at small lignin contents. For example, recent work by Oveissi et al.159 
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demonstrated a 75% increase in Young’s modulus (from 1.29 MPa to 2.26 MPa ) with the 

addition of only 2.5 wt % lignin to their polyether-based polyurethane hydrogels. 

Additionally, work by Rajan et al.89 showed that incorporating lignin into their crosslinking 

process led to a three orders of magnitude increase in the storage modulus of their 2-

hydroxyethyl methacrylate (HEMA) hydrogels. While the introduction of lignin has led to 

improved mechanical properties in many different hydrogel materials, to date, the lion’s 

share of studies involving the synthesis of lignin-based hydrogels involve fabrication 

methods that utilize lignin with high dispersity (Ð).89,176 For example, recent work by Saito 

et al.263 employed a process where hardwood lignin was first fractionated with methanol 

and then crosslinked with formaldehyde, increasing the number-average MW of lignin 

from 1,840 g mol-1 to 31,000 g mol-1. Although the fractionation-crosslinking process 

effectively demonstrated a 228% increase in storage modulus in lignin-polybutadiene 

copolymers, this process only marginally reduced the Đ of the hardwood lignin (in this 

case, from 122 to 20). 

Current recovery methods indiscriminately precipitate lignin out of solution, leading to 

a final product with broad MW distributions (i.e., high Ð)105 and high metals content (~1–

2 wt %, primarily composed of sodium and potassium salts). These impurities can pose a 

risk for health or product contamination as these salts can leach out of the lignin-containing 

composite into an expensive product stream or the human body.118 Consequently, the 

development of lignin-based hydrogels for various applications is hindered by our limited 

understanding surrounding the role of lignin MW and purity in the formation of the 

network structure of the resulting hydrogel composite. Fortunately, recent work by Thies 
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and co-workers118,173,174 on the fractionation and purification of lignin presents a viable 

avenue for obtaining lignin of well-defined MWs and low Đ. The lignin purification 

procedure, referred to as the Aqueous Lignin Purification with Hot Agents (ALPHA) 

process,175 continuously purifies, fractionates, and solvates lignin into various cuts of 

controlled MWs, narrow dispersity (i.e., Đ ≈ 2) and low metals contents (i.e., as low as 50 

ppm).118 While several studies have fabricated composite membranes using fractionated 

lignin,264–266 the ALPHA process is unique among lignin fractionation processes due to its 

relatively low solvent usage and formation of two liquid phases. The absence of solids 

allows for the process to easily be made continuous and subsequently scaled.173 

Furthermore, the ALPHA process is more environmentally friendly as it uses only 

renewable solvents (i.e., water and acetic acid). Finally, previous techno-economic analysis 

(TEA) efforts on similar ALPHA-based separation and application schemes have resulted 

in an overall cost for producing the lignin fractions as low as $0.45 per kg of lignin.267 

Recent work  by our group highlighted how the various lignin fractions, and thus 

various lignin MWs, can be leveraged to systematically tune the properties of physically 

crosslinked lignin–PVA soft composites synthesized via the freeze-thaw method,268 which 

have potential applications as materials for wound dressings due to the inherent 

antimicrobial/antioxidant properties of the lignin.106,109 In another investigation, 

fractionated lignin from the ALPHA process was also used to synthesize thermally and 

chemically crosslinked lignin–PVA soft composites for use in membrane-based water 

purification applications.269 For example, in that particular study, the  incorporation of 

fractionated lignin resulted in soft composites that, most notably exhibited: (i) increased 
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Young’s moduli and (ii) an over two orders of magnitude reduction in the permeability of 

a model organic dye, methylene blue. This work also underscored the importance of 

incorporating lignin of narrow MW dispersity to achieve more consistent network 

structures, which was evidenced by the lower variability between repeat measurements of 

soft composites fabricated with fractionated lignin (when compared to those fabricated 

using raw, unfractionated lignin).  

Additionally, for the aforementioned lignin-based soft composites synthesized via the 

freeze-thaw method, hydrogels fabricated with unfractionated lignin had ill-formed, 

disrupted network structures. This led to membranes with unpredictable water uptake 

properties (i.e., hydrophilicity), illustrating the importance of fine control of lignin-

precursors in soft composite fabrication. Further, it has recently been demonstrated that the 

incorporation of lignin fractionated via the ALPHA process resulted in a significant 

increase to the mechanical properties of dry-spun lignin-based carbon fibers.270 

Specifically, increasing the precursor lignin molecular weight helped facilitate stable dry-

spinning, which in turn helped to produce thinner precursor fibers that resulted in carbon 

fibers with over 30% increase in both tensile strength and modulus. Additionally, it has 

been shown that the storage modulus of lignin-based thermoset polymers can be increased 

by increasing the lignin molecular weight.271 Such material systems containing well-

defined lignin allow us to elucidate fundamental relationships between lignin molecular 

weight, resulting hydrogel network structure, and the resulting mechanical properties. 

In this work, two series of PVA–lignin composite hydrogels containing both 

unfractionated and fractionated lignin, at concentrations ranging from 0 wt % to 40 wt %, 
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were synthesized. These soft composites were fabricated using both BioChoice™ lignin 

(BCL – apparent weight-average molecular weight MW,app » 16,100 g mol-1, Đ » 3.9 ± 0.2) 

along with low and high MW fractions of lignin (Low MW – apparent weight-average 

molecular weight MW,app » 3,900 g mol-1, Đ » 3.2 ± 0.3; and High MW – apparent weight-

average molecular weight MW,app » 25,400 g mol-1, Đ » 3.1 ± 0.2), which were isolated 

from the aforementioned BCL via the ALPHA process. PVA–lignin hydrogel composites 

were crosslinked via a condensation reaction involving GA under acidic (pH » 3) 

conditions. After fabrication, various mechanical properties of the soft composites were 

characterized. Specifically, the compressive Young’s moduli (𝐸) for all hydrated 

composites were characterized using mechanical indentation. Further, to better understand 

stress-strain properties of these materials, ultimate tensile strength testing was performed 

on the hydrated soft composites. Finally, dynamic mechanical analysis was performed to 

acquire a storage modulus (𝐸%) for each soft composite, which was then used to determine 

the molecular weight between crosslinks (𝑀!). Results from this work underscore the 

importance of utilizing well-defined lignin in hydrogel composites to better understand the 

fundamental structure-process-property relationships in this emerging class of “green” 

materials. 

4.2 Experimental Section 

4.2.1 Materials 

Dimethyl sulfoxide (DMSO) (ACS reagent, ³99.9%), glutaraldehyde (GA) (50 wt % 

in H2O), sulfuric acid (ACS reagent, 95.0-98.0%), Chloroform-D1 (deuteration degree 
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min. 99.8% for NMR spectroscopy (stabilized with silver) MagniSolv™), 2-Chloro-

4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) (95%), Chromium(III) 

acetylacetonate (99.99% trace metals basis) were purchased from Sigma Aldrich. Pyridine 

(99+%, extra pure), N-hydroxy-5-norbornene-2,3-dicarboximide (99.0+%, TCI 

America™) was purchased from Fisher Scientific. N,N-dimethylformamide (DMF) 

(VWR, ≥99.9%, HiPerSolv CHROMANORM® for HPLC) was purchased from VWR. 

Poly(vinyl alcohol) (MW = 25,000 g mol-1, 98% hydrolyzed) (PVA) was purchased from 

Polysciences, Inc. Kraft lignin (BCL – apparent weight-average molecular weight MW,app 

» 16,100 g mol-1, Đ » 3.9 ± 0.2), was obtained from BioChoice™. From this Kraft lignin, 

ultra-pure lignin fractions (Low MW – apparent weight-average molecular weight MW,app 

» 3,900 g mol-1, Đ » 3.2 ± 0.3; and High MW – apparent weight-average molecular weight 

MW,app » 25,400 g mol-1, Đ » 3.1 ± 0.2), were produced continuously via the Aqueous 

Lignin Purification with Hot Agents (ALPHA) process,118 developed by the Thies Group 

at Clemson University. Note, these differences in Đ are statistically significant with a two-

tailed p-value of 0.0167 in a 95% confidence interval. Briefly, the High MW lignin was 

isolated from the BCL using a 75 wt % acetic acid–water solution at 95 °C, with a solvent-

to-feed ratio of 6:1 (by mass). Note, the High MW lignin of interest was isolated from the 

lignin-rich phase. The Low MW lignin was isolated from the BCL using a 40 wt % acetic 

acid–water solution at 70 °C, with a solvent-to-feed ratio of 6:1 (by mass). Note, the Low 

MW lignin of interest was isolated from the solvent-rich phase. The Low MW lignin was 

then precipitated from the solvent-rich phase as a solid by adding deionized (DI) water in 

a 1:1 (v/v) ratio.  Reverse osmosis (RO) water (resistivity »18 MW•cm) was used for all 



 

 83 

experiments. Of mention, the hydroxyl content of the lignin MW fractions  has no impact 

on the ALPHA process. As seen in Table B.1 in Appendix B, the hydroxyl contents of Low 

and High MW are very similar in value. 

4.2.2 Characterization of Molecular Weight of Lignin  

The molecular weights of the Low MW, High MW and BCL lignin were determined 

using gel permeation chromatography (GPC) and multiangle light scattering (MALS). 

Fluorescence from lignin is mitigated in light scattering measurements using a 785 nm 

incident laser along with bandwidth filters installed between the sample and the detectors. 

Dried lignin samples were analyzed via GPC with multiangle light scattering (MALS) 

(DAWN—Wyatt Technologies) being used for absolute weight average molecular weight 

(Mw) and refractive index (RI, Optilab-WREX-08) being used for concentration. 

Separation was performed using Styragel (Waters, HT5 WATO-44214) and Polargel-L 

(Agilent, PL1117- 6830) columns in series, using HPLC-grade DMF containing 0.05 mol 

L-1 LiBr as the mobile phase at a flowrate of 0.6 mL min-1. Samples were then prepared by 

dissolving lignin in the mobile phase at a concentration of 1.5 mg mL-1. After complete 

dissolution, the samples were passed through a 0.20 μm PTFE syringe filter prior to 

analysis. The concentration of lignin, measured via ultraviolet-visible spectroscopy, 

remained constant before and after filtration. Thus, only a negligible amount of lignin was 

removed during filtration. 
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4.2.3 Nuclear Magnetic Resonance Spectroscopy  

Characterization of the hydroxyl content for all lignin was performed using 31P nuclear 

magnetic resonance (NMR) analysis on a Bruker NEO 500 MHz spectrometer equipped 

with a Bruker SmartProbeTM. This method was developed from previous work done by Pu 

et al.253 and Wang et al.272 The solutions for dissolving lignin were prepared from the 

following: (1) 1:1.6 v/v of deuterated chloroform: pyridine, (2) 22 mg mL-1 of N-hydroxy-

5-norbornene-2,3-dicarboximide (internal standard), and (3) 6 mg mL-1 of chromium (III) 

acetylacetonate. First, 30 mg of vacuum dried lignin was placed into a 4 mL amber vial 

with a polytetrafluoroethylene (PTFE) lined cap. Next, 400 μL of (1) were added to the 

amber vial along with 200 μL of dimethylformamide (DMF), 100 μL of (2) and 100 μL of 

(3). The amber vials were capped and subject to vortexing for ~2 min and then sonicated 

until no solids were present (as long as overnight). Addition of the phosphorylation agent 

took place in a nitrogen atmosphere where 100 μL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-

dioxaphospholane (TMDP) was added to the vial. The vial was then capped and shaken by 

hand for one min before transferring the solution to a 5 mm NMR tube (Wilmad Thin 

Walled High Throughput, 7 in). Upon phosphorylation, measurements were performed 

within 10 min using an inverse-gated decoupled pulse program with parameters set for a 

25 s delay, 1.2 s acquisition time, and a total of 64 scans. All spectra were phased and a 

linear baseline correction was applied using Bruker TopSpin. Of interest to this 

investigation were NMR peaks corresponding to the internal standard (𝛿 = 152–151.6 

ppm), along with aliphatic (𝛿 = 150.0–145.0 ppm), syringyl (𝛿 = 144.4–142.4 ppm), 

guaiacyl (𝛿 = 142.4–141.5, 140–138.8 ppm), p-hydroxyphenyl (𝛿 = 138.5–137.0 ppm), 
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and carboxylic acid (𝛿 = 135.6–134.0 ppm) hydroxyl (–OH) groups.273,274 Note, the 

characteristic peak at a chemical shift of 132.2 ppm represents the reaction of TMDP-water 

and served as the reference peak. 

4.2.4 Lignin Hydrogel Synthesis  

A solution of PVA and DMSO was produced by dissolving PVA in DMSO at 12% 

w/w for 6 h at 60 °C. The lignin (both BioChoice™ and ultra-pure, fractionated lignin) 

were dried in a room temperature oven under dynamic vacuum for 24 h. Note, to prevent 

thermal crosslinking of the lignin prior to their use in the fabrication procedure, the lignin 

was not dried at elevated temperatures (i.e., were not dried above 60 °C). After drying, a 

prescribed amount of lignin was added to 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 (25 wt %, and 40 wt % relative to the mass of PVA) and was stirred for 5 min to 

ensure homogeneous mixing of the two solutions. 1 mol L-1 H2SO4 was then added to the 

PVA-lignin-DMSO solution until the pH » 3. To measure the pH of the solution, a Mettler 

Toledo SevenCompactTM pH/Ion s220 meter with a Mettler Toledo InLab Science pH 

Electrode was used. After 5 min of stirring, the solution was brought into a nitrogen 

atmosphere (Cleatech Isolation Glove Box 2100-2-B) where GA was added to the solution 

in varying concentrations (1.5 wt % and 3 wt %). After 5 min of stirring, the solution was 

removed from the nitrogen atmosphere and cast onto a polytetrafluoroethylene (PTFE) dish 

and placed into an oven under partial static vacuum at 60 °C for 36 h 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 RO water whereby water is 

removed and replaced daily (for multiple days) after initial completion of fabrication. Once 

fabricated, all composite hydrogels were stored in RO water at room temperature (≈20 °C) 

until they were used in experiments. 

4.2.5 Characterization of Ultimate Tensile Strength (UTS) 

The ultimate tensile strength (UTS) of the films was measured via tensile testing using 

an ATS Universal 900 machine, with a crosshead speed of 2.5 mm min-1. Hydrated 

hydrogel composite films were cut into dog-bone shaped specimens with dimensions of 25 

mm length and 10 mm width and mounted between paper tabs to protect films from damage 

due to pneumatic grips. 

4.2.6 Dynamic Mechanical Analysis (DMA) Experiments 

Dynamic mechanical analysis was performed by cutting the hydrated composite films 

into dimensions that were 10 mm long and 6.3 mm wide. The films were then mounted in 

tensile fixture of the RSA-3 dynamic mechanical analyzer (TA instrument; New Castle, 

DE). Dynamic frequency sweep measurements were conducted at room temperature from 

0.1 rad s-1 to 100 rad s-1. Note, a damp KimWipe was loosely wrapped around the hydrated 

membrane to ensure they remained hydrated during the entire duration of the test.   A force-

gap test was conducted on each sample to determine the strain and force used for auto-

tension during dynamic frequency sweep.  
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4.2.7 Characterization of Molecular Weight Between Crosslinks 

Using data from the DMA tests, the molecular weight between crosslinks (𝑀') of the 

hydrated membranes was calculated using the following equation183   

 

𝑀' =
𝜌𝑅𝑇
𝐺%   (4.1) 

   

where 𝜌 is the density of the hydrogel measured via mass in its dry state, and volume in 

hydrated state. 𝑅 is the universal gas constant, 𝑇 is temperature of the DMA measurements 

(room temperature, ≈25 °C), and 𝐺% is the shear modulus of the hydrogels. The shear 

modulus of each hydrogel was calculated from the following equation179,180,184 

 

𝐺% =
𝐸%

2(1 + 𝜈) 
 (4.2) 

 

where 𝐸% is the storage modulus and 𝜈 is the Poisson’s ratio, which was assumed to be 0.5 

for all hydrogels.185 Note, the density of the hydrated hydrogel was obtained in the 

following manner: (1) making use of a die punch, each hydrogel was cut into a disc with a 

diameter of 0.5625 in and placed in RO water; (2) after being immersed in RO water for at 

least 24 h, the membranes were removed, quickly patted with a KimWipe to remove any 

liquid water on the membrane surface. Next, the mass (using an analytical balance; Mettler 

Toledo ME204E) and thickness (using a digital micrometer; Mahr Digital Indicator, 1086 

R) of the hydrogel were obtained. The mass of water in the hydrogel was then subtracted 
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from this hydrated mass to acquire the mass of the hydrogel in dry state. With this 

information, the density of the hydrogel was determined. 

4.2.8 Mechanical Indentation Experiments 

Hydrated compressive Young’s modulus measurements, based on the JKR (Johnson-

Kendall-Roberts) theory of adhesion,246 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 µm s-1 until the indenter contacted the swollen hydrogel. Upon 

contact, the indenter velocity increased to 4 µm s-1 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.191 

Note, prior to beginning all indentation experiments, the membranes were equilibrated in 

liquid water for at least 48 h. 
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4.2.9 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 80 °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: 

 

Water	Uptake = a
𝑊wet −𝑊dry

𝑊dry
c × 100%  (4.3) 

 

where 𝑊wet and 𝑊dry are the hydrated and dry mass of the hydrogel, respectively. 

4.2.10 Scanning electron microscopy (SEM) imaging 

The network structure of the swollen hydrogels was characterized using two variable-

pressure scanning electron microscope systems (Hitachi SU-5000 and Hitachi SU-6600) 

and a high-pressure system (Hitachi Regulus 8230). Prior to preparing the samples for 

imaging, the membranes were hydrated in DI water for at least 48 h. Next, the swollen 

hydrogels were frozen into a block of ice and lyophilized. The hydrogels were freeze-dried 

for 24 h at -105 °C (using a Labconco FreeZone freeze dryer). Prior to inserting samples 
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into the SEM, the samples were attached to an aluminum specimen holder by conductive 

adhesive tape and sputter-coated with a thin layer of platinum (approximately 30 Å) using 

an Anatech LTD Hummer 6.2 sputtering system. SEM was performed under high pressure 

with an accelerating velocity of 10 kV, variable spot size, and variable working distance 

depending on the sample.  
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4.3 Results and Discussion 

4.3.1 Soft Composite Nomenclature and Fabrication 

The nomenclature for each of the composite hydrogels is summarized below in Table 

4.1. This nomenclature will be used to differentiate samples in both the text and figures 

moving forward. 

Table 4.1. Nomenclature for neat PVA and PVA–lignin composite hydrogels. 
Lignin 

Fraction 
Lignin Content Glutaraldehyde Content Nomenclature 

Neat PVA 
(no lignin) 

0 wt %  1.5 wt %  Neat–1.5 

0 wt %  3.0 wt %  Neat–3.0 

Low MW 

25 wt % 1.5 wt %  Low–25–1.5 

25 wt %  3.0 wt %  Low–25–3.0 

40 wt %  1.5 wt %  Low–40–1.5 

40 wt %  3.0 wt %  Low–40–3.0 

BioChoice™,* 
(BCL) 

25 wt %  1.5 wt %  BCL–25–1.5 

25 wt %  3.0 wt %  BCL–25–3.0 

40 wt %  1.5 wt %  BCL–40–1.5 

40 wt %  3.0 wt %  BCL–40–3.0 

High MW 

25 wt %  1.5 wt %  High–25–1.5 

25 wt %  3.0 wt %  High–25–3.0 

40 wt %  1.5 wt %  High–40–1.5 

40 wt %  3.0 wt %  High–40–3.0 
*BioChoice™ lignin is the trademarked name of the feed Kraft lignin obtained from 
Domtar, which was then subjected to fractionation and purifying by the ALPHA process 
to produce the Low MW and High MW lignin fractions 
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For example, High–40–1.5 will be used to represent PVA–lignin hydrogels that were 

fabricated using 40 wt % High MW lignin and a GA content of 1.5 wt %. Note, the lignin 

concentration is given based on the total mass of polymer, i.e., 𝑚lignin Y𝑚PVA +𝑚ligninZ⁄ . 

Figure 4.1a shows the proposed reaction schemes for the synthesis of neat PVA and PVA–

lignin soft composites chemically crosslinked via a condensation reaction with GA as the 

crosslinker. Specifically, in the schematic, red –OH groups are used to represent hydroxyl 

groups along PVA chains, while green –OH groups are used to represent hydroxyl groups 

along lignin chains. The blue chains represent the glutaraldehyde that has reacted with –

OH groups along both PVA and lignin chains (via a condensation reaction) to chemically 

crosslink PVA and lignin chains together into the resulting hydrogel network structure. 

Note, the total –OH content of each of the lignin fractions was measured. A summary of 

these results can be found in Table B.1 in Appendix B. To verify chemical crosslinking of 

the lignin using GA as a crosslinker, a solubility test in dimethyl sulfoxide was performed 

on ‘membranes’ formed from pure lignin, lignin and GA (no acid), and lignin and GA (with 

acid, pH ≈ 3). Highlighting successful chemical crosslinking, the ‘membrane’ fabricated 

from lignin and GA at a pH ≈ 3 did not fully dissolve in the DMSO (Vial C), while samples 

fabricated from pure lignin (Vial A) and lignin and GA with no acid (Vial B) completely 

dissolved in DMSO (see Figure B.1). More details regarding this part of our investigation, 

along with photos of the final samples in solution, can be found in Appendix B. 

As shown in Figure 4.1b, we successfully synthesized robust, free-standing hydrogels 

following the reaction schematic shown in Figure 4.1a. Most notable is the change in color 

observed with the introduction of lignin, where the soft composites became darker and less 



 

 93 

translucent as the lignin loading was increased from 0 wt % to 25 and 40 wt %. Also note, 

Low–25–1.5 and Low–25–3.0 were quite soft and as such, do not appear as robust as the 

Figure 4.1. (a) Reaction schematic and proposed network structure for chemically 
crosslinked neat PVA and PVA–lignin composite hydrogels via condensation reaction. 
(b) Picture of free-standing, robust membranes of varying lignin concentration, lignin 
MW, and crosslinker content. 
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other soft composites in Figure 4.1b. This will be revisited in the next section of the chapter. 

4.3.2 Ultimate tensile strength (UTS), dynamic mechanical analysis (DMA), and Young’s 
modulus 
 

To elucidate the impact of lignin MW and content on the stress-strain properties of the 

soft composites, the ultimate tensile strength (UTS) of each hydrated hydrogel was 

characterized. Results from the UTS experiments are summarized in Figure 4.2. Note that 

the UTS is the maximum stress a material can withstand while being stretched (at a constant 

rate) before failure. As seen in Figure 4.2, the weakest sample measured was Neat–3.0, 

which had a UTS of 0.07 ± 0.02 MPa. These results are generally consistent with prior 

studies where a PVA–starch system crosslinked with glutaraldehyde exhibited a tensile 

strength of approximately 0.2 MPa.42 When concentrating on soft composites containing 

25 wt % lignin, we observe that the introduction of lignin resulted in an increase in tensile 

strength for the soft composites containing High MW lignin. Most notably, High–25–1.5 

exhibited a UTS of 1.08 ± 0.24 MPa, which was approximately equal to a 1400% increase 

when compared to the weakest sample, Neat–3.0. Interestingly, hydrogels containing BCL 

and Low MW lignin fractions at 25 wt % exhibited UTS values similar in value to the neat 

PVA hydrogels. For soft composites containing Low MW, we posit that an increase in UTS 

is not observed due to a combination of the low MW of this lignin fraction and the low 

lignin content (25 wt %) for these hydrogels.  
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When lignin loading is increased to 40 wt %, we observe an increase in UTS for all soft 

composites, regardless of lignin MW. For example, the UTS of BCL–40–3.0 was measured 

as 1.03 ± 0.25 MPa, a ≈1340% increase when compared to Neat–3.0. A similar increase 

in UTS was also observed for Low–40–1.5 and Low–40–3.0, which exhibited UTS values 

of 1.16 ± 0.44 MPa and 0.89 ± 0.22 MPa, respectively. The largest increase in UTS was 

observed for soft composites containing 40 wt % High MW lignin. Specifically, the UTS 

of High–40–1.5 was measured as 2.08 ± 0.53 MPa, a ≈2800% increase when compared 

Figure 4.2. Ultimate tensile strength values for neat PVA (solid black bars) and PVA–
lignin composites containing BCL (solid green bars), Low MW (solid red bars), and 
High MW (solid blue bars). Note, the error bars in the figure represent the standard 
deviation of the average, which was calculated from repeat measurements on at least 
three separate membranes. 
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to Neat–3.0, though no appreciable difference was observed between the UTS values of 

High–40–1.5 and High–40–3.0. Along with the results of the solubility tests shown in 

Appendix B, the observed increase in UTS with lignin loading supports the assertion that 

lignin is actively participating in the crosslinking process (i.e., condensation reaction 

forming chemical crosslinks). If the lignin were not participating in the chemical 

crosslinking that forms the network structure of the soft composites, we expect the lignin 

chains would slide past each other when the hydrogels were being pulled, potentially 

resulting in a lower value of UTS, which we do not see in any of our lignin-containing 

composites.  

Manipulation of lignin MW had a noticeable impact on the UTS values of the hydrogel 

composites, though this impact was most pronounced in soft composites with a lignin 

content of 25 wt %. For example, comparing Low–25–1.5 and High–25–1.5, we observe 

an 800% increase in the UTS. Further, comparing Low–40–3.0 and High–40–3.0, we see 

an ≈140% increase in UTS. We attribute this increase to the longer lignin chains in the 

High MW lignin fraction, as increases in polymer MW have historically been shown to 

result in improved strength (i.e., improved UTS).275,276 Interestingly, the same trend of 

increasing strength with increasing lignin MW does not hold when these samples are 

compared to their BCL-containing counterparts. For example, there was no measurable 

difference in UTS values among soft composites containing 25 wt % Low (Low–25–1.5, 

0.12 ± 0.05 MPa) and BCL (BCL–25–1.5, 0.18 ± 0.06 MPa ) MW lignin. However, this 

same behavior does not apply to 40 wt % Low- and BCL-containing samples. In fact, a 

decrease in UTS (from 1.16 ± 0.44 MPa to 0.54 ± 0.22 MPa) was observed when the 
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lignin MW was increased (Low–40–1.5 vs. BCL–40–1.5). While the reason behind this 

peculiar behavior is not fully understood, we posit that 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 these soft composites less predictable. Further, given that the ALPHA process 

simultaneously fractionates and purifies the BCL, this difference may also be a result of 

the higher impurities (i.e., higher metals content) present in this lignin prior to 

fractionation. When considering the difference in ash content before and after fractionation 

(0.89% for BCL, 0.02% for High), these values are very low, and as such, the reason for 

these differences in UTS are most likely a result of difrerences in MW and Ð.  Lastly, the 

largest increase in UTS was seen when the lignin and GA content were 40 wt % and 3.0 

wt %, respectively, where an almost two orders of magnitude increase in strength from 

0.07 ± 0.02 MPa (Neat–3.0) to 2.10 ± 0.43 MPa (High–40–3.0) was observed.  

Next, dynamic mechanical analysis was performed to characterize the storage moduli 

of the composite hydrogels. This technique is commonly employed to characterize changes 

in the network structure (e.g., crosslinking density) of crosslinked materials.89,155,176 For 

this analysis, all experiments were performed in tensile mode. The storage modulus values 

of the hydrogel composites, at a frequency of 10 rad s-1, are shown in Figure 4.3. The full 

frequency sweeps from 0.1 rad s-1 to 100 rad s-1 can be found in Figures B.2–5 in Appendix 

B. Note, there are no values reported in Figure 4.3 for the following samples (indicated by 

a star): (1) Neat–1.5; (2) Low–25–1.5; and (3) Low–25–3.0 – these samples were too soft 

to mount in the apparatus. As such, the storage modulus of these hydrogels is expected to 

be <0.09 MPa, which is the lowest value of storage modulus successfully measured. The 
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introduction of lignin generally resulted in an increase in storage modulus, apart from soft 

composites containing BCL at a GA content of 1.5 wt %, as these hydrogels exhibited 

similar storage moduli to that of Neat–3.0. The impact of lignin MW, as well as lignin and 

crosslinker concentration on the storage modulus of the soft composites can be seen from 

the data presented in Figure 4.3. For instance, soft composites containing 25 wt % High 

Figure 4.3. Storage modulus values for neat PVA (solid black bars) and PVA–lignin 
composites containing BCL (solid green bars), Low MW (solid red bars), and High MW 
(solid blue bars). All experiments were measured in tensile mode. Note, the error bars 
in the figure represent the standard deviation of the average, which was calculated from 
repeat measurements on at least three separate membranes. Also note, stars denote 
samples whose storage moduli could not be measured as these samples were too soft to 
be mounted in the apparatus. 
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MW lignin and 3.0 wt % GA (High–25–3.0) exhibited storage moduli that were higher 

than any of the other Low MW- and BCL-containing soft composites, even when compared 

to composites containing 40 wt % Low MW and BCL. This difference is further magnified 

when the High MW content is increased to 40 wt %. When considering soft composites 

fabricated with 1.5 wt % GA, we observe an ≈860% increase in storage modulus (from 

0.24 ± 0.02 MPa to 2.30 ± 0.56 MPa) when the High MW content increases from 25 wt 

% to 40 wt %. We observe a similar increase in storage modulus (from 0.60 ± 0.08 MPa 

to 4.39 ± 0.69 MPa; ≈630% increase) when comparing High–25–3.0 and High–40–3.0. 

These results are consistent with those previously reported by Rajan et al.,89 where an 

increase in 𝐸% with increasing lignin concentration was observed.  

Next, when comparing soft composites containing 40 wt % Low MW to their High 

MW counterparts, we observe noticeable increases in the storage moduli with increasing 

molecular weight. Specifically, when comparing Low–40–1.5 to High–40–1.5, we see 

≈830% increase in storage modulus from 0.25 ± 0.01 MPa to 2.30 ± 0.56 MPa. 

Additionally, we see over an order of magnitude increase in storage modulus when 

comparing Low–40–3.0 to High–40–3.0 (from 0.36 ±  0.02 MPa to 4.39 ± 0.69 MPa). We 

again attribute these increases in storage moduli to the longer lignin chains present in the 

High MW-containing soft composites, as such increases in storage modulus with increases 

in polymer molecular weight have been previously reported.277,278 Finally, we also observe 

a direct impact on the storage modulus as a result of changes in the concentration of 

crosslinker. With respect to High MW-containing hydrogels, we observe an increase in 

storage modulus of ≈90% when the concentration of GA is doubled to 3.0 wt % (2.30 ± 
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0.56 MPa vs. 4.39 ± 0.69 MPa), demonstrating a tightening of the network structure. 

Additionally, previous work has shown that increasing the crosslinker concentration in 

PVA-based hydrogels leads to increases in storage modulus,279,280 further supporting the 

results we observe with increasing GA content. 

To further elucide the impact of lignin MW and content, as well as GA content on the 

network structure of the composite hydrogels, the storage moduli obtained from DMA were 

used to calculate the molecular weight between crosslinks (𝑀!) of the hydrogels (using eqn 

4.1). The 𝑀!  values for all the hydrogel composites are shown in Figure 4.4. Note, there 

are no values reported in Figure 4.4 for the following samples (indicated by a star): (1) 

Neat–1.5; (2) Low–25–1.5; and (3) Low–25–3.0 – no storage modulus was obtained from 

DMA for these hydrogels. Note, to help the reader more directly visualize correlations 

between changes in 𝑀!  and changes in measured mechanical properties of the soft 

composites, plots of the various measured mechanical properties vs. 𝑀!  have been 

provided in Appendix B (see Figures B.6–B.9). As seen in Figure 4.4, apart from BCL–

40–1.5 and High–25–1.5, all soft composites have smaller 𝑀!  values than the neat PVA 

hydrogels, which is indicative of a tighter network structure for these hydrogels. We also 

observed a noticeable decrease in 𝑀!  for all soft composites when the GA content was 

increased from 1.5 wt % to 3.0 wt %. For example, when comparing BCL–25–1.5 to BCL–

25–3.0, we observed a ≈20% decrease (from 4.84 ± 0.47 kg mol-1 to 3.88 ± 0.32 kg mol-

1) in the molecular weight between crosslinks. This reduction in 𝑀!  with increasing GA 

content is even more pronounced when the BCL content is increased to 40 wt % where we 
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see a ≈65% decrease when comparing BCL–40–1.5 to BCL–40–3.0. The largest reduction 

in 𝑀!  with GA increase was observed in High-containing samples where a ≈70% decrease 

was observed when comparing High–25–1.5 to High–25–3.0 (from 8.23 ± 0.47 kg mol-1 

to 2.60 ± 0.03 kg mol-1). This is not necessarily surprising given the higher concentration 

of branched lignin chains281 in these samples. A similar decrease, though not quite as large, 

Figure 4.4. The molecular weight between crosslinks values for neat PVA (solid black 
bars) and PVA–lignin composites containing BCL (solid green bars), Low MW (solid 
red bars), and High MW (solid blue bars). Note, the error bars in the figure represent 
the standard deviation of (at least three) repeat experiments. Also note, stars denote 
samples whose storage moduli could not be measured, and consequently 𝑀! , as these 
samples were too soft to be mounted in the apparatus. 
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is observed for soft composites containing Low MW lignin. Again, this general decrease 

in 𝑀!  with increasing crosslinker content demonstrates a tightening of the network 

structure, which is reflected in the UTS values measured for these soft composites. 

Focusing our attention on soft composites containing 40 wt % Low MW and High MW 

lignin, we observe a significant decrease in 𝑀!  when simply increasing the lignin MW 

fraction from Low to High, underscoring the impact of the ALPHA process. For example, 

when comparing Low–40–1.5 (6.08 ± 0.45 kg mol-1) with High–40–1.5 (1.10 ± 0.01 kg 

mol-1), there is an ≈80% decrease in 𝑀! . The same behavior is seen for Low–40–3.0 (4.21 

± 0.11 kg mol-1) and High–40–3.0 (0.56 ± 0.01 kg mol-1), our lowest reported sample, 

where there is ≈90% decrease in 𝑀! . This decrease in 𝑀!  between soft composites 

containing Low MW and High MW lignin may be a result of increased crosslinking of the 

–OH groups of the High MW lignin and PVA, a higher degree of physical entanglements 

due to the more branched structure of the High MW lignin, or more than likely, some 

combination of both.  

If we focus our attention on soft composites containing High MW lignin, we observe 

the impact of lignin loading in reducing the 𝑀!  of the resulting network structure. For 

example, when the lignin loading was increased from 25 wt % to 40 wt %, there was ≈90% 

decrease in 𝑀!  when comparing High–25–1.5 (8.23 ± 0.47 kg mol-1) with High–40–1.5 

(1.10 ± 0.01 kg mol-1). This same behavior was seen in High MW samples containing 3.0 

wt % GA. When considering BCL-containing samples, we do not see this same reduction 

in 𝑀! . Instead, the 𝑀!  increased when lignin loading was increased from 25 wt % to 40 wt 

% at 1.5 wt % GA concentration. Correlating trends with these BCL-containing samples 



 

 103 

(BCL–25–1.5, BCL–40–1.5) becomes more uncertain when considering the water uptake 

values, shown later in this paper, for these two samples represent a decrease in water uptake 

characteristic of a decrease in 𝑀!  and tighter network structure. Similar to what was stated 

above, we believe 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 these soft 

composites less predictable. Further, as the ALPHA process simultaneously fractionates 

and purifies the BCL, this unusual behavior could also be the result of higher impurities 

(i.e., higher metals content) present in this lignin prior to fractionation, limiting access to 

the –OH groups of the BCL needed for chemical crosslinking.  

To further characterize the mechanical properties of the soft composites, the stiffness 

of the hydrated hydrogels was investigated via mechanical indentation. The compressive 

Young’s moduli for the hydrogel composites are shown in Figure 4.5. Note, here the phrase 

“hydrated Young’s modulus” refers to the Young’s modulus of the water-swollen 

hydrogels – i.e., after the hydrogels were equilibrated in liquid water for at least 48 hours 

prior to the measurement. For reference, the Young’s moduli of hydrated Neat–1.5 and 

Neat–3.0 are approximately 0.30 MPa and 0.10 MPa, respectively. As seen in Figure 4.5, 

the introduction of lignin resulted in a significant increase in the Young’s modulus, where, 

for example, High–40–3.0 exhibited over an order of magnitude increase in 𝐸 (12.77 ± 

0.97 MPa). This trend is expected as lignin is a stiff filler (glass transition temperature >100 

°C) and thus its addition to the softer PVA (especially once the PVA has been plasticized 

upon hydration) should result in an increase of the Young’ modulus. Overall, for each 

lignin type, there are two trends observed in the data shown in Figure 4.5: (1) the stiffness 
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of the hydrogels increases as the lignin content is increased and (2) the stiffness of the 

hydrogels increases as the GA content is increased.  The increase in 𝐸 with increasing 

lignin content can be attributed a higher concentration of stiff filler (lignin) and lower 

concentration of soft host polymer (PVA).  When considering the increase in 𝐸 with 

Figure 4.5. Hydrated Young’s modulus results for neat PVA (solid black bars) and 
PVA–lignin composites containing BCL (solid green bars), Low MW (solid red bars), 
and High MW (solid blue bars). Note, the error bars in the figure represent the standard 
deviation of (at least three) repeat experiments. 
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increasing GA content, this is attributed to the tighter network structure (i.e., smaller mesh 

size) created by fabricating the hydrogels with a higher crosslinker content.282,283 

With respect to increasing GA content, for example, we observed a two-fold increase 

in modulus from 3.96 ± 0.32 MPa (High–25–1.5) to 7.91 ± 0.65 MPa (High–25–3.0) when 

the GA content was increased from 1.5 wt % to 3 wt %. However, as seen with the DMA, 

the systematic impact of lignin MW on the mechanical properties of the soft composites is 

only observed for hydrogels containing Low MW and High MW lignin. That is, at the same 

lignin and GA contents, the hydrated Young’s modulus of High MW lignin-containing 

hydrogels was always significantly higher than those of their Low MW lignin counterparts. 

For example, comparing Low–25–3.0 to High–25–3.0, we observed an almost four-fold 

increase in 𝐸, from 2.11 ± 0.08 MPa to 7.91 ± 0.65 MPa. This increase in modulus 

between soft composites containing Low MW and High MW lignin is attributed to 

increased crosslinking of the –OH groups of the High MW lignin and PVA, a higher degree 

of physical entanglements due to the more branched structure of the High MW lignin, or 

more than likely, some combination of both.  

In contrast, while the overall MW of the BCL was approximately four times higher 

than that of the Low MW lignin (MW,app » 16,100 g mol-1 vs. MW,app » 3,900 g mol-1), BCL– 

40–3.0 was the only soft composite to exhibit a higher value of 𝐸 than its Low MW lignin 

counterpart. For all other compositions, hydrogels containing Low MW lignin exhibited 

higher hydrated Young’s modulus. If we combine these results with those obtained from 

DMA, we see that hydrogel composites with the highest lignin content have both the 

highest elastic modulus and highest UTS. Specifically, High–40–3.0 demonstrated both the 
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highest UTS and Young’s modulus, while pristine PVA showed the lowest modulus and 

the lowest UTS. These results underscore the benefits of the ALPHA process, whereby the 

molecular weight of the lignin, as well as the lignin purity, can be controlled and utilized 

to directly manipulate the mechanical properties of the soft composites.   

4.3.3 Equilibrium Water Uptake 

To elucidate the impact of lignin MW and content, as well as GA content on the 

hydration properties of the composite hydrogels, the equilibrium water uptake of each 

hydrogel was measured (using eqn 4.3). The equilibrium water uptake values of neat PVA 

and all PVA–lignin composites are summarized in Figure 4.6. The highest equilibrium 

water uptake values were observed for Neat–1.5 and Neat–3.0, where values of 2240 ± 

380% and 2850 ± 540%, respectively, were measured. The introduction of lignin, in 

general, resulted in a decrease in equilibrium water uptake of the composite hydrogels, 

especially when the GA content was 3 wt %. For example, soft composites containing BCL 

(BCL–25–3.0, 750 ± 63%), Low MW (Low–25–3.0, 1170 ± 79%), and High (High–25–

3.0, 470 ± 110%) MW lignin demonstrated lower water uptake values than Neat–1.5 (2240 

± 380%). Hydrogels containing BCL and Low MW lignin at 25 wt % and 1.5% GA 

demonstrated similar water uptake values to Neat–1.5. This result agrees with UTS 

measurements on these membranes, where hydrated Neat–1.5 and Low–25–1.5 were too 

soft to mount in the apparatus, indicating a more open network structure (i.e., larger mesh 

sizes), and thus, higher water uptake for these composites. As seen in the other mechanical 

property measurements, altering the lignin content had a significant impact on the resulting 

equilibrium water uptake. For example, when the content of Low MW lignin was increased 
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from 25 wt % (Low–25–1.5, 2010 ± 140%) to 40 wt % (Low–40–1.5, 440 ± 1.8%), an 

almost five-fold decrease in equilibrium water uptake was observed.  

An analogous change in water uptake behavior with increasing lignin content is 

observed for soft composites containing BCL and High MW lignin, irrespective of 

Figure 4.6. Equilibrium water uptake results for results for neat PVA (solid black bars) 
and PVA–lignin composites containing BCL (solid green bars), Low MW (solid red 
bars), and High MW (solid blue bars).  Note, the error bars in the figure represent the 
standard deviation of (at least three) repeat experiments. 
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crosslinker concentration prior to fabrication. This observed decrease in water uptake is 

consistent with the increased Young’s modulus. With a tighter mesh size (i.e., smaller 𝑀!), 

one would expect lower water uptake to naturally follow. Most notably, High–40–1.5 and 

High–40–3.0 exhibited the largest reduction in water uptake as compared to Neat–1.5, 

where an order of magnitude reduction was observed. This significant decrease in 

equilibrium water uptake can be attributed to the high content of relatively hydrophobic 

lignin, as well as the low molecular weight between crosslinks calculated for these samples. 

This lower equilibrium water uptake also agrees with UTS and hydrated Young’s modulus 

characterizations, where these two soft composites exhibited the highest UTS and elastic 

modulus. Another important observation from Figure 4.6 is the water uptake behavior of 

BCL-containing composites. Interestingly, BCL–25–3.0 exhibited lower equilibrium water 

uptake than BCL–40–1.5, which was not a behavior observed in Low and High MW lignin 

hydrogels. These results again underscore the unpredictability in final properties of soft 

composites synthesized with unfractionated BCL, further highlighting the benefit of using 

more well-defined lignin from the ALPHA process. 

4.3.4 Scanning Electron Microscopy (SEM) Imaging 

To provide more insight into the impact of lignin and GA content, as well as lignin 

MW, on the network structure, the water-swollen network structure of the soft composites 

was directly imaged using scanning electron microscopy (SEM). The images of neat PVA, 

as well as PVA–lignin composites containing BCL, Low MW lignin, and High MW lignin 

are shown in Figures 4.7, 4.8, and 4.9, respectively. Note, for ease of comparison, the SEM 

images for Neat–1.5 and Neat–3.0 have been reproduced in each figure. Note, due to the 
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nature of any microscopy-based technique, special care must be taken to ensure selected 

images are genuinely representative of the overall structure and not simply a localized 

outlier. To ensure a confident conclusion could be drawn, the single SEM image shown for 

each sample in Figures 4.7–4.9 was selected as it best represented the 20+ areas of each 

sample that were analyzed under the electron microscope. Interestingly, we see a drastic 

difference in network structure between neat PVA membranes at 1.5 wt % and 3.0 wt % 

GA. Specifically, the hydrated structure of Neat–1.5 is more well defined, with pores on 

the order of 1-2 µm, while the crosslinked network structure of Neat–3.0 is not evident. 

The relatively undefined network structure may help to explain why Neat–3.0 had the 

lowest UTS and hydrated Young’s modulus, along with one of the highest equilibrium 

water uptake values.   

Next, when considering composites containing BCL in Figure 4.7, we observe that the 

introduction of lignin has a noticeable impact the hydrated network structure of the soft 

composites. Specifically, the introduction of 25 wt % BCL resulted in a tightening of the 

network structure, both for BCL–25–1.5 (Figure 4.7b) and BCL–25–3.0 (Figure 4.7e), 

where smaller pores can be seen in these SEM images. The tighter network structure of 

these composites correlates with the improved values of UTS, storage modulus, and 

hydrated Young’s modulus for these samples. However, when the BCL content is increased 

to 40 wt %, the network structure of the soft composites becomes less defined, with higher 

heterogeneity, exhibiting an overall ‘loosening’ of the network structure. This breakdown 

of the network structure seen in BCL–40–1.5 may explain why these hydrogels exhibited 

similar mechanical properties to soft composites containing only 25 wt % BCL. It appears 
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that while the network structure of these soft composites becomes disrupted when the BCL 

content is increased from 25 wt % to 40 wt %, the large MW distribution of the BCL 

ultimately serves to reinforce the mechanical integrity of the BCL-containing hydrogels, 

where the UTS and Young’s modulus values increased from  ~0.4 MPa to ~1.0 MPa and 

~1.8 MPa to ~7 MPa (both at a GA content of 3.0 wt %), respectively. 

Next, focusing our attention on soft composites containing Low MW lignin (Figure 

4.8), we observe that these hydrogels generally have well-defined crosslinked network 

structures, apart from Low–25–1.5, which exhibited a diffuse, loosely crosslinked network. 

The network structure of the Low–25 hydrogels noticeably improves when the crosslinker 

content is increased to 3.0 wt %. The improved network structure was seen to result in 

improved hydrogel stiffness, as the Young’s modulus was seen to increase from ~1.8 MPa 

Figure 4.7. SEM images for (a,d) neat PVA and (b,c,e,f) PVA–lignin composites 
containing unfractionated BCL lignin. Specific labels, following the nomenclature 
listed in Table 4.1, are provided below each SEM image. Also note, the scale bar in all 
the images is 5 µm. 
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to ~2.1 MPa. However, this did not translate to improved yield stress for these membranes, 

as these samples were too soft to mount (in tensile mode) for characterization of the storage 

modulus and exhibited some of the lowest UTS values. This result may be due to overall 

low MW of the Low MW lignin fraction utilized. It is not until the content of Low MW 

lignin is increased to 40 wt % that we begin to see a correlation between the network 

structure and enhanced mechanical properties. For example, the values of UTS, storage 

modulus, and hydrated Young’s modulus of hydrogels containing 40 wt % Low MW lignin 

are similar to those measured for BCL- containing hydrogels at the same lignin content, 

even though those samples did not form well-defined networks. We attribute the improved 

network structure of soft composites in Figure 4.8 to improved homogeneity of the starting 

Figure 4.8. SEM images for (a,d) neat PVA and (b,c,e,f) PVA–lignin composites 
containing Low molecular weight lignin. Specific labels, following the nomenclature 
listed in Table 4.1, are provided below each SEM image. Note, the SEM images of neat 
PVA are the same as those shown in Figures 4.7a and 4.7d. Also note, the scale bar in 
all the images is 5 µm. 
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Low MW lignin obtained from the ALPHA process. A slight tightening of the network 

structure can be observed for hydrogels containing 40 wt % Low MW lignin when the GA 

content was doubled from 1.5 wt % (Figure 4.8c) to 3.0 wt % (Figure 4.8f). This shrinking 

of the network structure is supported by the slight increase in storage modulus, and 

subsequent decrease in 𝑀! , as seen in Figures 4.3 and 4.4, respectively.  

Finally, when considering hydrogels containing High MW lignin, we observe a 

noticeable expansion of the network structure with the introduction of 25 wt % High MW 

lignin (Figure 4.9b).  When the GA content is doubled to 3.0 wt % (Figure 4.9e), we 

observe a tightening of the network structure, indicating an increase in crosslink density 

for these hydrogels. The tightening of the network structure between High–25–1.5 and 

High–25–3.0 is indicated by increases in storage (~0.2 MPa vs. ~0.6 MPa) and Young’s 

moduli (~4 MPa vs. ~8 MPa), as well as a decrease in 𝑀!  (~8.2 kg mol-1 vs. ~2.6 kg mol-

1). Surprisingly, the equilibrium water uptake values for these two membranes were similar, 

where no measurable difference was observed (see solid blue bars in Figure 4.6). When the 

High MW lignin content is increased to 40 wt %, we observe that only membranes 

containing 3.0 wt % GA formed an ordered, relatively homogeneous crosslinked network 

structure with pores on the order of 1 µm (Figure 4.9f), while those containing 1.5 wt % 

GA did not exhibit a well-defined crosslinked structure (Figure 4.9c) with pores larger than 

those seen in High–40–3.0. The improved network structure of High–40–3.0, when 

compared to High–40–1.5, is validated by increases in both the storage (~2.3 MPa vs. ~4.4 

MPa) and Young’s moduli (~8 MPa vs. ~13 MPa) of these soft composites. As the 

equilibrium water uptake values for these two membranes are the same, we believe these 
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improved mechanical properties can be directly attributed to the improved network 

structure of High–40–3.0. However, the translation of an improved network structure to 

improved mechanical properties was not seen for all cases as both samples exhibited 

similar values for UTS (see solid blue bars in Figure 4.2). Overall, when comparing the 

SEM images in Figures 4.7, 4.8, and 4.9, it is apparent that the ALPHA process has a 

profound impact on the network structure of these composite PVA–lignin hydrogels. In 

Figures 4.8 and 4.9, there were distinguishable trends with the introduction of lignin, as 

well as changes in both lignin and GA contents within each series containing Low and 

High lignin obtained from the ALPHA process. In contrast, hydrogels containing BCL (see 

Figure 4.9. SEM images for (a,d) neat PVA and (b,c,e,f) PVA–lignin composites 
containing High molecular weight lignin. Specific labels, following the nomenclature 
listed in Table 4.1, are provided below each SEM image. Note, the SEM images of neat 
PVA are the same as those shown in Figures 4.7a and 4.7d. Also note, the scale bar in 
all the images is 5 µm. 
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Figure 4.7) exhibited inconsistent trends and very heterogeneous network structures, which 

is potentially a result of the higher dispersity in MW for the feed (raw) lignin. 

4.4 Conclusion 

In conclusion, we have successfully synthesized robust, free-standing PVA–lignin 

composite hydrogels containing two concentrations of unfractionated (referred to as BCL) 

and fractionated (referred to as Low and High MW) lignin (25 wt % and 40 wt %). The 

fractionated lignin was obtained by subjecting the BCL to the ALPHA process, which 

simultaneously fractionated and purified the BCL feed. Additionally, the hydrogel 

composites were fabricated with varying concentrations of glutaraldehyde, a traditional 

crosslinker for PVA hydrogels, which forms covalent crosslinks by consuming –OH 

groups via a condensation reaction under acidic conditions. The mechanical properties of 

the hydrated composites were characterized via UTS, Young’s modulus, and dynamic 

mechanical analysis. Increases in UTS were seen with the introduction of lignin, along with 

increases in lignin concentration from 0 wt % to 25 and 40 wt %. Increases in UTS, storage 

modulus, and Young’s modulus were also observed when the lignin MW was increased 

from Low MW to High MW, demonstrating the impact lignin MW has on the network 

structure and mechanical properties of these composite membranes. When considering the 

tunable mechanical properties, these soft composites could prove suitable for biomedical 

applications, particularly where modulus matching is imperative for injectable in vivo 

hydrogels designed for tissue engineering applications. Results from the DMA analysis 

were utilized to calculate the 𝑀!  of the PVA–lignin composites, where noticeable 

decreases in 𝑀!  were seen when the GA concentration was doubled from 1.5 wt% to 3.0 
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wt %. This decrease in molecular weight between crosslinks was also seen as a general 

decrease in equilibrium water uptake with increasing GA content. SEM was employed to 

directly image the water-swollen network structure of the various soft composites. Notably, 

more control over forming a well-defined, homogeneous network structures was observed 

for Low MW- and High MW-containing samples, alluding to the importance of the 

ALPHA process in lowering the dispersity of (and purifying the) lignin prior to hydrogel 

synthesis.  
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CHAPTER FIVE 
 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

Hydrogel composites containing PVA and lignin were fabricated using two different 

fabrication methods. In one route, lignin was first functionalized with a vinyl-containing 

acrylate functional group that was verified by 1H NMR and 31P NMR. Upon 

functionalization, lignin chains were able to free radically crosslink with themselves, along 

with PVA chains that were thermally crosslinked, creating an interpenetrating network of 

PVA and lignin chains. These PVA-lignin hydrogel composites demonstrated an effective 

reduction of methylene blue permeability, where the highest performing sample showed 

an over two orders of magnitude reduction in MB permeability. Characteristic increases in 

Young’s modulus were measured with the introduction of lignin, which was supported by 

reductions in the molecular weight between crosslinks.  

Incorporating lignin of high dispersity into PVA hydrogels lead to a wide range in MB 

permeability measurements. Notably, the impact of the ALPHA-fractionation process had 

a profound impact on the resulting transport properties of the PVA-lignin hydrogel 

composites where an enhancement in the repeatability of MB permeability experimentation 

was discovered. This improved repeatability in permeability, as evidenced by a one order 

of magnitude decrease in standard deviation, underscores the importance of incorporating 

lignin of narrow, prescribed molecular weights with low ash content to homogenize the 

network structure of these hydrogel composites, unlocking fundamental structure-process-

property relationships in this emerging class of soft materials. 
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In another fabrication pathway, PVA and lignin were crosslinked via condensation 

reaction whereby glutaraldehyde was utilized as the crosslinker under acidic conditions. A 

traditional crosslinking method for PVA hydrogels is via condensation with GA during 

which hydroxyl groups are consumed along PVA chains. Due to a high abundance of 

hydroxyl groups along its chemical structure, lignin was able to actively participate in this 

chemical crosslinking process whereby lignin chains were able to crosslink with both PVA 

and other lignin chains. This crosslinking mechanism was confirmed via solubility test 

during which pure lignin chains reacted under acidic conditions in the presence of GA were 

unable to redissolve back into solution. A full mechanical characterization was performed 

on this series of PVA-lignin hydrogel composites where characteristic increases in UTS, 

storage modulus, and Young’s modulus were observed with increases in lignin content, 

lignin molecular weight, and crosslinker concentration. Additionally, these general 

increases in mechanical properties correlated with decreases in equilibrium water uptake 

and decreases in molecular weight between crosslinks. These decreases were supportive of 

a general shrinking of the network structure which was visually observed via SEM 

imaging. When considering the SEM images taken, high dispersity, BCL-containing 

samples demonstrated a loosely connected network structure with little to no ordering or 

pore structure. The importance of the ALPHA-fractionation process was seen in SEM 

imaging where Low- and High-containing samples displayed a more ordered, porous-like 

structure, alluding to the formation of a more homogeneous network structure when 

narrower, low dispersity lignin is utilized in PVA hydrogel composites.  
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In all, this Dissertation aimed to elucidate the role of lignin in this emerging class of 

green materials where most of the literature utilizes lignin of high dispersity, obfuscating 

the ability to uncover fundamental structure-process-property relationships. By utilizing 

lignin of narrow dispersity, these soft materials can be tuned and optimized for various 

separation applications and potentially tissue engineering avenues where modulus 

matching is of importance. 

5.2 Future Work 

5.2.1 General Future Work 

All work in this Dissertation aims to uncover fundamental structure-process-property 

relationships in PVA-lignin hydrogel composites. While PVA is a very popular and useful 

polymer, it would be useful to see how other polymers behave with ALPHA-fractionated 

lignin. When considering the ALPHA process and its inability to predict dispersity upon 

processing, it would be beneficial to develop a method to fractionate two lignin samples 

that have the same MW, but different dispersity.  

5.2.2 Elucidating the Impact of Lignin Dispersity on PVA-Lignin Hydrogel Composites 
Containing Lignin of Constant Molecular Weight 

The ALPHA process allows for the fractionation of lignin into prescribed molecular 

weights above or below the molecular weight of the feed lignin. One of the underlying 

issues with the process is the inability to predetermine the dispersity of the lignin prior to 

fractionation. For instance, if a particular molecular weight was produced in two separate 

processes, there is no way to be sure their dispersity will be the same. It is also very 

challenging to obtain the same exact molecular weight between two fractionations. This 
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creates a lot of inconsistency in lignin obtained from the process, meaning all lignin used 

in a particular study must be acquired from one large fractionation. 

An avenue of work that would be interesting to investigate in continuing this project 

would be to optimize the ALPHA process such that multiple batches of the exact same 

molecular weight were generated, all containing varying dispersity. One would then 

fabricate PVA-lignin hydrogels containing lignin of identical MW and ranges of Ð. A full 

characterization of mechanical and transport properties would then be performed as seen 

in Chapters 3 and 4 to elucidate the impact of dispersity on these characteristic properties. 

This would resolve the issue that currently resides in all investigations of this Dissertation 

where both lignin MW and Ð differentiate between lignin samples, making it challenging 

to delineate whether MW or Ð is impacting changes in results for hydrogel composites. 

In Chapter three of this Dissertation, it was highlighted how the dispersity of lignin had 

an impact on the scatter of permeability for methylene blue. The two samples contained 

CBL and UCL lignin of different molecular weight and dispersity. When considering two 

properties are changing between the CBL and UCL containing samples, it would be 

interesting to create samples containing lignin of the same molecular weight, and widely 

different dispersity. Performing these experiments would reveal the impact of dispersity on 

MB permeability and repeatability of measurements. 
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5.2.3 Elucidating PVA-Lignin Hydrogel Composites for the Removal of Hexavalent 
Chromium 

Much research in the literature has investigated lignin-based materials for separations 

applications tailored towards the adsorption and removal of hexavalent chromium from 

water. Using a similar approach as seen in Chapter 4, it would be interesting to see the 

impact of lignin molecular weight, lignin concentration, and glutaraldehyde crosslinker 

concentration on the removal of hexavalent chromium from water via adsorption from a 

source of water, or static permeation as seen in Chapter 3 with methylene blue. 

5.2.4 Characterizing Lignin Hydrogel Composites Crosslinked with Chitosan or Cellulose 

Much research in the literature has investigated chitosan and cellulose hydrogels for 

various applications in the biomedical space. When considering the presence of hydroxyl 

groups in both chitosan and cellulose, along with the chemistry present in Chapter 4 that 

exploited hydroxyl groups along PVA and lignin chains, it would be interesting to see what 

kinds of materials could be formed crosslinking lignin with either chitosan or cellulose via 

condensation reaction and glutaraldehyde. These materials could serve suitable for tissue 

engineering or drug delivery, and would be a completely biopolymer based material that 

no longer contains a traditional, petroleum-based polymer. 

5.2.5 Characterizing Methylene Blue Solubility into Lignin Hydrogel Composites  

It was shown in Chapter 3 that methylene blue both adsorbs into and permeates through 

PVA-lignin hydrogel composites. To better understand the impact of adsorbed MB into the 

films during these experiments, it would be beneficial to measure the maximum solubility 

of MB into the hydrogel composites. This would provide context towards what percentages 
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of MB are remaining in the membrane or permeating through, uncovering a better 

understanding between partition coefficient, solubility, and diffusivity for this system. It 

would also provide insight as to the relationship between amount of lignin in the sample 

and concentration of MB adsorbed. 

5.2.6 Characterizing the Mesh Size Lignin Hydrogel Composites Saturated with Methylene 
Blue 

To better understand the network structure during MB permeation experiments, it 

would be advantageous to perform small angle neutron scattering (SANS) measurements 

on lignin-hydrogel composites before and after saturation with MB. As we know from 

Chapter 3, methylene blue both adsorbs into and permeates through PVA-lignin hydrogel 

composites to the receiving reservoir. During the MB adsorption process, the overall mesh 

size for the hydrogel composite is more than likely decreasing in size due to MB particles 

remaining in the membrane. Performing SANS measurements and acquiring a mesh size 

would provide context towards how much the mesh size changes before and during a MB 

permeation experiment for this system. As a result, correlations could be drawn between 

changes in mesh size with increases in lignin content leading to decreasing MB 

permeabilities.  
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Appendix A 

A.1 1H NMR Spectroscopy 
 

As mentioned in the Experimental Section of Chapter 3, 1H NMR was performed on 

the lignins pre- and post-functionalization to confirm the addition of the vinyl-containing 

acrylate groups.  The results from this analysis are shown in Figure A.1.   

As seen in Fig. A.1, the NMR peaks associated with the aliphatic and aromatic –OH groups 

decrease after acrylation. This decrease in spectral peaks associated with the –OH groups 

is accompanied by the emergence of broad  peak centered around 6.2 ppm, which is 

indicative of the hydrogens on the C=C double (i.e., double bond a vinyl group). 

A.2 Hydroxyl (–OH) Content of Crude Bulk and Ultraclean Lignins 

The hydroxyl content of the unfunctionalized and functionalized crude bulk lignins 

(CBLs) and ultra-clean lignins (UCLs) was determined from the 31P NMR spectrum for 

Figure A.1. 1H NMR spectra of unfunctionalized (dotted blue line) and functionalized 
(solid red line) (a) ultraclean lignin (UCL) and (b) crude bulk lignin (CBL). 
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each sample (shown in Figures 3.3a and 3.3c in Chapter three). A summary of these data 

is presented in Table A.1. 

Table A.1. Aliphatic and aromatic hydroxyl (–OH) content for both unfunctionalized 
(UF) and functionalized (F) crude bulk lignins (CBLs) and ultraclean lignins (UCLs)  
 

Type of 
lignin 

Aliphatic –OH 
Aromatic –OH 

syringyl (S) guaiacyl (G) p-hydroxyl phenol (H) 
(mmol OH/g lignin) (mmol OH/g lignin) 

CBLs     

UF 1.88 0.64 2.25 0.38 

F 0.23 0.59 1.14 0.40 

UCLs     

UF 1.60 0.64 2.40 0.43 

F 0.44 0.26 1.06 0.22 

 

A.3 Infrared Characterization of UCLs and CBLs 

To further confirm successful functionalization of the UCLs and CBLs, the lignins were 

analyzed using FTIR spectroscopy using a Thermo Scientific Nicolet iS50R 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-1. FTIR spectra of pre- and post-

functionalized UCLs and CBLs are presented in Figures A.2a and A.2b, respectively.  
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A.4 Thermal Stability of Composite Hydrogels 

To confirm the stability of the fabricated hydrogels at lower temperatures, the 

hydrogels were cut and soaked in DI water, at room temperature (~20 °C) for at >120 days. 

Following this initial soaking, the membranes were exposed to increasing temperatures to 

visually detect the thermal stability of the composite membranes when compared to the 

thermally-crosslinked PVA hydrogel. A summary of the images for each membrane, at 

each temperature, is provided in Table A.2. 

 

 

 

 

Figure A.2. FTIR spectra of unfunctionalized (dashed blue line) and functionalized 
(solid red line) for (a) ultraclean lignin and (b) crude bulk lignin. 
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Table A.2. The following table contains images of the two series PVA–lignin hydrogel 
composite membranes under hydration at temperatures ranging from room temperature 
(~25 °C) to 80 °C. Note, the first column shows the membranes that have been under 
hydration for >120 days. 

 20 °C, >120 
days  

40 °C, 4 h 60 °C, 4 h 80 °C, 4 h 80 °C, 24 h 

Neat PVA 

     

PVA–UCL–10UF 

     

PVA–UCL–20UF 

     

PVA–UCL–10F 

     

PVA–UCL–20F 

     

PVA–UCL–50UF 

     

PVA–CBL–10UF 

     

PVA–CBL–20UF 
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PVA–CBL–10F 

     

PVA–CBL–20F 

     

PVA–CBL–50UF 

     
 

 As seen in Table A.2, all of the PVA–lignin composite hydrogels are stable in room 

temperature water for >120 days. 
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Appendix B 

B.1 Solubility Investigation of Crosslinked and Uncrosslinked Lignin 

To verify successful chemical crosslinking of lignin using glutaraldehyde (GA) as a 

crosslinker, the solubility of unmodified lignin, as well as lignin samples that were prepared 

with GA in both neutral and acidic conditions (pH ≈ 3) in dimethyl sulfoxide (DMSO) was 

investigated. Note, we first tried to verify chemical crosslinking via NMR; however, lignin 

samples that were fabricated with GA in acidic conditions would not dissolve in the 

necessary NMR solvent. Furthermore, we do not have access to solid-state NMR at 

Clemson University. However, we believe the approach described below adequately 

(though indirectly) verifies chemical crosslinking of the lignin using GA as the crosslinker. 

Briefly, High MW lignin was placed into a scintillation vial (Vial A) containing DMSO 

and stirred until all lignin completely dissolved into solution. In a separate vial (Vial B), 

High MW lignin and GA, at a concentration of 3 wt % (with respect to lignin), was stirred 

in DMSO (containing no acid) until all the lignin dissolved. A third vial (Vial C) containing 

High MW lignin and GA, at a concentration of 3 wt % (with respect to lignin), was stirred 

in DMSO (with sulfuric acid added dropwise until a pH ≈ 3 was reached) until all lignin 

dissolved. Vial B and Vial C were then placed into an oven under partial static vacuum 

(~10 inHg) at 60 °C for 36 h or until all DMSO was removed. This heat treatment procedure 

follows the same one used in fabricating the PVA–lignin composite membranes detailed 

in the Experimental Section. After drying, fresh DMSO was added to the samples in Vial 

B and Vial C and the solution was stirred for >1 h.  
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The aforementioned three lignin samples, in their respective scintillation vials, are 

shown in Figure S1. Note, each vial contains 15 mL of DMSO, at a lignin concentration of 

2.64 mg mL-1. As seen in Figure B.1, the lignin contained in Vials A and B have completely 

dissolved, creating a transparent, brown solution. However, as seen in Vial C, the lignin 

crosslinked with GA under acidic conditions was unable to redissolve when fresh DMSO 

was added back. The inability of this lignin sample to completely dissolve verifies chemical 

crosslinking is occurring between the lignin and the GA chains in our fabrication process. 

 

Figure B.1. Scintillation vials containing DMSO and (a) unmodified High MW lignin, 
(b) heat-treated High MW lignin + glutaraldehyde (fabricated with no sulfuric acid), 
and (c) heat-treated High MW lignin + glutaraldehyde (fabricated in a sulfuric acid 
solution with pH ≈ 3).  
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B.2 Hydroxyl (–OH) Content of BioChoice™ and ALPHA-Fractionated Lignin 

The hydroxyl (–OH) contents of the feed BioChoice™ lignin (BCL), along with the 

ALPHA-fractionated Low MW and High MW lignin were determined via 31P nuclear 

magnetic resonance (NMR) spectrum for each sample. A summary of these data is 

presented in Table B.1. 

 
Table B.1. Quantitative hydroxyl (–OH) content for BCL, Low MW lignin, and High 
MW lignin used in the synthesis of the PVA–lignin hydrogels. All values are reported in 
mmol OH/g lignin. 
 

Lignin 
Fraction Aliphatic Syringyl 

(S) 
Guaiacyl  

(G) 
p-hydroxyphenyl 

(H) 
Carboxylic 

Acid Total 

 BCL 2.01 0.76 2.09 0.32 0.53 5.71 
Low MW 1.80 0.78 2.29 0.33 0.65 5.85 
High MW 1.99 0.80 1.96 0.32 0.52 5.59 

 
 

B.3 Dynamic Mechanical Analysis (DMA) of Lignin Soft Composites 
 

As mentioned in Experimental Section 4.2.7, DMA was performed on the PVA–lignin 

hydrogel composites in tensile mode over a frequency range of 0.1 to 100 rad s-1.  The full 

DMA frequency sweep results – i.e., the storage modulus – for all PVA–lignin hydrogel 

composites containing BCL lignin are shown in Figure B.2.  As seen in Figure B.2, the 

storage modulus values for all BCL samples remain relatively constant over the entire 

range of frequencies explored. Notably, for both soft composites containing 25 wt % and 

40 wt % lignin, there is a statistically significant increase in storage modulus when the 
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crosslinker concentration (glutaraldehyde (GA)) was increased from 1.5 wt % to 3.0 wt %, 

alluding to the tighter network structure formed in these membranes. For example, the 

storage modulus of BCL–40–3.0 (0.39 ± 0.01 MPa) is observed to be almost four-fold 

higher than that of BCL–40–1.5 (0.09 ± 0.01 MPa). A t test analysis reveals that these 

values are statistically significant for a 95% confidence interval with a p-value of 0.0252. 

Interestingly, within the uncertainty (error) of the data, almost no difference in the storage 

modulus is observed when the lignin content was increased to 40 wt %. The high 

variability/error in the data is an indirect indication of the increased heterogeneity of the 

Figure B.2. Dynamic mechanical analysis spectra from 0.1 to 100 rad s-1 for BCL 
molecular weight lignin-based PVA hydrogel composites. Note, the error bars in the 
figure represent the standard deviation of the average, which was calculated from repeat 
measurements on at least three separate membranes. 
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BCL lignin. We will revisit this shortly when presenting the data for soft composites 

containing fractionated, cleaned lignin. 

The full DMA frequency sweep results – i.e., the storage modulus – for all PVA–lignin 

hydrogel composites containing the high molecular weight lignin are shown in Figure B.3. 

Analogous to the behavior observed for BCL-containing samples, the storage modulus 

values for all High-containing samples remain relatively constant over the entire range of 

frequencies explored. In contract to the BCL storage modulus values shown in Figure B.2, 

there is noticeably less variability/error in the data for High-containing samples. We 

Figure B.3. Dynamic mechanical analysis spectra from 0.1 to 100 rad s-1 for High 
molecular weight lignin-based PVA hydrogel composites. Note, the error bars in the 
figure represent the standard deviation of the average, which was calculated from repeat 
measurements on at least three separate membranes. 
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attribute this to the High lignin being fractionated from the Aqueous Lignin Purification 

with Hot Agents (ALPHA) process, creating membranes with more homogeneous network 

structures and higher repeatability from a membrane fabrication standpoint. 

As was seen with the BCL-containing samples, there is a significant increase in storage 

modulus when the GA concentration was increased from 1.5 wt % to 3.0 wt %, alluding to 

the tighter network structure formed in these membranes. Specifically, the storage modulus 

of High–40–3.0 is observed to be almost double that of High–40–1.5. Interestingly, there 

are increases in storage modulus when the lignin concentration was increased from 25 wt 

% to 40 wt %, alluding to the tighter network structure formed in these membranes. For 

instance, the storage modulus of High–40–3.0 is observed to be almost four-fold that of 

High–25–3.0. 

The full DMA frequency sweep results for PVA–lignin hydrogel composites 

containing 40 wt % low molecular weight lignin are shown in Figure B.4. Note, as 

mentioned in the main text of Chapter 4.3.2, Low–25–1.5 and Low–25–3.0 were too soft 

to mount into the apparatus, and hence, no data for these two membranes are shown in 

Figure S4. As seen with BCL- and High-containing soft composites, the storage moduli for 

hydrogels containing 40 wt % low molecular weight lignin remain relatively constant over 

the entire range of frequencies explored. Further, there was a statistically significant (p-

value is 0.008 for a 95% confidence interval) increase in the storage modulus when the GA 

concentration was increased from 1.5 wt % (Low–40–1.5, 0.25 ± 0.01 MPa) to 3.0 wt % 

(Low–40–3.0, 0.36 ± 0.02 MPa), again, alluding to the tighter network structure formed in 

these membranes. In contrast to the data shown in Figure B.2, the data from soft composites 
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containing the low molecular weight lignin showed significantly lower error/variability 

between individual samples. In combination with the high error/variability observed for 

the data in Figure B.2, these results underscore the significance of incorporating lignin of 

narrow dispersity into soft hydrogel composites. Lignin fractionated from the ALPHA 

process has demonstrated a significant impact on the repeatability of lignin-based soft 

composites and the lessening of their variability/error in storage modulus experimentation. 

Figure B.4. Dynamic mechanical analysis spectra from 0.1 to 100 rad s-1 for Low 
molecular weight lignin-based PVA hydrogel composites. Note, the error bars in the 
figure represent the standard deviation of the average, which was calculated from repeat 
measurements on at least three separate membranes. 
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The full DMA frequency sweep results for neat PVA hydrogel composites containing 

0 wt % lignin are shown in Figure B.5. Note, as mentioned in the main text of Chapter 

4.3.2, Neat–1.5 were too soft to mount into the apparatus, and hence, no data for this 

membrane is shown in Figure B.5. 

B.4 Molecular Weight Between Crosslinks versus Other Properties 

To better illustrate the correlation between changes in mechanical properties with 

changes in molecular weight between crosslinks (𝑀!) of the various soft composites, the 

Figure B.5. Dynamic mechanical analysis spectra from 0.1 to 100 rad s-1 for neat PVA 
hydrogel composites. Note, the error bars in the figure represent the standard deviation 
of the average, which was calculated from repeat measurements on at least three 
separate membranes. 
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ultimate tensile strength (UTS), storage modulus, hydrated Young’s modulus, and 

equilibrium water uptake have been plotted vs. 𝑀!  in Figures B.6, B.7, B.8, and B.9, 

respectively. Specifically, data for the  𝑀!  was plotted on the right y-axis of the bar charts 

shown in the main body of Chapter 4.3.2. 

 

Figure B.6. Ultimate tensile strength values for neat PVA (solid black bars) and PVA–
lignin composites containing BCL (solid green bars), Low MW (solid red bars), and 
High MW (solid blue bars). The molecular weight between crosslinks values for neat 
PVA (open black circles) and PVA–lignin composites containing BCL (open green 
squares), Low MW (open red diamonds), and High MW (open blue triangles). Note, the 
error bars in the figure represent the standard deviation of the average, which was 
calculated from repeat measurements on at least three separate membranes. Also note, 
stars denote samples whose storage moduli could not be measured as these samples 
were too soft to be mounted in the apparatus. 
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Figure B.7. Storage modulus values for neat PVA (solid black bars) and PVA–lignin 
composites containing BCL (solid green bars), Low MW (solid red bars), and High MW 
(solid blue bars). The molecular weight between crosslinks values for neat PVA (open 
black circles) and PVA–lignin composites containing BCL (open green squares), Low 
MW (open red diamonds), and High MW (open blue triangles). Note, the error bars in 
the figure represent the standard deviation of the average, which was calculated from 
repeat measurements on at least three separate membranes. Also note, stars denote 
samples whose storage moduli could not be measured as these samples were too soft to 
be mounted in the apparatus. 
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Figure B.8. Hydrated Young’s modulus values for neat PVA (solid black bars) and 
PVA–lignin composites containing BCL (solid green bars), Low MW (solid red bars), 
and High MW (solid blue bars). The molecular weight between crosslinks values for 
neat PVA (open black circles) and PVA–lignin composites containing BCL (open green 
squares), Low MW (open red diamonds), and High MW (open blue triangles). Note, the 
error bars in the figure represent the standard deviation of the average, which was 
calculated from repeat measurements on at least three separate membranes. Also note, 
stars denote samples whose storage moduli could not be measured as these samples 
were too soft to be mounted in the apparatus. 
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Figure B.9. Equilibrium water uptake values for neat PVA (solid black bars) and PVA–
lignin composites containing BCL (solid green bars), Low MW (solid red bars), and 
High MW (solid blue bars). The molecular weight between crosslinks values for neat 
PVA (open black circles) and PVA–lignin composites containing BCL (open green 
squares), Low MW (open red diamonds), and High MW (open blue triangles). Note, the 
error bars in the figure represent the standard deviation of the average, which was 
calculated from repeat measurements on at least three separate membranes. Also note, 
stars denote samples whose storage moduli could not be measured as these samples 
were too soft to be mounted in the apparatus. 
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Appendix C 

C.1 All Properties of Lignin Hydrogels Containing SLRP and BCL Lignin 

The following tables present valuable information and characteristic property values for 

hydrogels containing ALPHA-fractionated lignin from the SLRP process. Nomenclature is 

as follows: PVA–lignin MW–lignin loading content (%) and UF/F for whether it was 

functionalized or not prior to fabrication. 

Table C.1. Number average molecular weight and dispersity for CBL lignin acquired 
from the SLRP process and fractionated, UCL lignin. 
 

Lignin 
Number Average 
Molecular Weight 

(g mol-1) 

Dispersity 
(Đ) 

CBL (SLRP) 4170 3.9 
UCL 1250 2.2 

 

Table C.2. MB permeability, hydrated Young’s modulus, and equilibrium water uptake 
for hydrogels containing UCL and CBL lignin. 
 

Sample MB Permeability 
(cm2 s-1) 

Hydrated Young’s 
Modulus 

(MPa) 

Equilibrium Water 
Uptake 

(%) 
PVA–Neat 5.05E-10 ± 3.3E-11 8.46 ± 0.21 145 ± 11 

PVA–UCL–10UF 2.05E-10 ± 6.6E-12 6.23 ± 0.20 145 ± 6 
PVA–UCL–10F 1.86E-10 ± 1.0E-11 7.95 ± 0.13 128 ± 4 

PVA–UCL–20UF 2.66E-12 ± 2.4E-13 7.58 ± 0.14 112 ± 3 
PVA–UCL–20F 2.89E-11 ± 5.0E-12 7.09 ± 0.12 121 ± 2 

PVA–UCL–50UF N/A 14.08 ± 0.17 93 ± 7 
PVA–CBL–10UF 1.58E-10 ± 5.5E-11 11.69 ± 0.25 119 ± 2 
PVA–CBL–10F 1.21E-10 ± 4.2E-12 12.09 ± 0.16 120 ± 2 

PVA–CBL–20UF 1.84E-11 ± 3.5E-12 9.52 ± 0.28 102 ± 1 
PVA–CBL–20F 4.87E-11 ± 6.9E-12 9.08 ± 0.48 100 ± 2 

PVA–CBL–50UF N/A 12.13 ± 0.52 64 ± 2 
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Table C.3. Molecular weight between crosslinks values for hydrogels containing UCL 
and CBL lignin. 

Sample 
Molecular Weight Between 

Crosslinks 
(g mol-1) 

PVA–Neat 710 ± 3 
PVA–UCL–10UF 770 ± 46 
PVA–UCL–10F 579 ± 15 

PVA–UCL–20UF 432 ± 15 
PVA–UCL–20F 666 ± 64 

PVA–UCL–50UF 355 ± 45 
PVA–CBL–10UF 595 ± 2 
PVA–CBL–10F 567 ± 6 

PVA–CBL–20UF 401 ± 20 
PVA–CBL–20F 392 ± 7 

PVA–CBL–50UF 349 ± 53 
 

The following tables present valuable information and characteristic property values 

for hydrogels containing ALPHA-fractionated lignin from BioChoice™(BCL). 

Nomenclature is as follows: lignin MW–lignin loading content (%)–crosslinker 

concentration (%). 

Table C.4. Weight average molecular weight and dispersity for BCL, Low, and High 
MW lignin. 

Lignin 
Weight Average Molecular 

Weight 
(g mol-1) 

Dispersity 
(Đ) 

BCL 16100 3.9 
Low 3900 3.2 
High 25400 3.1 
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Table C.5. Ultimate tensile strength, storage modulus, molecular weight between 
crosslinks, and hydrated Young’s modulus values for samples containing BCL, Low, and 
High lignin. 

Sample 

Ultimate 
Tensile 
Strength  
(MPa) 

Storage 
Modulus 

(MPa) 

Molecular 
Weight 

Between 
Crosslinks 
(kg mol-1) 

Hydrated 
Young’s 
Modulus 

(MPa) 

Neat–1.5 0.14 ± 0.02 N/A N/A 0.31 ± 0.03 
Neat–3.0 0.07 ± 0.02 0.10 ± 0.01 7.86 ± 0.34 0.12 ± 0.02 

Low–25–1.5 0.12 ± 0.05 N/A N/A 1.76 ± 0.10 
Low–25–3.0 0.16 ± 0.04 N/A N/A 2.11 ± 0.08 
Low–40–1.5 1.16 ± 0.44 0.25 ± 0.01 6.08 ± 0.45 4.51 ± 0.36 
Low–40–3.0 0.89 ± 0.22 0.36 ± 0.02 4.21 ± 0.11 5.19 ± 0.30 
BCL–25–1.5 0.18 ± 0.06 0.13 ± 0.02 4.84 ± 0.47 0.61 ± 0.04 
BCL–25–3.0 0.35 ± 0.22 0.30 ± 0.13 3.88 ± 0.32 1.77 ± 0.04 
BCL–40–1.5 0.54 ± 0.22 0.09 ± 0.01 10.19 ± 0.14 1.82 ± 0.07 
BCL–40–3.0 1.03 ± 0.25 0.39 ± 0.10 3.76 ± 0.01 7.02 ± 0.41 
High–25–1.5 1.08 ± 0.24 0.24 ± 0.02 8.23 ± 0.47 3.96 ± 0.32 
High–25–3.0 0.63 ± 0.3 0.60 ± 0.08 2.60 ± 0.03 7.91 ± 0.65 
High–40–1.5 2.08 ± 0.53 2.30 ± 0.56 1.10 ± 0.01 7.69 ± 0.61 
High–40–3.0 2.10 ± 0.43 4.39 ± 0.69 0.56 ± 0.01 12.77 ± 0.97 
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Table C.6. Equilibrium water uptake values for samples containing BCL, Low, and High 
MW lignin. 

Sample 
Equilibrium Water 

Uptake 
(%) 

Neat–1.5 2240 ± 380 
Neat–3.0 2850 ± 550 

Low–25–1.5 2010 ± 140 
Low–25–3.0 1170 ± 80 
Low–40–1.5 440 ± 2 
Low–40–3.0 460 ± 50 
BCL–25–1.5 2130 ± 610 
BCL–25–3.0 750 ± 60 
BCL–40–1.5 1020 ± 10 
BCL–40–3.0 460 ± 110 
High–25–1.5 350 ± 20 
High–25–3.0 470 ± 110 
High–40–1.5 220 ± 10 
High–40–3.0 220 ± 14 
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Appendix D 

D.1 Inductive Coupled Plasma Analysis, and Ash Content for SLRP and BCL Lignin 

The following tables present inductive coupled plasma (ICP) analysis for SLRP and BCL 

lignin, along with their post fractionation values.  

Table D.1. ICP values for SLRP and BCL lignin. 

Lignin Potassium 
(ppm) 

Sodium 
(ppm) 

Total metals 
(ppm) 

SLRP 314 1401 8680 
ALPHA processed SLRP 33 70 849 

BioChoice 569 7157 2281 
ALPHA processed BioChoice 81 649 192 

 

Table D.2. Ash content values for BCL, Low and High MW lignin. 

Lignin Ash content at 750 °C 

BCL 0.89% 
Low 0.02% 
High 0.07% 
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