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SUMMARY 

Sustainability is multifaceted. The paper industry is centered around the use of a 

renewable and biodegradable material: cellulose. However, the sustainability of paper is 

not only reliant on the material itself, but on the process used to produce paper. A trade-off 

when processing cellulose into paper, compared to production of materials from fossil fuel-

based polymers, is the inherent hydrophilicity of cellulose and consequently the 

requirement of large amounts of energy to dry the water during production. More recent 

advancements introduce cellulose nanofibrils (CNFs) as additives in papermaking to 

improve properties and potentially replace plastics for multi-layer packaging applications. 

The trade-off is that their micron and nanosized features require even greater amounts of 

energy to produce and to dry compared to typical cellulose fiber pulps. To achieve greater 

sustainability of CNFs and products made from them, methods to reduce the energy needed 

to dry are necessary and one strategy is to design the chemicals in the cellulose slurry to 

improve drainage prior to evaporative drying.  

This thesis explores formulation decisions to make paper manufacturing more 

sustainable through increasing percent solids with the use of CNFs and polyelectrolyte 

complexes (PECs). By increasing the percent solids of the wet paper web that enters the 

evaporative dryer, the sustainability and energy efficiency of the paper-making process can 

be improved. Going through the thesis formulation decisions were explored from small to 

larger scales, starting from studying molecular interactions between cellulose and 

polyelectrolytes and ending with consumer decisions and policy implications.  



 xxiii 

At the molecular scale, this thesis aims to determine how electrostatic interactions 

and the selection of solid-like precipitate or liquid-like coacervate forming PECs enhances 

the interactions of the PECs to cellulose fibers and how this improves water retention and 

increases percent solids. This work specifically studies the effects of mixing order and the 

selection of polyamine polycations of differing hydrophobicity on the rate of assembly, 

flocculation and morphology in suspension, and phase-dependent interactions of PEC and 

CNFs and how these affect the water retention values when they are added to CNF slurries. 

The findings are then applied to the formation of handsheets at a larger bench scale and 

realistic CNF and PEC loadings that are typically used in paper formulation with the overall 

aim to improve standard pulp and paper properties including: percent solids, tensile 

strength and opacity.  

Finally, the role of manufacturing decisions and consumer behavior on increasing 

sustainability through increasing the flow of CNF and polyelectrolyte packaging is 

explored. Because sustainability is becoming an increasingly important issue to consumers, 

they want to know that their actions, particularly through their purchasing decisions and 

disposition behaviors, are not negatively affecting the environment. Increasing solids in 

this case means achieving the highest useable post-consumer material through a circular 

economy with manufacturing and consumer behavior.  

The results of this thesis show how appropriate polyelectrolyte selection and 

experimental parameters give insights into molecular interactions and can be scaled up to 

useful properties and outcomes to improve the sustainability of papermaking.  
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CHAPTER 1. BACKGROUND 

Parts of this chapter were adapted from publications in Polymers and ACS Omega. 

Khan, N. Zaragoza, N. Travis, C. Goswami, M., Brettmann, B.K., Polyelectrolyte complex 

coacervate assembly with cellulose nanofibers. ACS Omega 2020, 5, 28, 17129-17140. 

https://doi.org/10.1021/acsomega.0c00977 

Khan, N., Brettmann, B. Intermolecular interactions in polyelectrolyte and surfactant 

complexes in solution. MDPI Polymers, 2019,11(51). 

https://doi.org/10.3390/polym11010051 

 

The information in this chapter is the background related to the sustainability of paper 

manufacturing. Specifically, this chapter focuses on the current state of research related to 

papermaking formulations with cellulose nanofibers and polyelectrolyte complexes (PECs) 

and the interactions of the materials with each other and with water.  

1.1 Papermaking 

 The pulp and paper industry is one of the largest  in the world. The United States 

produces more than 70 million tons of paper and paperboard in a year and is the second 

largest producer in the world 1.  The market value of the paper mills in 2021 amounts to 

34.6 million dollars 1.  Consequently, paper is a technology that is both personally and 

societally important. In 2019 Americans consumed 73 million tons of paper and board in 

the United States2.  

 The pulp and paper industry aims to improve its sustainability particularly with 

respect to its energy usage 3,4. In the US, it is one of the largest manufacturing users of 

https://doi.org/10.1021/acsomega.0c00977
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energy, using 400 trillion Btu of energy for paper drying in 2010 to produce 83 million 

tons of paper and paperboard 3. Consequently, the Alliance for Pulp & Paper Technology 

Innovation (APPTI) has a goal of reducing purchased energy in the paper-making process 

3.  

 Because the dryer section uses about 20% of the total energy for the papermaking 

process, among many approaches to decreasing energy usage is to increase the percent 

solids in the paper web going into the dryer section 3,5. The industry has specifically set a 

goal to increase solids from 45-55% to 65% by 2030 to improve the energy efficiency of 

the process 3. 

Figure 1-1 depicts a typical paper-making machine setup. Starting from the wet end, 

first a pulp slurry or suspension is dispensed from the headbox onto a wire mesh in the 

forming section. Here water is drained out by gravity or  vacuum. The resulting wet fiber 

web moves to the press section, where additional water is pressed out from the fibers and 

into an absorbent felt, resulting in a percent solids of approximately 45-55% of the paper 

web 3,4. After this, the web goes through a dryer section where steam-heated rollers dry the 

web and increase solids to around 90- 95% 3,4. Additional sizing or coating steps can be 

applied before calendaring and rolling up of the dry paper web 6,7. There are many areas 

for improvement in this process but the largest energy demand in the paper-making process 

is at the dryer section 3,4. 
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Figure 1-1 Simplified papermaking setup showing typical percent water through the 

sections in the papermaking process.  

 One approach to increase percent solids before the dryer section is to better 

formulate the paper furnish in the wet end of the process. A formulation can be defined as 

the components of a mixture that serve a specific purpose relating to processability or 

function of the final processed mixture.  The basic components of a paper furnish include 

cellulose fibers and water 7. Additionally, additives such as polyelectrolytes and fillers are 

often included and are responsible for imparting various properties such as strength, 

drainage, bulk, etc. 7–9. 

1.2 Cellulose fibers in papermaking 

Cellulose fibers are the major component in paper and paper-based products. 

Cellulose fibers come in pulp form after they are separated from biomass such as wood or 

crops or wastepaper by mechanical or chemical processing.  Cellulose fibers from chemical 

and mechanical pulps have different physical features such as longer fiber lengths from 

chemical pulping and the processes result in different yields, non-cellulosic content, energy 

for consumption, and costs 7. Additional processing to obtain fibers from recycled and post-

consumer streams also lead to physical and chemical changes of the fibers including 

reduced fibrillation 7,10. These physical and chemical differences can be utilized to make 
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paper-products of different grades and provide various functions. The different attributes 

of various pulp types such as surface area, porosity, and chemical functional groups on 

their surface also dictate their behavior during the papermaking and for the final paper 

properties 11. Particularly important for sustainable water and energy consumption is how 

these attributes result in the retention of water and drainage during sheet formation.   

The characteristic features of cellulose fibers at different length scales explains their 

affinity and high retention of water 12,13. Starting from the molecular level, cellulose is 

composed of a repeating monosaccharide beta-d glucose unit 14,15. The hydroxyl groups on 

the ring structure make it highly hydrophilic, as it can easily hydrogen bond with water 

15,16. Next, the cellulose chains form microfibrils and then several microfibrils together 

form microfibril bundles 13,15,17. Amphiphilicity of the cellulose molecule leads to 

structured crystalline and disordered amorphous areas that form twists in the microfibrils. 

These then dictate the distribution of water molecules near the surface of and inside 

accessible hydrophilic portions of the microfibril bundles 17. Finally, microfibril bundles 

make up the bundle networks that then form the lamellae of the layered cell wall 17. The 

cell wall also accounts for pores that retain water and allow for swelling of the fibers.15,18  

Besides structure, other factors also contribute to the adsorption of water in cellulose 

fibers, including the presence of  chemical components left from residual wood and 

biomass, such as water-soluble hemicelluloses and ligno-cellulosics 16,19,20. These can 

contribute negatively charged species such as xylan and gluconic acid which are solvated 

by water 21. Additional processing, chemical refining with Kraft or sulfite extraction and 

bleaching can contribute charged species like carboxylic acid and sulfonic groups, which 

also contribute to the attraction of water 16,20. Mechanical pulping and increased refining, 
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including homogenization, create highly fibrillated fibers with a large surface area, which 

then swell and retain more water 22–24.  

During the formation of a paper web, components of the paper formulations and 

pulps affect dewatering and the retention of water. The presence of high surface area and 

small fibers called fines in the slurry or present on the surface of larger fibers adds 

significant processing challenges in terms of retaining water, drainage during web 

formation, and drying of the sheet. Fines are defined as the fraction of pulp able to pass 

through a mesh screen having a hole diameter of less than 76 µm 25,26 . These can be fibers, 

particles, or fillers that are added to pulp slurry 26.  Fines have their own morphology, 

surface area, and consequently their own intrinsic water retention capacity 22,23,27. Figure 

1-2 depicts how compared to fibers, fines alone or with fibers decrease dewatering and can 

densify fiber pads, while some fillers can allow for open structure and less dense fiber mats 

that allow water to drain 28,29.  
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Figure 1-2. Features of cellulose fibers, fines and additives that reduce water expelled 

during the formation of a paper web in the forming section. The number of droplets in the 

image represent volume drained during formation.  

Several mechanisms have been proposed to explain how fines block drainage during 

fiber mat formation. These include the Kozeny-Carman model, the Choke-point model, or 

fiber mat densification. The Kozeny-Carman model describes the resistance to flow of a 

liquid through a packed-bed 28,30. For paper web formation, it highlights that the resistance 

of water through the forming web is influenced by the void fraction and size and shape of 

the bed material.  Specifically, it indicates that fibers with the highest specific surface area 

will dewater the least 30–32. In the Choke-Point model, initially fines are free from the fiber 

surface and can move or have mobility but become stuck at points during the formation of 

a mat and then block or slow down water moving through the voids in the overall fiber 

network 30,33. Finally, the fiber mat densification model expands on the ideas of the Choke-

point model by considering how the location of fines in a mat of paper can affect its overall 

structure 30,34. Here fines can act as spacers or fillers that either "bridge" or "fill" spaces 

between fibers respectively 30. 

1.3 Cellulose nanomaterials in papermaking and properties 
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 Cellulose fibers used for paper-making depend on the fiber source, but are generally 

in the millimeter (100s of microns) scale for length and micron for width (10s of microns) 

7,35. These can be further broken down and processed to create cellulose nanomaterials 

(CNMs) 12,14,36. CNMs have sizes on the submicron scale (1 to 100 nanometer width and 

100 to 1000 nm length)  and high aspect ratios (>1000 for CNFs 36,37). Their small size 

gives them advantageous properties not realized by other cellulosic additives previously 

12,38, but they are also energetically expensive to manufacture and convert  into marketable 

products 36,39–41. 

 CNMs can be made from chemical, mechanical, or recycled pulps, and are 

subjected to additional significant mechanical or chemical processing beyond typical paper 

pulps as depicted in Figure 1-3 36,42. CNFs and cellulose microfibrils (CMFs) are formed 

from strong mechanical shearing that breaks down pulp fibers until they are in the micron 

and nanoscale 12,43,44. They can also be referred to by their percent fines content or amount 

of energy imparted on the fibers in kWh/T into producing fines 36. Refining up to 90 to 

95% fines is typical to achieve micron and nanoscale fibrils 45and requires large amounts 

of gross energy with each pass in a homogenizer 36,45. It has been found that energy costs 

increase with increasing fines content and are in the thousands of kWh/MT 36,45. However, 

the amount of homogenization and percent fines needed can be optimized for the desired 

final paper properties and 90 to 95% fines is not always necessary 45. Still, the appropriate 

minimum content of CNF to achieve desired properties will also have implications on the 

amount of energy needed to dry CNF-containing paper.  
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Figure 1-3. Cellulose nanocrystals and cellulose nanofibers from virgin or recycled 

cellulose sources can be made from acid hydrolysis or refining, respectively.  

 CNFs can be further modified and subjected to pretreatments including enzymatic 

12,46,47, sulfonation 48, and TEMPO oxidization 49,50. The addition of carboxyl 38,51 or 

charged groups to the surface of CNFs can further enhance properties and functionality 

needed for a required product performance 38 but the incorporation of these hydrophilic 

and charged species means more attraction to water and therefore will make functionalized 

CNF more difficult to dry 5,52. Alternatively, the incorporation of hydrophobic species or 

modification is possible but is primarily done to increase compatibility with hydrophobic 

components or for specific properties such as increasing softness, because they otherwise 

interfere with the bonding of hydrophilic fibers and additives 7. Overall, the combination 

of physical modification to high surface area and high fines content and chemical 

modification both increase the processing challenges of draining and removing water.    

 Despite the processing challenges and costs related to making and using CNFs, 

their high surface area and ability to be functionalized offer many advantageous qualities 
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in terms of product functionality include increased strength to weight ratio and barrier 

properties 53. Their high strength to weight ratio has been cited to be above  that of metals 

such as titanium or aluminum alloys 41,54. Decreasing the weight of composites compared 

to other inorganic fillers to get the same properties is advantageous because lighter 

composites can reduce cost of transportation and decrease fuel consumption 41, which can 

lower the costs passed on to the consumer. The strength also implies stronger more durable 

products, which consumers can keep for longer before needing to waste. 

 Consequently, CNFs are already used in several products including non-durable 

paper items such as bath tissue, diapers, and durable such as sports equipment, electronics, 

tires, and cement. Furthermore, their use in new value-added consumer products beyond 

current forest products is expected to grow by 3% in GDP of Finland  by 2030 41. This 

coupled with the continuous increase in US personal consumption expenditure of all goods 

from 3.6 trillion USD in 2012 to 4.5 trillion USD in 2019 55 implies that the value CNFs 

will provide in terms of enhancing product performance and their impact on the economy 

will be large.  

 CNFs and CNCs also offer advantages for improving sustainability despite the 

initial energetic costs. CNFs, like most paper and paper-based products, are largely 

obtained from forest products i.e., trees and other lignocellulosic biomass, making them 

bioderived 12,43. Given that CNFs and cellulose are made of beta-d-glucose, they are also 

biodegradable 56. This is advantageous as an alternative to fossil-based plastics, particularly 

in single use items such as plastic packaging 43. For multi-layer packaging, CNF and CNCs 

can be an alternative to plastic when used as a coating or a layer that has the ability to 

improve both water vapor transmission (WVT) and oxygen transmission properties 43,57,58 
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. Low oxygen and moisture barriers are key barrier property parameters to ensure the 

products within the packaging stay intact and shelf-life is maximized 43,58.  

 Their potential to be an alternative to plastic to achieve barrier properties in multi-

layer and container packaging is particularly promising for waste management and the 

circular economy 59. With the smaller size of CNMs comes significant processing 

challenges that that require high energy inputs and are costly. Also, with size comes the 

potential to use and extract CNMs from various and new waste streams, while obtaining 

the same properties as those extracted from virgin materials 41. 

 While CNMs can be made from a variety of virgin and recycled sources, 

particularly for CNFs, fibers that can achieve higher fibrillations through mechanical 

refining are needed obtain the required morphology and size for improved properties. 

Fibers from recycled sources can have collapsed fibers and reduced swelling capacity that 

can make high fibrillation through mechanical refining more difficult to achieve 60. 

Consequently, virgin bleached kraft softwoods or bleached chemical softwoods,  are often 

preferred because they give higher yields or better-quality CNFs 61. CNMs from waste and 

agricultural residues such as old corrugated boxes, empty fruit bunch, tobacco, and cane 

straw can also obtain similar final properties such as strength compared to virgin sources 

45,60,62. Therefore, the potential to make CNMs from alternative pulp sources exists and 

may be a more sustainable option.  

 CNFs are incorporated into or with paper of typical virgin or recycled pulp fibers 

in at least three ways, all of which require formulation from a wet slurry 63. CNFs can be 

formed into free-standing nanopaper 45,50,64, forming a barrier coating on another substrate 



 11 

with a method like a slot-die coating 38, or being mixed with pulp fibers in a slurry 65. CNFs 

are typically added to pulps concentrations of 1 to 10 wt.% 23,37,53,65,66, although less than 

5 wt.% is more common. The use of higher concentrations is limited because CNFs become 

more viscous and gel-like with increasing concentrations 38,67, making them difficult to 

flow and consequently process.  

Increasing the loading of CNF in paper has been shown to enhance properties, in 

particular tensile strength 53,65,66 but the processing trade-off is that it also increases water 

retention 23,65,66 and drainage times 27,38,66. To improve drainage and water retention, 

polyelectrolytes and PECs are commonly used in papermaking and can be used with CNFs 

68 as well.   

1.4 Polyelectrolytes and their molecular interactions 

 Polyelectrolytes are polymers with charged or ionizable monomeric units 69. 

Polycations are positively charged and can act as bases, while negatively charged 

polyanions can act as acids 69,70. These charged polymers have several different features 

that can affect their behavior in solution and how they interact with other species 69,7069,70. 

Figure 1-4 illustrates the key polyelectrolyte properties including charge density, structure, 

specific functional groups, hydrophobicity of the backbone and pendants, and weak and 

strong behavior of the polyelectrolytes, which all play a role in the structures formed when 

mixing oppositely charged polyelectrolytes together. Weak polyelectrolytes are those that 

are charged at certain pH values, while strong ones are charged independently of the pH of 

the solution 69–71. 
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Figure 1-4. Schematic of different polyelectrolyte characteristics. 

 The performance and behavior of polyelectrolyte-containing formulations and 

products start from their underlying intermolecular interactions. Manipulating these 

through formulation leads to property changes at larger macroscopic scales. The primary 

governing molecular interaction of polyelectrolytes are electrostatic 70,72, where the two 

components attract (opposite charge) or repel (like charge) due to the presence of charges 

on the chain.  Hydrophobic interactions can also contribute 73,74, where molecules attract 

due to low compatibility with water 75.    

1.4.1 Electrostatic interactions  

 Electrostatic interactions are described by Coulomb’s law, Equation 1, which gives 

the magnitude of the force (F) created by the repulsion or attraction of two charged points 

(q1 and q2) over the squared distance (r) between them. Coulomb’s constant (Ke) accounts 

for the dielectric permittivity of the medium (Dill & Bromberg, 2011)  

 

 𝐹 =
𝐾𝑒𝑞1𝑞2

𝑟2 . (1) 
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The local charge density and the local counterion concentration can be taken into account 

by the Debye-Hückel model to calculate the Debye length (𝜿-1) as described in Equation 

(2).  

 
𝜅−1 = √

𝜀𝑟𝜀0𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
. (2) 

 

where r is the dielectric constant, 0 is the permittivity of free space, kB is the Boltzmann 

constant, T is the temperature, NA is Avogadro’s number, e is the elementary charge, and 

I is the ionic strength of the electrolyte solution. The Debye length is the distance from a 

charge surrounded by other point charges that the interaction potential is screened. This is 

accepted for simple salts, but the model is limited for polyelectrolytes because it treats the 

ions as a point charge. For polyelectrolytes the charges are on functional groups that are 

periodic on the backbone or pendant off of the main chain 69,76. Despite the simplicity of 

the model, the Debye length is often used in theoretical treatments to model the interaction 

between charged chain segments 69,77.  

 The Bjerrum length (λB) is also used to describe electrostatic interactions and is 

defined as the distance between two charges at which the interaction strength is comparable 

in magnitude to the thermal energy, kBT. This is commonly used to describe the strength 

of the electrostatic interaction 69,78,79. Other theoretical treatments extended from the 

Debye-Huckel approximation, such as the Manning parameter and counter-ion 



 14 

condensation theory, can be used to further describe the behavior of charges and counter-

ions on a polymer chain.    

 The most important factors that affect electrostatic behavior are ionic strength 69,80, 

pH 81–83, and counterion valency 69,80,84,85. Because polyelectrolytes have charges along the 

length of the polymer chain, the electrostatic interaction is significant, especially when they 

are fully charged.  70,86–88.  

 In terms of solution ionic strength, increasing the concentration of salt weakens the 

coulombic potential energy between charges 78. At low-salt concentrations, the electrostatic 

interactions are reduced. At high-salt concentrations they can be significantly reduced such 

that polyelectrolytes behave more like neutral polymers in solution 80,89–91.  

 Electrostatic interactions of polyelectrolytes can be manipulated by the pH. If the 

pH is not sufficiently acidic or basic, which depends on the functional group, the 

dissociation of the charge may be reduced or eliminated, resulting in a polymer that is 

essentially neutral and eliminating electrostatic interactions. This has been seen for weak 

polyelectrolytes including poly(methacrylic acid) (PMA) 74,92,93 and polyacrylic acid 

(PAA) 74,92,94. If ionization is significantly reduced with a change in pH, then the chain can 

phase-separate out of solution due to low solubility in water 95–97.  

 Increasing the charge density by increasing the number of charged monomer units 

on a polyelectrolyte chain can increase electrostatic interactions given that distance 

between charges decreases. 87,95,96,98.  

1.4.2 Hydrophobic interactions  
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 Hydrophobic interactions are driven by the repulsion between a non-polar solute, 

such as hydrocarbons, and the surrounding polar solvent, usually water. Water molecules 

are thought to behave as a network of polar molecules in which the hydrogen bonding 

between molecules excludes other solutes 99–101. Consequently, hydrocarbons in particular 

have low solubility and prefer to aggregate with non-polar molecules. These interactions 

are understood from the solubility of a non-polar species in water or a water mixture 102–

104.  

 Charged polyelectrolytes are water soluble and stay in an extended chain 

conformation (rigid rod) in an aqueous or polar solvent due to the favorable interactions 

between the charged monomers and water and repulsion between neighboring charged 

monomers 103. In an uncharged state, the polyelectrolytes can collapse depending on the 

hydrophobicity of the uncharged polymer backbone. In a good or theta solvent, the 

polyelectrolyte will be in a less extended random coil conformation. In a poor solvent, such 

as with a hydrophobic backbone in water, it will be in a collapsed conformation (Figure 

1-5). The thermodynamic change from extended to coil state is driven significantly by 

hydrophobic interactions 102–104.  
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Figure 1-5. Schematic of charged polyelectrolyte conformation in good, theta, or poor 

solvents. 

 The strengths of the hydrophobic interactions are sensitive to many material and 

solution properties, and these can be used to tune parameters in many systems. Briefly, 

some factors that affect hydrophobic interaction strength include temperature 105, co-

solvents/co-solutes 106,107 and alkane chain length 108. 

 Some of these parameters, such as temperature, influence both electrostatic and 

hydrophobic interactions. Additionally, electrostatic interactions can compete with the 

hydrophobic effects. These drive morphology and phase behavior 109–111 when 

polyelectrolytes are complexed with surfaces 71, surfactants 72, or with each other 73,112.  

1.5 Polyelectrolyte complexes 

 When oppositely charged polyelectrolytes are combined, they spontaneously form 

PECs driven by the release of their counter-ions 113,114. These are thought to have various 

configurations including a ladder or scrambled-egg structure, depending on the 
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polyelectrolyte characteristics 70. The complexes can also form different phases, solid or 

liquid and gel-like, depending on experimental conditions as seen in Figure 1-6. For 

example, when one or both oppositely charged polyelectrolytes are strong, they typically 

form a more solid-like and kinetically trapped precipitate phase when combined, whereas 

when weak polyelectrolytes are combined, they can form liquid phase complexes 115.  

 

Figure 1-6. Schematic of the transition of precipitates to coacervate and solution phases 

(top) and precipitates to aggregates and solution phases (bottom) with decreasing 

electrostatic interactions. Red lines, blue lines, red dots, dark blue dots, and light blue 

represent polycations, polyanions, free cation, free anion, and water, respectively. 

Various phases of PECs can be achieved with the selection of individual 

polyelectrolytes to be complexed and other experimental parameters that manipulate the 

electrostatic interactions. Strong polyelectrolytes are fully charged in most pH ranges and 

favor the precipitate phase, which favors transitions to a solution phase with weakened 

electrostatic interactions. Weak polyelectrolytes  can form a precipitate phase when they 

are fully charged, whereas coacervate phase is preferred when there are fewer charged 

groups with lower ionization through pH 116,117. Similarly the coacervate or solution phases 
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for both strong and weak polyelectrolytes can be achieved by reducing the electrostatic 

interactions between the oppositely charged groups by adding salt 116,118,119 and changing 

the molar ratio away from 1:1 charge-match of the charged groups 120,121. Reducing 

concentration of the polyelectrolytes also favors a coacervate or solution phase due to 

reduced number of intrinsic ion pairs 117,120,122. Finally, increasing the temperature reduces 

electrostatic interactions and increases hydrophobic interactions. These can have 

competing effects on the interactions between polyelectrolyte chains and the preference of 

a particular phase depends on the other experimental conditions already described 119,123–

125.  

 Smaller coacervates coalesce into large complexes and will undergo liquid-liquid 

phase separation over time 126,127. As can be expected, the coacervates have large water 

contents, from 50 to 80 wt.% water 127,128 which indicates  a high degree of swelling. 

Illustrations and microscope images of solid-like and liquid-like PECs are shown in Figure 

1-7, respectively.  
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Figure 1-7. Illustration and images (inset) of (A) Solid-like precipitate phase and (B) 

Liquid-like viscous coacervate phase of polyelectrolyte complexes. Scale bars are 25 µm. 

Colored lines represent polymer chains and dots represent salt ions but do not represent 

actual size of the chains or salt relative to the size of the complexes.   

Precipitate properties can also be manipulated using solution composition. 

Typically with precipitates, it is believed that a polyelectrolyte in excess forms a charged 

corona on the outside of complex 129. Added salt can neutralize the charges on the surface, 

which then causes smaller precipitates to aggregate and flocculate together 69,80. The salt 

can also allow for some rearrangement and screening of the chains, which can initially 

increase the size of the complexes before decreasing them to solution phase 130.  In some 

cases, it is possible to have both a combination of precipitate, coacervate, and 

polyelectrolytes free in solution 131. 

Specific experimental factors can be controlled to utilize both electrostatic and 

hydrophobic interactions to binding, structures, and phases of PECs. As mentioned, 

electrostatic interactions are influenced by pH 117,132, charge density 133, and salt 

concentration 132,134. Hydrophobic interactions are influenced by chain length, molecular 

weight or structure of the polyelectrolyte chains 74. Other experimental parameters, such as 

polyelectrolyte concentration 122, stoichiometry 123,135, and mixing procedure 129,136 also 
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impact the formation and properties of the PECs and PEC-containing formulations. In 

altering these parameters, changes in the resulting measured properties of the structures 

and phases include surface charge 137, turbidity (from concentration of PECs) 117,138, 

particle size and aggregation 139.   

 The salt concentration in PEC complex solution is particularly useful for balancing 

electrostatic interactions and achieving a desired coacervate phase. By increasing the 

concentration of salt in a given system, the PEC can transition from a solid precipitate, to 

a gel or liquid-like coacervate phase, and then to a solution phase given a strong enough 

mono or multivalent salt 116. This is because the added salt electrostatically screens the 

intrinsic ion pairs between the oppositely charged chains allowing the chains to become 

more mobile and the liquid-like 124.  

1.6 Polyelectrolytes in papermaking 

 Polyelectrolytes and PECs have been used in paper-making formulation as 

additives  to increase strength, improve drainage, act as retention aids, change flocculation, 

and more 7,121,140–142. Wet chemistry approaches that lead to flocculation and aggregation 

or coating  of the cellulose can decrease water binding and increase the percent solids in 

the web by improving drainage of excess allowing the drying process to be more energy 

efficient 140,143 . Challenges remain in designing these systems to maximize solids content 

while also considering manufacturability. 

 Figure 1-8 shows the three ways that polyelectrolytes interact with cellulose fibers 

during the papermaking process. These are charge neutralization, bridging and 

flocculation, and retention of fines during the forming process. Polycations in particular 
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help with charge neutralization by complexing with negatively charged groups on the fiber 

surface 7,144,145.  This helps dewatering by reducing the number of available charged groups 

that water can form around. Additionally, when the concentration of counterions increases 

in the nearby solution as the polyelectrolytes adsorb, an osmotic pressure difference is 

created between the solution and the water inside cellulose pores, driving water to leave 

the pores and leading to pore collapse21. Depending on the polyelectrolyte properties, 

especially the charge density and molecular weight, the flocculation and aggregation of 

fiber networks can be changed through bridging or charge-patch mechanisms 7,146,147. With 

the charge-patch mechanism, a polycation adsorbs locally onto the surface of a negatively 

charged particle and can completely coat that section of the cellulose fiber. Patches such 

as these cover the entire surface but can attract to and bind uncovered areas on other 

negatively charged particle surfaces 148. In bridging, the polyelectrolyte extends outward 

from one or more tethered points on the surface in the form of loops or tails and can be 

attracted to another surface 148.  Appropriate flocculation of fibers can allow excess free 

water to pass through by changing the overall open structure of the fiber bundles and can 

help improve other properties such as strength. Finally, polyelectrolytes can also be used 

as retention aids, in that they allow for small fines or negatively charged particles to attach 

to the fiber surface and allow bridging between fibers or fines 30,140,147,149. 
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Figure 1-8. Polyelectrolytes or PECs can interact with cellulose fibers (green lines) in 

multiple ways leading to charge neutralization, bridging or flocculation, and retention of 

fines and fillers to the fiber surfaces. These improve the flow through of water (blue 

arrows) during fiber mat formation. The red and blue lines represent polycations and 

polyanions, respectively.    

 

 Typical polycations used in papermaking include cationic starches 3,143,150, 

polyvinyl amines 3,143,151, polyacrylamide 3,140,143,150, polyethyleneimine7 and more. Despite 

negative charge repulsion, anionic polyelectrolytes have also been reported to show some 



 23 

interaction with cellulosic material, particularly in the presence of salt, which screens the 

negative charges 143 . They also tend to create larger flocs of fibers compared to cationic 

ones 143,146 , which in turn change formation of the fiber mat and the time it takes for it to 

drain and forming lab tests 29.  

CNMs can also be chemically modified to have cationic species on its surface and 

can be used for a number of applications. Cationic CNCs have been proposed to be used 

as flocculants for waste-water treatment 152 , CNFs modified to be used as strength and 

bulking additives in papermaking 153, and positively-charged nanopaper filters 154, and can 

be modified with various chemistries to have different positively charged functional groups 

152,153,155. 

 While polycations are important in papermaking, the use of both polycations and 

polyanions together with cellulose has been shown to have improved properties for 

improving drainage and retention of water and for physical properties of paper. Much of 

the work done on PECs in papermaking is focused on either layer-by-layer interactions 

(LBL) on particle surfaces or forming pre-formed PECs, where the polyelectrolytes are 

mixed separately and the resulting complexes are added to the cellulose particles 

121,145,151,156–160. 

  Pre-formed PECs have been shown to be retained at fiber interfaces 121,157,159, 

increase mechanical properties of bulk paper systems 121,156,161 and flocculate charged clay 

particles at high settling velocities 145. Despite these improved properties, pre-formed PECs 

have also been shown to plug up channels in the fiber network that would allow water to 

pass through during drainage and wet pressing 30,162. Additionally, more recent studies have 
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shown that instead of adding pre-formed complexes, forming complexes in the presence of 

charged particles (cellulose and others), can further increase adsorption of the 

polyelectrolytes and retention of the complexes on the fibers 21,121,157,159. In both cases, 

distinctions of phase behavior of PECs have not been thoroughly studied.  

 Appropriate formulation and selection choices of polyelectrolytes and experimental 

parameters is critically important for every aspect of papermaking, including increasing 

sustainability through reducing the water retained and drained during the process. A major 

strategy in applying PECs to fibers is the concentration of polyelectrolytes used. This 

determines if the surface achieves charge neutrality and if PECs are in a layer-by-layer 

regime on the surface of the fibers or are in excess in solution. Formulation strategies 

include the addition of polyelectrolytes in excess 146,147, the application of oppositely 

charged polyelectrolytes with a layer-by-layer method 163,164 or use of PECs (PECs) 

136,140,145. 

 The formulation strategy to add polyelectrolytes in excess is based on increasing 

the concentration of the polyelectrolyte such that the surface charge on the fiber changes 

from negative to neutral and then positive, depending on the desired outcome. It has been 

shown that the closer a fiber is to zero zeta-potential, the greater the dewatering and 

drainage 30,165.  Surfaces can still accommodate and adsorb on more polyelectrolyte past 

the charge neutral point until it takes on the same charge as the adsorbed polyelectrolyte 

166. Initially, the charge increases and eventually plateaus at a given surface charge (zeta 

potential), after which increased concentration of polyelectrolyte does not change the 

charge 166. Here excess chains can attach and extend out into the solution in the form of 

loops and tails 167. The excess chains in the charge reversal or overcharging regime can 
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allow for complexation with oppositely charged polyelectrolytes or creating layer-by-layer 

(LBL) or polyelectrolyte multilayers 137.  

 In LBL, layers of polyelectrolytes are formed by dosing in excess, washing off 

residual unattached polyelectrolyte, and then creating a new layer by soaking the existing 

layer in polyelectrolyte of the opposite charge in excess. The layer-by-layer (LBL) 

literature has shown that both weak and strong polyelectrolytes effectively adsorb onto an 

oppositely charged surface forming multi-layers 168–170. Similarly, adding polyelectrolytes 

sequentially in the presence of charged surface or colloid leads to the formation of PECs 

at the surface. These are different than LBL films in that excess polyelectrolyte on the 

surface or in solution is not washed away in between polyelectrolyte addition steps 170,171. 

Many of the same factors apply in the adsorption of polyelectrolytes to form PECs on 

charged surfaces as polyelectrolyte adsorption on an oppositely charged surface and 

colloids 170,172.  

 Overall, PECs can be directly added to fibers in a variety of strategies including the 

addition of the polyelectrolytes directly to the fibers in solution or as pre-mixed PECs 

140,162,171. The majority of these studies evaluate look at adsorption behavior of the PECs 

159,173, the morphology of the pre-formed PECs 174,175 , and improvements in strength as 

related to adsorption behavior 159,173, for flocculants and drainage of inorganic particles 

such as silica 140,170.   

1.7 Methods for measuring dewatering of fibers 

 There are several standard methods to measure dewatering of pulps and wet end 

formulations, many of which have standards recommended by the Technical Association 
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of the Pulp and Paper Industry (TAPPI). These include water retention value (WRV), 

drainage using a dynamic drainage (Britt) Jar, and Canadian standard freeness (CSF) tests 

31,34,176. These are interrelated but elucidate slightly different behaviors in terms of 

interactions with cellulose fibers and water, additives, and the formation of fiber mats 176. 

Overall, they are valuable for comparative studies to understanding dewatering behavior 

of pulps and paper formulations.  

While these methods are standardized and work well for pulp fibers of typical sizes, 

they do not necessarily work well for CNFs. This is primarily because many of the filters 

designed for use in these apparatuses have large mesh sizes. For example, the support 

screen of a Britt jar consists of a metal sheet with holes that are a minimum of 76 µm in 

diameter 29. Consequently, fines and CNFs would largely pass through the apparatuses 

without other filters 25.  There are no standard testing methods for CNFs but variations of 

lab-scale methods for WRV and drainage of CNFs exist 22,27,177.   

1.7.1 Water retention values  

WRV testing physically measures how much water a fiber pad retains after excess 

water is centrifuged out of it. These tests  capture changes to fibers and fiber pads due to 

the presence of water in a number of ways. Because water can exist in fibers and a fiber 

pad through many mechanisms, only broad correlations can be made, but  as seen in (Figure 

1-9), the WRVs for fibers are believed to account for free and bulk non-bound water in a 

fiber network 29,178, freezing bound water on the surface and in pores 178 and in the inter-

fibril bundle spaces for CNFs and CMFs 22,23,178. These have been elucidated by the 

response of WRVs to experimental changes such as amount of refining of fibers 22,177,179 
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which indicates it responds to surface area changes and shifting pH and ionization which 

indicates that the fibers swell due to the presence of charged groups 24,51,52,180.  WRVs also 

correlate to the structural properties of the resulting fibers and fiber pad 21,23,178.  

 

 

Figure 1-9.  Water retention values of CNF represent water in fibril network, surface and 

interfibrillar spacing, and with swelling from charged species 

 WRVs are influenced by the behavior of the individual components in the network. 

A few studies have evaluated WRVs of CNFs alone or mixed in larger pulp fiber slurries 

and found that they greatly increase with the addition of fibrils or fines (including small 

particles) 22,23,27,177,179. Consequently, strategies to reduce the WRV of CNFs or CNF 

containing slurries are needed to improve dewatering.  

 As discussed, adding polyelectrolytes to cellulose fibers is one strategy to improve 

dewatering and have been shown to  improve WRVs of various wood pulps in some cases 

34,181, but the addition of polyelectrolytes have not always shown to improve WRVs 

significantly when compared to a reference fiber sample 21,163,164,164,171,182,183. 

Consequently, there is still no clear relationship between the addition of polyelectrolytes 

applied to CNFs and their resulting WRVs for these approaches previously used, this 

motivates further study to focus on what factors can improve these.  
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1.7.2 Correlation of drainage and water retention values of cellulose nanofibers 

 While many studies suggest that WRVs and dewatering as measured by drainage 

are correlated 26,29, even with the presence of CNFs 27,34,66, the tests provide different 

information in terms of dewatering. In general drainage methods measures the amount of 

water removed over time as a fiber mat is forming, whereas WRVs have primarily been 

used to understand the capacity of fiber network and pad to retain water at particular time 

and pressure 26,29. 

As WRVs increase, drainage time typically also increases  and it has been suggested 

that relationship with CNF concentration may be linear in some cases but this changes with 

presence of additives such as polyelectrolytes 34,66. Relating WRV to drainage in the case 

of CNFs and other fine types, it has been found that the rate of water removal from CNF 

slurries significantly decreased with the addition of higher specific surface area particles, 

but that the final WRV did not change 27. Furthermore,  the use of polycations to neutralize 

charges on fibers and retain fines are known to improve drainage 29,184 but do not 

necessarily correlate to water retention values in the same way 181,184. This suggests that a 

combination of factors influence and play a role in dewatering, particularly in measuring 

WRVs. 
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CHAPTER 2. ORDER-OF-ADDITION AND COACERVATE 

INTERACTIONS WITH CELLULOSE NANOFIBERS AS A 

FORMULATION STRATEGY TO REDUCE WATER 

RETENTION VALUES 

This chapter was adapted and reprinted with permission from:  

Khan, N. Zaragoza, N. Travis, C. Goswami, M., Brettmann, B.K., Polyelectrolyte complex 

coacervate assembly with cellulose nanofibers. ACS Omega 2020, 5, 28, 17129-17140. 

https://doi.org/10.1021/acsomega.0c00977. Copyright 2020 American Chemical Society. 

 

 In this chapter the interactions between CNFs and polyelectrolyte complex (PEC) 

coacervates of weak polyelectrolytes, polyacrylic acid salt (PAA) and polyallylamine 

hydrochloride (PAH) were studied. CNFs are a model system for understanding 

cellulose/polyelectrolyte interactions and their effect on dewatering because they retain 

water more than larger pulp fibers. Furthermore, the effect of the choice of mixing sequence 

on the rate of assembly of PECs with cellulose nanofibers (CNF) and water retention value 

was explored. Molecular dynamics simulations paired with experimental techniques were 

used understand the molecular interactions at the nanoscale and understand how they tie to 

observed properties for paper formulation. This study focuses on the fundamental aspects 

of PEC coacervate formation, assembly, and agglomeration of PEC with CNF as the 

sequences of mixing of PAH, PAA and PEC coacervates with negatively charged CNFs 

are altered. 
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 By changing the of the polyelectrolytes to CNFs, the interactions between the 

materials can be tuned, which in turn changes the degree of association of the coacervates 

to the CNFs and the rate at which they aggregate. Importantly for the papermaking process, 

the lowest water retention values were found when adding the polycation to the CNFs first, 

compared to the other cases and significantly lower values than those of CNF by itself. 

Coarse-grain molecular dynamic simulations further illuminate the fundamental 

mechanism of aggregation by taking into consideration the interaction between cellulose 

and the complexes at the molecular level. The simulations corroborate the experimental 

observations by showing the importance of strong electrostatic interactions in aggregate 

formation. 

2.1 Materials and Methods 

 To represent a paper, furnish system while allowing for fundamental 

experimentation and approximately representative simulations, a model system containing 

CNFs was selected. CNFs are extensively mechanically refined fibers with nano to micron 

scale dimensions (lengths of 130-225,000 nm and widths of 5-200 nm 185) and therefore 

large aspect ratios 3,38,186,187. The surface charge and chemistry of cellulosic materials are 

determined by their processing, including pre-treatment and mechanical shearing 16. 

Residual lignin, hemicellulose, and extractive components from the cellulose source and 

chemical modification such as from bleaching can also have an influence on the surface 

charge and properties of the material, so there is not one consistent model system 16,188. 

Additionally, while the fiber charge depends partly on the amount of acid functional 

groups, it is affected by the pH, ionic strength, and swelling of the fibers 16,157,189. 
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  The high aspect ratio and surface area of CNFs lead to greater water retention than 

other pulps, making them among the highest users of energy for drying and providing a 

good basis for evaluation of the water retention and phase behavior with PECs 14,37,190. 

CNFs have also been previously studied using molecular simulations 191–194, though their 

interactions with polyelectrolytes and complexation behavior have not been examined, so 

there is a need to understand the full system, which includes CNF and polyelectrolytes, for 

further improving the materials design principles. 

 The polyelectrolyte complex coacervate system was designed using weak 

polyacrylic acid salt (PAA-, MW 15,000 g/mol, degree of polymerization in number of 

repeat units N= 160, PDI not available or measured) and polyallylamine hydrochloride 

(PAH+, MW 17,500 g/mol, N=186, PDI=1.28). Polyelectrolyte solutions were prepared at 

pH 6.5 and were mixed in a 1:1 molar ratio. At this pH, they are both highly charged and 

at this molar ratio have the highest formation of complexes (S. Perry et al., 2014; Spruijt 

et al., 2010). These parameters have been shown to form the coacervate phase with 

increasing sodium chloride (NaCl) concentrations 116,120,122 

2.1.1 Cellulose nanofibers characterization  

 CNF was received in 3 wt.% stock slurry solutions from the University of Maine 

Process Development Center and kept refrigerated. The cellulose source material is from 

bleached softwood pulp and refined using a mechanical homogenization process. The 

product specification reports the surface charge to be in the range of -48 to -5 mV 185.  The 

slurry was dialyzed in a semi-permeable regenerated cellulose membrane from Ward’s 

Science for a minimum of 2 days while stirring in deionized water. The weight percent of 
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the resulting slurry was determined gravimetrically. This slurry was used as a stock 

solution. A density of 1 g/mL was assumed for all CNF solutions. Stock dialyzed CNF 

solutions were sonicated for 10 minutes and vortexed prior to all sample preparation and 

testing to minimize aggregation.  

 The dialyzed CNF was titrated to determine the charge density on the stock. The 

method was based on procedures for determining total and surface charge density of CNFs 

using conductivity measurements described elsewhere 14,195.   Briefly, conductivity 

titrations were conducted on dialyzed CNF based on methods suggested for CNFs with 

weak acid groups 14,195. Approximately 240 mg from stock CNF solutions was titrated in a 

total 400 mL initial solution volume. Fresh 0.1 M HCl and 0.1 M NaOH stocks were 

prepared and used within 24 hours to titrate CNF. Nitrogen gas was bubbled for at least 30 

minutes before titrating and during the procedure to reduce conductivity effects from 

dissolved carbon dioxide. Linear equations were fit to the three linear portions of the 

graphs.. From the volume calculated at the intercept of these lines, the weak acid 

equivalence point volume (V1) and strong acid equivalence point (V2) were determined. 

The difference between the two represents the volume it takes to titrate the weak acid 

groups on the surface of the fibers with 0.1 M HCl. The resulting charge density was 

calculted for the three repeats as shown below in  Figure 2-1.  The average charge density 

of the CNF from these repeats was measured to be 0.367± 0.067 mmol/g. 
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Figure 2-1. Conductivity titrations of dialyzed CNFs used to calculate the average charge 

density of the fibrils used.  

2.1.2 Polyelectrolyte complex composition 

 PAA sodium salt (degree of polymerization, N=160, molecular weight=15,000 

g/mol) in a 35 wt.% aqueous solution was purchased from Sigma Aldrich. PAH was 

purchased as a powder from Sigma Aldrich (N= 186, molecular weight=17,500 g/mol). 

They were used without further purification. Stock solutions of 0.5 M or 10 mM 

polyelectrolytes were prepared with respect to moles of monomer. Solutions were made in 

nanopure water from the Milli-Q water system at a resistivity of 18.2 MΩ*cm and adjusted 

to pH ~6.5, where both polyelectrolytes are highly charged, using small volumes of 

hydrochloric acid (HCl) or sodium hydroxide (NaOH) and continuing to account for the 

overall concentration. The ionic strength changes from the pH adjustment of the stock 
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solutions were calculated to be less than 0.05 M total ions for the 0.5 M stocks and less 

than 3 mM total ions for the 10 mM stock.  

2.1.2.1 Mixing Preparation of PECs  

 Precipitates, coacervates or solution phases were achieved by mixing the stock 

solutions of the polycation or polyanion with appropriate amounts of 5 M NaCl solutions 

and water, which were also adjusted to pH ~6.5 using HCl or NaOH. Final mixtures were 

prepared in 1.5 mL Eppendorf tubes with pre-calculated concentrations to achieve final salt 

concentrations between 0 and 4 M NaCl in the experimental mixtures. The final mixtures 

were at 1, 5, 110 mM total polyelectrolyte concentrations equimolar by degree of 

polymerization (N). After each addition, the sample was vortexed for 30 seconds. 

Polycation was added first, followed by the polyanion unless otherwise specified. These 

were prepared in 1.5 mL Eppendorf tubes. For the timed studies, the first four components 

(CNF, water, salt, and  polyelectrolyte) were vortexed in a centrifuge tube and then placed 

in a 96 well plate. The final component (either the polycation, polyanion, or pre-formed 

coacervates) was then added to the rest of the mixture in the 96 well plate using a pipette 

and no further mixing was performed.  

 Three different total polymer concentrations were examined in this study, 1 mM, 5 

mM and 110 mM. The 1mM total polyelectrolyte concentration was chosen based on a 

procedure for PAH and PAA coacervation described in Perry et al 116. A 5 mM total 

polyelectrolyte concentration was sufficient for the microscopic and electrophoretic 

mobility studies described below. The 110 mM total polyelectrolyte concentration was 

chosen as an extreme high concentration case.  
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 The purpose of these studies was to identify salt concentrations that result in 

coacervate formation of PAA and PAH for the wide range of polymer concentrations that 

are used throughout the studies. It was important to test higher concentrations, as they are 

not reported in the literature, but the larger weight percentages of polyelectrolyte or other 

additives are frequently used in the paper industry 196. Given that the critical salt 

concentration needed for the transition to coacervate phase increases with increasing total 

polyelectrolyte concentration 123, it was important to establish a range where coacervates 

exist even when high polyelectrolyte concentrations are used. To confirm this here, a 

combination of turbidity analysis, optical microscopy, and visual inspection were used to 

distinguish the two phases. 

2.1.2.2 Fluorescent Labeling of PAH 

 PAH was fluorescently labeled with fluorescein isothiocyanate isomer (FITC). 

FITC purchased from Sigma-Aldrich (CHEM IMPEX INT’L INC- MW: 389.39 g/mol). 

was prepared at a 1 mg/mL concentration in DMSO. PAH was prepared at a 2 mg/mL 

concentration in freshly prepared 0.1 M sodium bicarbonate solution at pH 9. FITC solution 

(50 µL)  was added dropwise to the PAH solution while stirring using a micropipette. The 

FITC-PAH solution was kept in dark at 4ºC overnight and then transferred to dialysis 

tubing with a molecular weight cut-off of 6-8 kDa. The solution was dialyzed in water for 

4 days and the water was changed 7 times. UV Visible Spectroscopy was run on an Agilent 

Cary 60 system to determine the ratio of FITC to PAH from absorbance values at 280 and 

495 nm. The ratio was calculated based methods given in Sigma-Aldrich product literature 

for FITC labeling of a primary amine protein because PAH also has a primary amine. The 
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ratio was estimated to be 0.26 FITC to PAH. This solution was freeze-dried and then a 

10mM stock solution adjusted to a pH 6.5 was made.  

Samples made for microscopy were adjusted so that the total polyelectrolyte concentration 

accounted for the 0.26 degree of substitution by monomer unit of PAH-FITC. Immediately 

after the samples were prepared, a drop was placed on a clean glass slide and a coverslip 

was added. Images were taken right after this. Fluorescence imaging was conducted on a 

Zeiss AxioObserver Z1 Fluorescent Microscope, 20X / 0.8 NA Plan Apochromat (wd = 

0.550mm) objective lens, and Zeiss AxioCam color camera or Hamamatsu Flash 4.0 

CMOS camera.  

2.1.2.3 Turbidity 

 Samples of 325 L were prepared and plated in triplicates of 100 L each. Three 

samples were run and averaged. All samples were prepared with the same polyelectrolyte 

(0.5M), salt, and deionized water stock solutions. For 1 mM total polyelectrolyte samples, 

650 L of sample was prepared. Water and salt were added together first and vortexed for 

15 seconds at 3200 rpm. PAH was always added first to the NaCl solution and vortexed 

for 30 seconds at 3200 rpm. PAA was added last and vortexed for 30 seconds at 3200 rpm. 

Samples were run on the plate reader immediately after preparation. Corning ultra-low 

attachment surface 96-well plate microplates were used.  

 Semi-quantitative assessment of phase regimes was based on the haze of suspended 

PEC particles with increasing salt concentrations (precipitate, coacervate, solution 

regimes). Turbidity is a measure of the haziness of a suspension based on the scattering of 

the colloids in solution as light in the visible wavelengths is transmitted through the sample 
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14,70. Consequently, this is a common technique used to understand the presence of PECs 

and is used often used in paper-making to understand flocculation behavior 157,197. A plate 

reader equipped with a UV spectrophotometer (BioTek Synergy H4 micro plate reader) 

was used at a wavelength of 550 nm for the turbidity measurements. The polyelectrolytes 

do not absorb at this wavelength. Turbidity was calculated from T= ln (I/I0), with 

I=intensity of light passed through sample volume and I0= incident light intensity. Samples 

of 350 L were prepared and plated in triplicates of 100 L each. Samples were run within 

half an hour of preparation. Corning ultra-low attachment surface 96-well plate microplates 

were used.  

2.1.3 Cellulose nanofibers and polyelectrolyte complex mixing procedure 

Because the effect of CNF and PEC mixing procedure was to be tested in this study, 

this will be discussed more explicitly in the characterization of CNFs and PEC interactions 

section and in the discussion section. Briefly, dialyzed CNF stock was mixed with 

deionized water, NaCl, PAH, and PAA, as appropriate to achieve the concentration of CNF 

and PECs needed and with what type of order-of-addition desired (types illustrated in 

Figure 2-2). Solutions with 0.05 and 0.5 wt.% CNF and 5 mM or 50  mM total PEC 

concentration were prepared. Mixing steps involved vortexing for 30 seconds at 3200 rpm 

on a vortex mixer.  
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Figure 2-2. Schematic of three different order-of-addition variations of polyelectrolytes to 

CNFs tested in this study. Polycation was either added sequentially to CNF first (a), 

added sequentially second after polyanion was added (b), or pre-formed separately then 

added to CNF (c).  

 

2.1.4 Characterization of cellulose nanofibers and polyelectrolyte complex interactions 

2.1.4.1 Electrophoretic Mobility 

Electrophoretic mobility was used to understand the surface charge behavior of CNFs with 

and without polyelectrolytes. Electrophoretic mobility values were measured using a 
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Zetasizer Nano Z (Malvern Instruments, Ltd., Worcestershire, UK) with a dip-cell setup. 

The instrument temperature was equilibrated to 25ºC for 2 minutes.  

 CNF were prepared at 0.05 wt.% in a 1 mM NaCl solution and adjusted to the 

appropriate pH using small volumes of HCl and NaOH. Typically the electrophoretic 

mobilities of CNFs are tested with small amounts of salt 14, motivating the selection of 1 

mM NaCl. The CNF-only samples were sonicated for at least 10 minutes and re-agitated 

before running. Analysed data was an average of at least three measurements. 

 CNFs with polyelectrolytes were prepared at 0.05 wt.% CNF with 1 mM NaCl and 

up to 5 mM total polyelectrolyte concentration in solution. The samples were vortexed for 

30 seconds after each addition. The pH values were recorded after sample preparation. 

Samples were re-mixed immediately before running samples. CNFs with PECs were 

prepared at a total polyelectrolyte concentration of 5 mM with 1mM NaCl in nanopure 

water. The polycation was added first followed by polyanion unless otherwise specified. 

The same method of preparation was carried out as with the turbidity samples. Samples 

were tested the same day as they were prepared and agitated immediately before running 

the samples.  

 Timed zeta-potential studies were also performed to examine the rate of assembly. 

The samples were prepared in a similar manner to the timed studies for the microscopy 

studies explained below. The CNF, water, salt, and first polyelectrolyte were vortexed 

together. The electrophoretic mobility of this mixture was then measured. A pre-

determined amount of the final component was then added to the same cuvette using a 

pipette without further mixing and measurements were immediately taken. An initial one-
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minute temperature equilibration time was set and then 40 sub-runs were taken per 

measurement. A 30 second wait time was set between measurements and 14 measurements 

were made per sample. After this time point, the values do not significantly change. 

Aggregation can occur at long times, so this test was not capable of going to the very long 

times examined in the microscopy studies.  Each sample type was prepared and tested in 

triplicates of 800 µL. The measurements at any given time point were averaged from all 

three samples. For the zero-time point, three measurements were taken per sample for each 

of the 3 samples and averaged. 

 While the CNF surface charge is primarily reported as the zeta-potential in the 

literature using the Henry equation with Smoluchowski or Hückel approximations 14,36,198, 

electrophoretic mobility is a more accurate measure of surface charge character, because it 

requires fewer assumptions 14. CNFs have high aspect ratios and can aggregate, so 

assumptions from Smoluchowski equations, which treat the particles as spherical, may not 

be appropriate 14,70 

2.1.4.2 Microscopy and Videos  

 For both PECs and CNFs with PECs, approximately 50-100 µL of samples were 

imaged in optically clear Corning ultra-low attachment surface 96 well microplates using 

a Leica DMi8 inverted microscope using transmitted light mode, HC PL FLUOTAR 20 

or 50x objective lenses, and Leica DMC2900 camera. 

 To better visualize the behavior of the interactions of CNF with polyelectrolytes or 

coacervates added with different mixing orders, still micrographs at different time points 

and time lapse videos were taken after the last component was added. First the CNFs, salt, 
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and first polyelectrolyte were added sequentially and vortexed for 30 seconds between the 

addition of each component and then the final polyelectrolyte was added to a 96 well plate 

on the microscope stage without further mixing or agitation. For the pre-formed case, the 

coacervates were made with PAH, PAA, water, and salt vortexed together and that mixture 

was added to CNF by themselves. Figure 2-3 shows the representative procedure for the 

case where PAH is added first, followed by PAA.  

 

Figure 2-3. Representative schematic of mixing procedure of CNF with PAH first and 

PAA second for taking timed microscope images and videos.  

 The videos were taken for approximately 2 hours and 10 minutes after the last 

addition for the 5 mM total polyelectrolyte concentration scenarios. A video showing the 

mobility of PAH PAA coacervates at 110 mM total polyelectrolyte and 2 M NaCl 

concentration is also provided.  

The videos are available by the publisher ACS Omega at:  

https://pubs.acs.org/doi/10.1021/acsomega.0c00977?goto=supporting-info 
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• Video 1: CNF 1 M NaCl 5 mM PAH 1st PAA 2nd (AVI) 

• Video 2: CNF 1 M NaCl 5 mM PAA 1st PAH 2nd (AVI) 

• Video 3: CNF 1 M NaCl 5 mM Pre-formed PAH PAA (AVI) 

• Video 4: Coacervates 2 M NaCl 110 mM PAH PAA (AVI) 

• Video 5: Precipitates 0 M NaCl 110 mM PAH PAA (AVI) 

2.1.5 Water retention values  

The CNF stock was first sonicated for 10 minutes and then vortexed before using. The 

required amount of water was added to the CNF, then vortexed for 30 seconds, followed 

by the required amount of 5 M NaCl, and then vortexed for 30 seconds. The first 0.5M 

polyelectrolyte was added dropwise to CNF mixture while on the vortex mixer at 1500 

rpm, then vortexed for an additional 30 seconds at 3200 rpm. This was then pipetted in and 

out 20 times for full mixing. The last polyelectrolyte was also added dropwise on the vortex 

mixer, vortexed for another 30 seconds and pipetted in and out 20 times. For the pre-formed 

samples, the CNF was added last, vortexed 30 seconds and pipetted in and out 20 times. 

Immediately after preparation, 500 µL of sample was pipetted into Milli-Q Ultrafree-

MC centrifugal filter tubes with 0.22 µm pore size Durapure hydrophilic PVDF membrane. 

The samples were then centrifuged at 12,000 g for 30 minutes. These conditions are more 

stringent than compared to typical standards in terms of the force used 199 and comparable 

to methods in the literature on other CNF systems 22,177. These adequately reach the 

asymptote of minimized WRVs for the time and force used. Immediately after 

centrifugation, the samples were removed and weighed, and then put in an oven at 25ºC. 

The oven was set and ramped to 110ºC, then the samples were dried for an additional 30 
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minutes at this temperature, before turning the oven back down to 25ºC. The weights were 

measured after the samples reached room temperature again.  

Water Retention Value is calculated as shown in Equation 3: 

 𝑊𝑎𝑡𝑒𝑟 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 % =
𝑤𝑤 − 𝑤𝐷

𝑤𝐷
× 100 (3) 

Where ww is the weight of the wet sample immediately after centrifugation and wD is the 

weight of the sample after it is oven dried.   

2.1.6 Molecular dynamics simulations 

 Molecular dynamics simulations were designed to mimic the mixing procedures 

and based on the formulation of the PEC system chosen to interact with CNF in the 

experimental procedures. This was done in collaboration with Dr. Monojoy Goswami at 

Oak Ridge National Labs who constructed and carried out the simulations. The simulation 

procedures are described briefly here, and further details can be found in the publication 

136.  

 The experiments were designed to examine how the order-of-addition of the 

polyanion (PAA), polycation (PAH), or pre-formed complexes affects their interaction 

with CNFs. To complement these, 3 sets of simulations were performed; (1) polycation 

and polyanion complexation, (2) CNF, polycation and polyanion coacervate formation 

with polycation (PAH) added first and (3) CNF, polycation and polyanion coacervate 

formation with polyanion (PAA) added first. The pre-formed coacervates added to CNF 

simulations were not performed due to limited computational time. 
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 Coarse-grained (CG) molecular dynamics (MD) simulations were performed using 

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) MD package 200 

on the Titan supercomputer. A Kremer-Grest bead-spring polymer model was used, where 

the monomer beads of the polymer are connected by Finite Extensible Nonlinear Elastic 

(FENE) bonds. In LAMMPS, non-bonded short-range repulsive Lennard-Jones (LJ) 

interactions between the beads are embedded in FENE potential that ensures no 

overlapping between two monomer beads. Explicit electrostatic interactions were 

computed using the Coulomb potential, and positive or negative charges were assigned 

appropriately to the monovalent charged beads.  

 The coarse-graining is done at the monomer level following bead-spring polymer 

model 201 as shown in Figure 2-4 (a) and (b). Each monomer of PAA and PAH is 

represented by spherical beads.  In MD simulations, chain lengths and salt concentrations 

can influence the self-assembly process. The CNF and chain concentrations that would 

lead to coacervate formation were estimated based on prior simulations on PECs 202–204. 

Concentrations of 0.75% CNF concentration, 1.2% PAA and PAH coarse-grained 

monomer concentration and 9% salt concentration (both positive and negative ions) were 

chosen. The PAA and PAH backbones have 80% charges each and are modeled as 

polyanion and polycation, respectively. The percentage of negative charges on the CNF 

backbone is 25%. The concentrations used here are much higher than the experimental 

concentrations, which was done because there is a minimum limit of overall number of 

monomers in MD simulations that is needed to form coacervate. Additionally, the 

simulating system is much smaller than the experimental system such that following the 

exact experimental system would mean that the simulating system’s total number of 
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monomers would become appreciably low and a physically meaningful effect would not 

be observed. The CG CNF, PAA and PAH molecules are all randomly put in a box of size 

100×100×100 3, where  is the monomer bead diameter. 

 The chain length of PAA and PAH are 60 monomer units, which is below the 

entanglement length of polymers in coarse-grained simulation 205. The polymer chains are 

generated by repeating each monomeric unit 60 times, i.e., degree of polymerization of the 

PAA and PAH coarse-grained chains are 60. The PAA and PAH chains contain negative 

and positive unit charges on the side chain. To understand the coacervate formation driven 

by strong Coulombic interactions, the chain length was chosen to be less than the 

entanglement length. The energy parameter, ɛ, for the LJ interaction was kept at 1.0 for the 

interactions between different monomer beads, except for the charged beads. For the 

charged beads a strong interaction parameter was used, i.e., ɛ = 2.0. 

 The CNF is modeled as a stiff long chain of 75 monomers with side chains 

containing negative unit charge. While this CNF model is simplistic, this model in the CG 

simulations adequately serves the purpose of understanding the assembly of coacervate 

formation with CNFs. The stiffness of the CNF is specifically controlled.  

 The same number of positive and negative counterions are randomly added to 

neutralize the CNF, PAA and PAH charges. Salt ions are incorporated as single bead 

positive and negative charges. Explicit 90,000 salt ions and counterions to balance 

electroneutrality are added to the system. This refers to 9% salt concentration. The 

simulations are performed in the implicit solvent condition, i.e., no explicit water is used. 
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It is a common practice in bead-spring polymer simulation to use ‘implicit solvent’ method 

to avoid large computational costs associated with ‘explicit’ water molecule simulation.  

 

Figure 2-4. Parameters used to model CNF, PAH, PAA, and NaCl system in coarse-grain 

molecular dynamic simulation model (a) and (b) coarse graining of PAA and PAH 

respectively. The salt and counterions are shown at the bottom. The CNF and polymer 

chain models are shown in (c) and (d). 

 Two sets of simulations were performed as shown in Table 2-1 for the coacervate-

only system and CNF-with-coacervate system. In the first set of simulations, polyanion-

polycation complexation were performed to understand coacervate formation. Thereafter, 

two sets of simulations were performed. For Set I, the polycation (PAH) interacts with the 

CG CNF monomers first and then polyanions (PAA) are introduced in the system. For Set 

II, the polyanion (PAA) interacts first with the CG CNF and then PAH is introduced in the 

system. The construction of the MD model is such that both the polycations and polyanions 

are simultaneously present in the initial system. The experimental condition is mimicked 

by allowing interactions between CNF and polyanions and polycations to begin at different 
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simulation timesteps, while the experiments are performed by physically adding PAA and 

PAH in two different orders. Therefore, the order-of-addition behavior is achieved by 

effectively introducing zero interaction of all types between CNFs and polycation or 

polyanion in Set I and Set II, respectively. While this approach allows the other type of 

polyelectrolyte to be present in the system, the other polyelectrolytes do not contribute to 

any interaction except occupying their respective spaces.  In simulations, addition of large 

macromolecules, in this case the polycations and polyanions, separately become difficult 

and computationally intractable and hence the method chosen is described here.  
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Table 2-1. Coarse-grain molecular dynamics simulations performed with or without CNF 

and in first or second order-of-addition.  

Set CNF First add Second add 

I - PAH (polycation first) PAA 

II - PAA (polyanion first) PAH 

I CNF PAH (polycation first) PAA 

II CNF PAA (polyanion first) PAH 

 

2.2 Results and Discussion 

2.2.1 Formation of PAH/PAA coacervates 

 To understand the interaction between PECs and CNFs, the precipitate and 

coacervate regimes with the PAH and PAA in the presence of NaCl was identified. The 

formation and appearance of these regimes at various concentrations and molecular 

weights of PAH and PAA with NaCl and other salts have been previously reported 

116,117,120,122.  This was verified  and higher concentrations were tested to select conditions 

for coacervate formation with CNFs at polymer concentrations important for the remaining 

studies in this work. Through a combination of microscopy and turbidity analysis, the 

transition from precipitate to coacervate occured at salt concentrations of 0.1 M, 0.2-0.4 

M, 0.4-0.5 M and 0.7-0.8 M NaCl for 1 mM, 5 mM, 50 mM and 110 mM total 
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polyelectrolyte concentrations, respectively. A salt concentration of 1 M was selected to 

move forward with for the remaining studies, as coacervate formation is established at 

those conditions, even for higher concentrations of polyelectrolytes.   

 Figure 2-5 shows that the turbidity changes as the concentration of NaCl is 

increased for 1, 5, 50 and 110 mM total polyelectrolyte concentrations. In all four cases at 

no salt,  precipitates readily form, as has been seen previously for variations of 

experimental conditions with PAH and PAA 116,120,122.  The initial turbidity is relatively 

low because the precipitates that form are large, solid-like, and tend to sediment or 

flocculate out of solution to the bottom of the well plate 80,129. Once a small amount of salt 

(0.1-0.2 M) is added, a large jump in turbidity is observed due to formation of smaller 

complexes that do not settle out. The increase in the suspended PECs leads to a maximum 

in the turbidity curves. This maximum also increases with increasing total polyelectrolyte 

concentration, as the amount of material present to scatter light is higher. At the lower salt 

concentrations, the precipitate phases are unstable and start to flocculate or aggregate 

resulting in large variation and standard deviations in turbidities. This can be observed at 

lower salts concentrations in other studies as well 120,122. As the salt concentration is further 

increased and the precipitates transition into the coacervate regime, the coacervates are 

more stable, turbidity values become more consistent and begin to plateau. This behavior 

is accentuated at higher polyelectrolyte concentrations (50 and 110 mM).  
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Figure 2-5. Turbidity plots of 110 mM (yellow circles), 50 mM (red triangles), 5 mM 

(blue squares), 1 mM (green diamonds) total polyelectrolyte concentration with 0 to 4 M 

NaCl concentration. The inset shows the 5 and 1 mM total PEC concentrations. The 

arrows indicate a transition from precipitate to coacervate phase.  

 Generally, as the salt concentration increases, the resulting electrostatic screening 

leads to the precipitates transitioning to coacervate and solution phases 116,123,129. As seen 

in Figure 2-5, for all four total polyelectrolyte concentrations tested here, the turbidity is 

seen to increase and then decrease at around 0.4 to 0.5 M NaCl. However, for the 1 and 5 

mM total polyelectrolyte concentrations, after the initial maximum is reached, the turbidity 

steadily decreases with increasing salt concentration. These findings are similar to the 

observations by Perry et al. for the 1 mM PAH, PAA, and NaCl system 116. The decrease 

they observed with increasing salt concentration was more pronounced and was dependent 

on the type of salt that was used 116. From these results the transitions from precipitate to 

coacervate were determined to occur at salt concentrations of 0.1 M, 0.2-0.4 M, 0.4-0.5 M 
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and 0.7-0.8 M NaCl for 1 mM, 5 mM, 50 mM and 110 mM total polyelectrolyte 

concentrations, respectively. These are marked with arrows on the x-axis in Figure 2-5.   

 Figure 2-6 A-C show the macroscopic phase behavior and D-F show the 

micrographs of the 110 mM total polyelectrolyte concentration PECs after centrifugation. 

From the macroscopic visual inspection of the samples prepared in centrifuge tubes and 

the optical micrograph, the precipitate form was confirmed at 0 M NaCl. The liquid 

coacervate phase was clearly seen at 1 M and 2 M NaCl for the 110 mM total 

polyelectrolyte concentration samples in the macroscopic images and corresponding well 

to the turbidity measurements. The coacervates are small in the 2 M NaCl case, so they are 

difficult to distinguish from precipitates in the micrograph. A video of the mobile 

coacervates is available (Video 1 Coacervates 2 M NaCl 110 mM PAH PAA.avi), 

demonstrating that they are, indeed, liquid phase separated coacervates with our previous 

paper 136. This can be compared to another video showing the behavior of precipitates 

(Video 2 Precipitates 0 M NaCl 110 mM PAH PAA.avi). By combining the turbidity 

results and observations in microscopy (Figure 2-6), a salt concentration of 1 M for 5 mM 

total polyelectrolyte concentration was chosen to move forward with for the remaining 

studies, as coacervate formation is established at those conditions.  
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Figure 2-6. Images of 110 mM total PAH PAA concentration after centrifugation with 

(A) 0 M NaCl (B) 1 M NaCl (C) and 2 M NaCl. Coacervate phase is circled (B&C). 

Micrograph of 110 mM PAH PAA with 0 M NaCl, 1 M NaCl, and 2 M NaCl after 

centrifugation (D-F). 

2.2.2 Polyelectrolyte complex coacervate interactions with cellulose nanofibers over 

time  

 Once the salt concentrations at which coacervates are formed were established, 0.05 

wt.% CNF were introduced into the 5 mM total polyelectrolyte system. Using microscopy 

to observe the interactions, how the order-of-addition of PAH and PAA affected their 

coacervation and association with CNF while varying the order-of-addition of the 

components was tested. In the first scenario, PAH (+) is added to the fibers and salt solution 
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first, then PAA (-) added last. The second scenario is the opposite, where PAA (-) is added 

to the fibers and salt solution first, and PAH (+) is added last. Finally, in the third scenario, 

salt was added to PAH and PAA when forming the initial pre-formed coacervates, which 

were then added to fibers. The coacervates form and are left to move and coalesce over 

time without additional agitation. 

 The micrographs in Figure 2-7 show the differences between the three scenarios 

when the third component is added to the well plate. Adding the polycation or the polyanion 

first shows different aggregation to the fiber than the pre-formed first case. Between the 

polycation and the polyanion first cases, the time of attachment to the fibers varies. In the 

first scenario (Figure 2-7 A, D, G, J, M and P), when (PAH (+) is added first), the 

coacervates form in solution and move from the solution to the fibers. The formation of the 

coacervates occurs almost immediately upon addition of the last component and the 

association of the coacervates to the fibers starts to occur around 4 to 5 minutes and 

continues over approximately the next 20 to 30 minutes. As the coacervates become 

localized near the fibers, they become less mobile than those in the bulk and are primarily 

attached to the particles and not exchanging with the coacervates dispersed in the solution  

The fibers are mostly covered by the 40 minute mark (Figure 2D) and almost completely 

covered at 70 minutes (Figure 2-7 G), when a dense aggregation of coacervates can be 

observed. In scenario two (Figure 2-7 B, E, H, K, N and Q), where PAH was added last 

(PAA (-) already present), many coacervates form in the bulk solution and eventually move 

to the fibers as well, but it takes longer than in the first case. Fibers and coacervates are 

more disperse in this  PAA first case. At the 40-minute mark (Figure 2-7E), significantly 

less of the fibers are covered with coacervates and they are primarily seen in the bulk. By 
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70 minutes, the coacervates are localized to the fibers and both orders of addition show 

similar amounts of association and form a tighter network (Figure 2-7 G and H). At 100 

minutes (Figure 2-7 J and K), the aggregation of coacervates to the fibers looks similar to 

that at 70 minutes. After 24 hours (Figure 2-7 M and N), the fibers in both cases are covered 

with coacervates that are tightly bound and after approximately 3 days (Figure 2-7 P and 

Q), the coacervates have started to coalesce into larger coacervates with the fibers still 

attached. 

 In the pre-formed coacervate scenario (Figure 2-7 C, F, I, L, O, and R), the 

coacervates are already well dispersed in the bulk solution. They also move to the fibers, 

similar to the other cases, but the association has only begun at the 40 minute mark, with 

many coacervates still in the bulk even up to 70 minutes, and significant coverage only 

occurs at 100 minutes and beyond (Figure 2-7 F, I, and L). It is not until after 24 hours that 

there is large amount of coacervates on the fibers (Figure 2-7 O) and they do not form the 

same close aggregation as the first two scenarios, which is still evident 3 days later (Figure 

2-7 R). As discussed in the introduction, pre-formed coacervates have been used to improve 

paper strength properties in paper formulation.  These results suggest that their interaction 

is weaker than in the case where positively charged polyelectrolytes are added first, at least 

at short time frames. Over time,  the pre-formed coacervates continue to move to the fibers 

and adhere along the surface.  
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Figure 2-7. Microscope images of  CNF and coacervates after 10, 40, 70, 100 minutes,  

~24 hours, and 3 days after adding the last component on the microscope while varying 

the order-of-addition of 5 mM total polyelectrolytes to CNF solutions. In (A,D,G,J,M, P) 

PAH (+) was added first, then PAA (-), in (B,E,H,K,N,Q) PAA(-) was added first, then 

PAH (+), and in (C,F,I,L,O,R) pre-formed coacervates were added to the CNF. The rows 

are the time points. 
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Overall, the differences between the three scenarios of mixing order are the relative time it 

takes for the coacervates to be immobilized and the association with the fibers with the 

coacervates. The behavior is illustrated in the schematic in Figure 2-8. When adding the 

polyelectrolytes to the CNF and salt solution, coacervates form and become immobilized 

on the fibers. The coacervates seen in the bulk solution move to the fibers and become 

relatively scarce in the bulk over time.  

 

Figure 2-8. A schematic representation of the association of the coacervates with fibers 

over time in varying the mixing order for 5 mM total polyelectrolytes. 

2.2.3 Cellulose nanofibers and polyanion interactions with fluorescent labeled 

polycation 

 To better visualize the interaction between coacervates and CNFs while changing 

order-of-addition of the polyelectrolytes, fluorescent labeled PAH was used to prepare the 

coacervates. Figure 2-9 shows 0.05 wt.% CNF 1 M NaCl and 5 mM total polyelectrolytes 
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with the three different order-of-addition scenarios. Unlike the previous images where the 

last component was added directly to the well plate and allowed to move on their own, the 

samples in Figure 2-9 were vortexed immediately after the addition of the last 

polyelectrolyte in the centrifuge tube. They were then placed on glass slides and covered 

with a coverslip.  Figure 2-9 A, C and E show differential interference contrast (DIC) 

images with fluorescence overlay (where the CNF can be seen) and Figure 2-9, B, D and 

F show just the fluorescent images.  

 These results further confirm that even with complete mixing, there is a difference 

in the attachment of the coacervates to the fibers with the order-of-addition. When the 

PAH-FITC is added first (Figure 2-9 A and B), the coacervates largely cover the fibers in 

large droplets with few coacervates in the free space in the solution. The PAH coats the 

fibers and the free PAH-FITC and PAA form large coacervates that have coalesced 

together. While coacervates are also attached with the PAA first case (Figure 2-9 C and 

D), these are small, disperse, and many still in the bulk solution. Here, the added PAH will 

complex with PAA preferentially, but some of the PAH is electrostatically attracted to the 

negatively charged fibers and coats them as well. In the pre-formed coacervates case, the 

fibers are difficult to distinguish in the fluorescent image (Figure 2-9 F) because PAH-

FITC has not significantly adsorbed to their surface. The PAH-FITC that would 

electrostatically attract to the fibers are already complexed with the PAA. Consequently, 

significantly fewer coacervates are seen to be attached to the fibers and the majority of 

them remain in solution instead. 
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Figure 2-9.  Microscope images of 0.05wt% CNF, 1 M NaCl, and 5 mM total 

polyelectrolyte concentration of  labeled PAH and PAA were completely vortexed 

together. The left column is an overlay of the DIC image and fluorescence image, while 

the right column is the fluorescence filter alone. In A and B, PAH-FITC (+) was added 

first, then PAA (-), in C and D PAA(-) was added first, then PAH-FITC (+), and in E and 

F Pre-formed PAH-FITC and PAA coacervates were added to the CNF. 

 These results are consistent with Zhao and Zacharia who showed that the mixing 

order of PAH followed by PAA led to greater encapsulation of negatively charged Bovine 
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Serum Albumin than PAA followed by PAH 206. Additionally, previous studies with PECs 

and negatively charged surfaces showed that the adsorption of pre-formed PECs to 

negative charged surfaces increases with increasing salt concentration (0 to 100 mM NaCl) 

for both strong 121,159 and weak 159,207 polyelectrolyte systems. These results suggest that 

even with higher salt concentrations (1M NaCl), attachment of the PEC coacervates to the 

negatively charged CNF is less in the pre-formed case as compared to when the coacervates 

are formed in the presence of the fibers.  

2.2.4 Cellulose nanofibers and polyelectrolyte complexes interaction videos 

 Real-time videos of the three orders of additions were taken under the microscope 

in well plates to support the still-frame timed micrographs. Time-lapse videos up to 

approximately 130 minutes were taken and available with the SI in our publication 136. 

These are Video 1: CNF 1 M NaCl 5 mM PAH 1st PAA 2nd.avi, Video 2: CNF 1 M NaCl 

5 mM PAA 1st PAH 2nd.avi and Video 3: CNF 1 M NaCl 5 mM Pre-formed PAH PAA 

in the supporting information. Comparing Video 1 and 2, in the case where PAH was added 

first (Video 1), there is more coverage at earlier times of the fibers with coacervates as 

compared to case where PAA was added first (Video 2) at around 30-40 minutes. When 

pre-formed coacervates (PAH PAA and salt) were added to the CNF in Video 3, by 40 

minutes, appreciably less attachment of the coacervates to the fibers is seen and coacervates 

are present more in the bulk. This is true even at the 2 hour and 10-minute time point but 

the coacervates near the fibers are far less mobile in each case. 

2.2.5 Cellulose nanofibers and polyelectrolyte complex mixture surface charge analysis 
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 The interactions of CNF with the complex coacervates are supported by the surface 

charge of the CNFs with and without the polyelectrolytes, as measured using 

electrophoretic mobility. As expected, and shown in Figure 2-10A, CNFs with 1 mM NaCl 

are negatively charged at pH values between 4-10. This includes a negative charge at a pH 

value of 6.5, which is the value used for the polyelectrolyte solutions for the coacervation 

experiments (electrophoretic mobility here is between -0.86 and -1.4 µm·cm·V-1·s-1. 

Because these electrophoretic mobility values correspond to zeta-potential values of 

approximately -10 to -20 mV, these can be considered slightly negatively charged.  
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Figure 2-10. Electrophoretic mobility of 0.05 wt.% CNF and 1 mM NaCl: (A) at various 

pH values (each point is an average of  3 samples),  (B) with increasing concentrations of 

PAH (+) or PAA (-) at pH 6.5 (each point is an average of 3 samples). 

 Because these CNFs are negatively charged, it can be expected that the oppositely 

charged polyelectrolyte will adsorb to the surface of the particles and neutralize the surface 

charge, while the negatively charged polyelectrolyte will repel and the particle surface 
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charge will not change. It has been reported that low molecular weight and highly 

positively charged polyelectrolytes readily adsorb onto the surface of cellulose fibers in 

flat configurations within seconds to minutes 208. The adsorption was confirmed by adding 

increasing concentrations of either PAH (+) or PAA (-) to a 0.05 wt.% CNF and 1 mM 

NaCl dispersion at pH 6.5 and measuring the electrophoretic mobility at each 

concentration. Figure 2-10 B shows that the electrophoretic mobility increases linearly with 

PAH concentration on a semi-log scale. The surface charge switches from negative to 

positive at a PAH concentration of 0.05 mM (charge neutral) and is positive at higher PAH 

concentrations, which correspond to the minimum polyelectrolyte concentrations used in 

this study. This also confirms that for the 5 mM total polyelectrolyte concentration 

scenario, adding PAH first results in excess polycation at the surface.  As expected, 

increasing the concentration of PAA did not appreciably change the surface charge of the 

CNFs. At all concentrations of added PAA tested, the electrophoretic mobility stayed 

between -0.85 and -1.5 µm·cm·V-1·s-1 and did not significantly change when compared to 

CNF with 1 mM NaCl at pH values near 6.5, which have electrophoretic mobility values 

between -0.86 and -1.4 µm·cm·V-1·s-1. 

 Finally, timed electrophoretic mobility experiments were conducted that measured 

the three order-of-addition scenarios at pH 6.5 (Figure 2-11) over time in minutes. 

Interestingly, for the case where PAH (+) was added first, upon addition of the PAA (-), 

the electrophoretic mobility appreciably shifted from a positive mobility to a negative one. 

This change of sign was not seen when PAA (-) was present first and PAH (+) was added. 

Similarly, the electrophoretic mobility did not significantly change in the case where fibers 

were added to pre-formed complexes. This, when taken in context with the 2-system 
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mixtures in Figure 2-10, indicates that the PAH absorbs onto the fibers when mixed, unlike 

the PAA and pre-formed coacervates. This may increase the local PAH concentration near 

the fibers or provide a position for new coacervates to form after the initial rapid bulk 

formation, leading to the faster kinetics for aggregation of coacervates onto the fibers. 

These results further support the importance that the order-of-addition plays to the overall 

system.  

 

Figure 2-11.  Electrophoretic mobility over time in minutes of 0.05 wt.% CNF with 1 

mM NaCl with PAH (+) first, then PAA (-) added (red squares), PAA (-) first and then 

PAH (+) added (blue triangles), pre-and formed coacervates first, then CNF added 

(orange diamonds). Each curve is an average of 3 samples. 

2.2.6 Molecular dynamic simulations 

 To enhance the understanding of coacervate formation and their interactions with 

CNF at the molecular level, CG MD simulations for three different systems were 
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performed. System-I for is for the coacervate formation of just the polycation (PAH) and 

polyanion (PAA) at 9% salt concentration as seen in the snapshot in Figure 2-12 A. The 

other two systems are in the presence of CNF and are affected by the order of polyanion 

and polycation addition. These are polycation-first (PAH-first) in Set 1 and polyanion-first 

(PAA-first) in Set 2. The snapshots of these two sets of simulations without salt and 

counter-ions and showing the two different orders are shown in Figure 2-12-B and C.   
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Figure 2-12. Molecular dynamics simulation results. (a) Polyanion-polycation complex 

formation without CNF. The light colors are polyanions and black colors are polycations. 

(b) Simulation snapshots of polycation-first added then polyanion. (c) Simulation 

snapshot for polyanion-first, then polycation. Green represents CNF CG molecules. Blue 

represents polyanion and red represents polycation. For clarity, counterions and salt ions 

are not shown. (d) Radial distribution function (RDF) between polycation-fiber and 

polyanion-fiber. The black and red curves represent polycation–fiber RDF for polycation-

first (Set 1) and polyanion-first (Set 2) systems respectively. Blue and green curves 

represent polyanion – fiber RDF for polycation-first (Set 1) and polyanion-first (Set 2) 

systems respectively. (e) RDF between polycation and polyanion for polycation-first 

(blue) and polyanion-first (red) systems. (f) Mean-square-displacement (MSD) versus 

time (t*) for charge species coming from fiber, polyanion and polycation. 

  In the polycation-first case (Figure 2-12 B), due to the strong, oppositely charged 

electrostatic interactions between the polycations and the CNF, the PAH form complexes 

with the CNF. While the majority of the polycation charges are attached to the negatively 

charged CNF, some amount of residual polycation charges is free in solution, attributed to 

excluded volume interactions arising from the chain conformation. Larger coacervates 

form after the addition of polyanions that complex with the residual positive charges on 
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the polycations on the CNF surface. Consequently, in the polycation first case a large 

number of smaller PEC coacervates that are attached to the CNF surface can be observed, 

which is similar to the experimental observations in Figure 2-7 and Figure 2-9. In the 

polyanion-first case (Figure 2-12 C), the negative charged CNF and polyanions experience 

strong repulsive electrostatic interactions and therefore the polyanions do not attach to the 

CNF. Consequently, when the polycations are subsequently added, the majority of them 

form PECs with the polyanions that are already present in solution but because of their 

attraction towards negatively charged CNF, some of the polycations attach to the CNF. 

This drags a few polyanions to the CNF surface. Therefore, in the polyanion-first case 

mostly large PEC coacervates form with very few polycations attached to the CNF. Similar 

morphology is observed in the experiments in Figure 2-7 and Figure 2-9.  

 To further understand the interactions between the CNF and polyelectrolytes in the 

two orders of additions, the radial distribution function (RDF) was determined. RDF 

represents how the density of a given object varies with distance from a reference point 

193,201. The RDF, g(r*), was calculated near the CNF for both sets in Figure 2-12 D  and the 

results show sharp peaks for fibers with polycation charges for both of the order-of-addition 

cases (black and red lines). This indicates stronger electrostatic affinity of polycations to 

the CNFs.  The first peak in polycation-first case (black line) is little higher than the 

polyanion-first case (red line) suggesting higher agglomeration in PAH-first case. In the 

experiments, the PAH-first (polycation) case shows rapid coacervate formation with CNFs, 

while in the PAA-first (polyanion) case show slow attachment of coacervates to the CNFs. 

Similarly, the g(r*) from the MD simulation shows enhanced polycation and CNF 

agglomeration due to strong electrostatic interactions between oppositely charged 
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polycations and CNFs. This can be attributed to the faster coacervate formation in the PAH-

first case in experiments. The simulations show a strong polycation-fiber first peak for both 

the polycation-first and polyanion-first case. This is due to strong electrostatic interactions 

between oppositely charged (polycation and CNF) molecules. They do not represent 

differences in coacervate size as were seen in the snapshots. In both Set 1 and 2, the PAA-

fiber (blue and green lines) for both order-of-additions show no agglomeration. This can 

be attributed to the repulsion between polyanion with negatively charged CNF.  

 In Figure 2-12 E shows  the g(r*) between polyanion and polycation charges near 

the CNF. The g(r) shows two peaks, indicating two layers of charges near the CNF surface. 

The large peak heights of these g(r) show strongly agglomerated polycation-polyanion 

coacervate. The g(r) along with the snapshots show agglomeration mechanisms that 

depends on order-of-addition of the polyelectrolytes. This phenomenon may also play a 

role in how CNFs interact with PECs during processing in solution.  

 In Figure 2-12 F, the mean-square-displacement (MSD) of the different charged 

species coming from polycation, polyanion and CNF for both the systems was determined. 

MSD represents a measure of the change of the position of a particle from a reference point 

over time and can represent diffusivity 209. Specifically, the diffusive motion can be 

analysed by the long-time MSD. MSD for CNF shows it has faster motion than the 

polyelectrolytes in both order-of-addition cases. In the diffusive regime of the MSD plot, 

long time MSD show higher diffusivity for the fibers indicating that there is a greater 

number of mobile CNF that are weakly attached to the polyanions. For polycation-first 

case (magenta line), the MSD is slightly lower as most of the CNF is complexed with the 

coacervate that restricts their motion. For both systems, the diffusivity of the polyanions 
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and polycations are slower because they are part of coacervate agglomeration as observed 

in Figure 2-12 E.     

2.2.7 Water retention values of cellulose nanofibers with polyelectrolytes 

 Measurement of the WRV is a standard technique used in paper manufacturing and 

research to evaluate the water retained by pulps 23,30,176,199. Given the high surface area and 

fibrillation, CNFs are expected to have high measured WRVs 30,177,183.  The PEC in this 

work were selected to decrease the water retention in cellulose fiber materials in the 

papermaking process, so in addition to the fundamental studies on the PEC phase behavior 

and surface interactions the WRV of PECs mixed with CNFs were also measured. 

 The  WRVs  obtained for the CNF by themselves (262 ± 29.0 %) are consistent 

with the values that have been reported in the literature for other CNF sources with 

functional group modifications or additional refining 22,177,210, as well some larger pulps 

23,159,211,212. As seen in Figure 2-13 for all three PEC-CNF mixtures (PAH first, red, PAA 

first, yellow, and pre-formed, green), the WRVs are lower than CNF by itself. The pre-

formed coacervates had the highest WRV (212 ± 13.0 %) of the three PEC cases. This was 

not appreciably different than CNF with 1 M NaCl control WRVs (216.7 ±14.7%) (not 

shown). Consequently, the interaction between pre-formed coacervates and CNF at 1M 

NaCl is minimal and does not impact the water retention of the fibers in this scenario. This 

is consistent with the microscopy results that showed coacervates formed primarily in the 

bulk and are not closely associated with the CNFs. Likely, this will limit the 

polyelectrolytes from closing available spaces on the surface of CNF fibril bundles  and 

allow the fibers to retain their water 21,23,208. Between the PAH first (140 ± 10.5 %) and 
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PAA first cases (149 ± 12.1 %), the average of the PAH first case is slightly lower. The 

averages of the two scenarios were compared by performing a t-test with the null 

hypothesis that PAA first has a higher WRV. With a one-tail distribution, the PAA first 

case is higher with 94% confidence. Again, these results are consistent with the 

observations from microscopy, simulations and surface charge measurements that show 

closer association of the PECs to the fibers when the PAH is added first.  

 

Figure 2-13. Water retention value data for 0.5 wt.% CNF, 1 M NaCl, and 50 mM total 

polyelectrolyte concentration. The order-of-addition of the polycation first (PAH), 

polyanion first (PAA), or pre-formed coacervates was varied. WRVs of 0.5 wt.% CNF 

samples with and without 1 M NaCl are shown for comparison. 

2.3 Conclusions 

 In this study the coacervate formation between the PAA and PAH PECs and 

negatively charged cellulose nanofibrils were investigated. Optical microscopy, 

fluorescence microscopy, surface charge analysis and simulations, showed that the order-

of-addition of the PAA and PAH to the CNFs affects the association of the PECs to the 
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fibers, both the extent of the association and the time it takes for the coacervates to fully 

associate with the fibers. Specifically, when pre-formed coacervates were used, there was 

a loose association to the fibers, and it took up to 3 days for full agglomeration. In contrast, 

when the polycation was added to the slightly negatively charged CNFs first, there was 

significantly more association of the coacervates to the fibers and they were mostly fully 

associated by the 40-minute timepoint. This behavior is driven by the electrostatic 

interactions between the polymers and the surface of the CNFs, as shown using 

electrophoretic mobility measurements and MD simulations.  

 The relevance of this to the paper industry is related by the measurement of the 

water retention values for CNFs mixed with PECs and showed that the WRV was not 

significantly different for pre-formed coacervates compared to the control sample and was 

lowest for the case where the polycation was added first. This is consistent with the 

experimental examination of coacervate association with the CNFs, as the WRVs are 

expected to be lower when the polyelectrolytes can interact with the cellulose fibers in a 

way that allows for decreasing available surface area in terms closing pores in the form of 

interfibrillar spacing and increasing free space that water can drain through with 

appropriate flocculation of the fibrils. These studies on the interactions between 

polyanions, polycations and CNF will have impact on formulation design thinking for 

improving drainage and water retention in paper manufacturing.  More broadly, this work 

improves the understanding how order-of-addition as a formulation decision to tune 

interactions, not just polyelectrolyte charge and structure, plays a significant role in 

polyelectrolyte complexation and interactions with particles from the molecular scale. 
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CHAPTER 3. SELECTION OF POLYCATIONS AND IONIC 

STRENGTH IN POLYELECTROLYTE COMPLEXES AS A 

FORMULATION STRATEGY TO OPTIMIZE WATER 

RETENTON VALUES 

This chapter is adapted from a manuscript submitted for publication: 

Khan, N., Renfroe, A., Von Grey P., Witherow, H., Brettmann, B.K., The influence of 

electrostatic interactions of polycations in polyelectrolyte complexes on water retention 

values of cellulose nanofibers. Manuscript submitted. 

  

 This study utilizes the WRV technique developed in the previous chapter, where 

the technique was used to tie the results of the molecular scale effects of order-of-addition 

of PAH and PAA on PEC coacervate phase association to CNFs to testing that is more 

relatable to the paper industry. Besides order-of-addition, the selection of polycation in a 

PEC system is important in tuning properties of a slurry formulation for improved water 

retention. Because individual polyelectrolytes have unique characteristics based on their 

chemical structure that influence the properties they impart to cellulose slurries, examining 

a broad range of polyelectrolytes is valuable for designing formulations for improved 

drainage and WRVs.  

 In this work, three readily available polyamine polycations were complexed with 

the polyanion polyacrylic acid (PAA) to show reductions in water retention values (WRVs) 

of CNF mats related to electrostatic interactions. The relative hydrophobicity of the 

polycations was also determined and ranked using turbidity testing.  Furthermore, PECs 
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can form in two phases (solid precipitates and liquid coacervates) and the phase behavior 

needs to be understood in the context of how it influences the WRV. Finally, how the 

selection of polycation and the electrostatic interactions influence the retention of water in 

cellulose nanofibers (CNFs) has not previously been studied. Consequently, the salt 

concentration was varied to test regimes where electrostatic interactions dominate and 

regimes where charges are screened so that other molecular interactions such as 

hydrophobicity control the polymer behavior. The WRVs were tested with PECs away 

from charge-match ratio (4:1) to reduce the number of intrinsic ion pairs that can form 

between PECs and with fibers.  

 For a further comparison, a known coacervate-forming polycation: Poly[2‐

(dimethylamino)ethyl methacrylate (PDMAEMA) was also complexed with PAA and the 

WRV was tested. A combination of attributes makes this polyelectrolyte different than the 

other three polyamines tested here, including the structure of its pendant groups, the 

presence of oxygen in the functional group, and a choice of a larger MW. The larger MW 

would likely favor a bridging, rather than a charge-patch mechanism, when added to CNF 

fibers. This is known to influence the flocculation and aggregation behavior of fiber 

networks. It can also form coacervates at low-salt concentrations, unlike the other 

polycations tested here so was included in the study. This will be discussed separately from 

the other three polycations.  

 By studying these different PECs under changing experimental parameters, how 

PEC formulations can improve WRV with CNFs for better design of cellulose slurries can 

be evaluated.  
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3.1 Materials and Methods 

3.1.1 Cellulose nanofiber selection  

 The same CNF lot (90% fines) used in Chapter 2 was used for this study and 

prepared in the same way including a two-day dialysis. All CNF was taken from the same 

lot (Lot#U35), from the same storage conditions, and dialysis time to minimize variability 

between sources. Because variability is a significant challenge in the use of natural 

products 12,49, further discussion and characterization of these CNFs can be found in 

Chapter 2.   

3.1.2 Polyelectrolyte selection 

 Weak polyamine polycations of low molecular weight with tunable ionization with 

pH were used in this study (Figure 3-1). Polyacrylic acid (PAA) sodium salt (degree of 

polymerization, N638, molecular weight (MW) 60,000 g/mol and PDI=2.4) in a 35 wt.% 

aqueous solution and polyvinyl amine hydrochloride (PVAm) powder (N314, 

MW=25,000 g/mol) were purchased from Polymer Sciences, Inc. The PDI was not 

available for PVAm from the supplier and not separately measured. Complexation in this 

study was conducted at measured maximum turbidity for “charge-match” and greatly 

deviated at 4:1 polycation to polyanion monomer units  for “away-from-charge-match” to 

minimize influences of large MW differences between oppositely charged chains. 

However, based on reported synthesis routes for PVAm 213–216, the PDI may be expected 

to be greater than 1.28 215,216.  Polyallylamine hydrochloride (PAH, N 186, MW=17,500 

g/mol and PDI=1.28) and polyethyleneimine hydrochloride (PEI, linear, N251, 
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MW=20,000 g/mol and PDI ≤1.4) were purchased as powders from Sigma Aldrich. Poly[2‐

(dimethylamino)ethyl methacrylate (PDMAEMA, N157, MW75,500 g/mol and 

PDI=1.12) was purchased from Polymer Source, Inc and used as is. Molecular weights are 

average values listed by the vendor in the Table 3-1 below. The use of low molecular 

weight polycations favors a charge-patch mechanism in terms of adsorption to the fibrils 

146,147. PEI and PAH were used as received. PVAm was dissolved in DI water and filtered 

using a 0.22-micron Milli-Q hydrophilic PVDF filters to remove visible particulates. The 

filtered solution was dried and used to prepare solutions for testing.  

 Stock solutions were prepared in 0.5 M or 10 mM polyelectrolyte concentrations 

based on the concentration of the monomer unit. Solutions were made in deionized water 

from a Milli-Q water system at a resistivity of 18.2 MΩ*cm and pH was adjusted as 

necessary, using small volumes of hydrochloric acid (HCl) or sodium hydroxide (NaOH). 
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Figure 3-1. Structures of polyelectrolytes used to for polyelectrolyte complexes in this 

study. Individual polycations were complexed with the polyanion polyacrylic acid salt.  
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Table 3-1. Polyelectrolytes used to study WRV behavior and their key characteristics.  

Polycation Characteristic Molecular 

Weight 

Calculated % ionization 

(pH value at which 

ionization was 

determined) 

Polyallylamine 

hydrochloride  

(PAH+) 

Primary amine 

 

17.5 

kg/mol 

99% (pH 6.5) 

Polyvinyl amine 

hydrochloride  

(PVAm+) 

Primary amine 

 

 

25 kg/mol 99% (pH 6.5) 

Polyethyleneimine 

hydrochloride (PEI+) 

Secondary 

amine 

 

20 kg/mol 99% (pH 5.3) 

 

 

Poly[2‐

(dimethylamino)ethyl 

methacrylate 

(PDMAEMA+) 

Tertiary amine 75.5 

kg/mol 

95% (pH 6.3) 

Polyacrylic acid 

sodium salt (PAA-) 

Carboxylic acid 60 kg/mol 99% (pH 6.5) 

 

3.1.3 Cellulose nanofibers and polyelectrolyte complex mixing procedure 

3.1.3.1 Polyelectrolyte complex samples 

 PECs were prepared by mixing the stock solutions of the polycation and polyanion 

with appropriate amounts of 5 M NaCl solutions and water, which were also adjusted to 
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pH ~6.5 using HCl or NaOH. The final mixtures were either 5 mM total polyelectrolytes 

for PEC turbidity studies and electrophoretic mobility testing or 50 mM total 

polyelectrolyte concentrations for WRVs and microscope images. PEI was adjusted to a 

pH of 5.3, where it is fully ionized. It has been shown that for the formation of PECs, the 

ionization of the polycation at a given pH is more important than the differences of the pH 

between the oppositely charged polyelectrolytes 114,120,122. For all the studies the order-of-

addition was CNF, water, salt solution (if needed), polycation and then polyanion. As 

shown in chapter 2 that this sequence of addition with polycations added first gives the 

lowest WRVs 136. 

 When preparing samples with PECs, the polycation and polyanion were added in 

terms of their mixing molar ratio, which is expressed by the molar fraction of polycation: 

 
𝑓 =

𝑛 (𝑝𝑜𝑙𝑦𝑐𝑎𝑡𝑖𝑜𝑛) 

𝑛 (𝑝𝑜𝑙𝑦𝑐𝑎𝑡𝑖𝑜𝑛) + 𝑛 (𝑝𝑜𝑙𝑦𝑎𝑛𝑖𝑜𝑛)
 (4) 

 

where n represents the molar amount of monomer units of either polycation or polyanion. 

Similarly, charge ratio is defined as n (polycation): n (polyanion). Therefore, samples 

prepared “away-from-charge-match” were done at 4:1 charge ratio and mixing molar ratio 

(f=~0.8). Specifically, the samples prepared at 4:1 charge ratio were prepared at f=~0.77 

PAH/PAA, f=0.8 PVAm/PAA, and f=0.8 PEI/PAA.  Samples prepared at “charge-match 

ratio” were prepared based on the results of turbidity testing where the ratio at maximum 

turbidity indicates a 1:1 polycation: polyanion monomer interaction.  

3.1.3.2 Cellulose nanofibers and polyelectrolyte complex samples 



 79 

 The CNF stock was first sonicated for 10 minutes and then vortexed before using. 

The required amount of water was added to the CNF, then vortexed for 30 seconds, 

followed by the required amount of 5 M NaCl, and then vortexed for 30 seconds. The first 

0.5 M polyelectrolyte was added dropwise to CNF mixture while on the vortex mixer at 

1500 rpm, then vortexed for an additional 30 seconds at 3200 rpm. This was then pipetted 

in and out 20 times for full mixing. The last polyelectrolyte was also added dropwise on 

the vortex mixer, vortexed for another 30 seconds and pipetted in and out 20 times. For the 

pre-formed samples, the CNF was added last, vortexed 30 seconds and pipetted in and out 

20 times. 

3.1.4 Turbidity testing 

3.1.4.1 Turbidity testing for identification for maximum complexation polycation to 

polyanion ratio   

 Turbidity testing was used to identify which ratio of the polycation to PAA led to 

maximum turbidity Figure 3-2 , which has been shown previously to indicate maximum 

complexation 138,169. These ratios of polycation to polyanion were then used for WRV 

studies after confirming a neutral electrophoretic mobility of the PECs with CNFs, also 

indicative of maximum complexation. Samples of 325 μL and 5 mM total PEC 

concentration were prepared and plated in triplicates of 100 μL each. All samples were 

prepared with 10 mM polyelectrolyte solution, salt, and deionized water stock solutions. 

Water and salt were added together first and vortexed for 15 seconds at 3200 rpm. PAH 

was always added first to the saltwater solution and vortexed for 30 seconds at 3200 rpm. 

PAA was added last and vortexed for 30 seconds at 3200 rpm. Three samples were run and 
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averaged. Corning ultra-low attachment surface 96-well plate microplates were used. A 

plate reader equipped with a UV spectrophotometer (BioTek Synergy H4 micro plate 

reader) was used at a wavelength of 550 nm for the turbidity measurements following 

methods of other reported studies 136,138. Samples were run on the plate reader immediately 

after preparation. Turbidity was calculated from T= ln (I/I0), with I=intensity of light passed 

through sample volume and I0= incident light intensity.  

3.1.4.2 Turbidity for ranking hydrophobicity of polycations 

 Turbidity measurements were also used to rank polycation hydrophobicity in the 

uncharged state. Approximately 3.5 mg of solid polycations were dissolved in DI water 

and the volume of water was adjusted to vary the concentration in mg/mL. The initial pH 

of the starting solutions was acidic (< pH 5) and not turbid. Then 100 μL of 5 M NaOH 

solution was added twice (total of 200 μL) and vortexed at 1500 rpm for 10 seconds, 

leading to solutions of pH>12 where polyelectrolytes are uncharged. The final 

concentration reported in mg/mL includes the volume of NaOH. Samples at multiple 

concentrations of polycation were prepared until the solution was turbid, indicating 

insolubility. The solutions were plated and read in the plate reader at a wavelength of 800 

nm where higher concentrations of polycation do not absorb. Samples were prepared in 

triplicates. The absorbance values were converted to turbidity units. Microscope images 

were taken in an inverted Leica DMi8 microscope using transmitted light mode, HC PL 

FLUOTAR 20 or 50x objective lenses, and Leica DMC2900 camera.  

3.1.5 Electrophoretic mobility 
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 Electrophoretic mobility testing was used to confirm the concentration at which the 

CNF was beyond the fiber saturation point and the surface is saturated from the adsorption 

of the polycations. Samples were prepared at 0.05 wt.% CNF in a 1 mM NaCl solution and 

appropriate concentration of polyelectrolytes. For CNF+PEC samples a total of 5 mM 

PECs were used. The method was also used to confirm the charge of the CNF+PECs at 

polycation: polyanion ratio of 1:1 and 4:1.  

 Electrophoretic mobility values were measured using a Zetasizer Nano Z (Malvern 

Instruments, Ltd., Worcestershire, UK) with a capillary cell setup. The instrument 

temperature was equilibrated to 25°C for 30 seconds before running samples. Data was an 

average of six measurements per sample. A maximum of 100 sub-runs were taken per 

measurement. Each sample was 750 µL and three samples were averaged. 

3.1.6 Water retention values 

 Water retention values were taken with the same method as described in Chapter 2. 

Samples were prepared with a total CNF concentration of 0.5 wt.% and 50 mM total 

polyelectrolyte concentration unless otherwise specified.  

3.1.7 Microscopy and imaging 

 PEC samples were imaged in optically clear Corning ultra-low attachment surface 

96 well microplates using a using a Leica DMi8 inverted microscope in transmission mode. 

For 50 mM PEI/PAA samples at 0 M NaCl, samples were centrifuged first to collect and 

pipette enough to visualize. Approximately 40 µL of the samples were pipetted into a 96 

well plate. Images were taken at the center of the individual well.  
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 CNF-PEC samples in slurry form were imaged with an optical scanner in a flow 

cell designed for imaging cells and bacteria. Samples were prepared at the same 

concentrations and method as the starting slurry for the WRV studies.  Approximately 0.2 

mL of sample was taken up by a 1mL disposable syringe and placed into a IBIDI µ-slide 

VI 0.5 glass bottom flow cell. Samples were scanned on an Epson Perfection 3490 Photo 

scanner in gray scale and reflective mode. 

3.2 Results and Discussion 

3.2.1 Determination of maximum complexation of polyelectrolyte complexes 

 Turbidity testing was used to assess the ratio at which the maximum complexation 

of polycation to polyanion is observed. Maximum complexation is marked by a maximum 

turbidity and occurs at polycation to polyanion monomer ratio of 1:1 138,169,217,218 where 

insoluble complexes form 131. Away-from-charge-match, the turbidity decreases from the 

formation of smaller complexes 169, a lower overall concentration by weight of insoluble 

complexes 120,122, the overall complex considered more soluble 219, or a change in phase of 

the complex which has been observed 122,131.  

 As can be seen in Figure 3-2 A, maximum turbidity was achieved at a ratio of 0.4 

mol/total mol of polyelectrolytes for PAH/PAA (meaning that 0.4 moles of PAH based on 

monomer unit and the remainder 0.6 moles of PAA was added) and 0.5 mol PEI/total 

polyelectrolyte. PVAm/PAA formed large precipitates that tended to aggregate and settle 

to the bottom of the well plate as seen in Figure 3-2 A. Consequently, the ratio of maximum 

turbidity was not easily identified with this technique or microscopy. To ensure that ratios 

used were appropriate, electrophoretic mobility testing was performed with 0.05 wt.% 
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CNFs with the same concentration (5 mM total PEC) and ratio of polycation to polyanion 

as the turbidity testing. When both the turbidity is maximum and the electrophoretic 

mobility or zeta-potential are near or at a value of zero, maximum complexation is 

confirmed 72. Electrophoretic mobility results are discussed in the section below. These 

ratios were used to further prepare samples for WRV testing.  

 

Figure 3-2. Turbidity of 5 mM PECs versus ratio of polycation to polyanion (PAA) (A). 

Micrographs of PECs at the polycation to PAA ratio corresponding to maximum turbidity 

(B). 

3.2.1.1 Turbidity testing to determine polycation hydrophobicity 

 While each of the polyamine polycations here differ in the number of methyl groups 

in either their backbone or pendant group, the hydrophobicity of the polymer cannot be 

assumed based on functional groups. Consequently, turbidity testing was conducted to 

determine the hydrophobicity ranking of the polycations used here relative to each other. 

Turbidity indicates the presence of suspended particles in solution that can scatter light. 

For polymers, turbidity has been used evaluate macroscopic phase separation and to 
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understand hydrophilic to hydrophobic transitions of polymer systems that have LCSTs 

220,221 and cloud point phase separations 73. Furthermore, Li et al. measured the turbidity of 

polyacrylic acid (PAA) at an acidic pH and polyallylamine hydrochloride (PAH) at a basic 

pH (9) where the protonation of these were low, to understand their solubility in solution 

due to hydrophobicity of the chains 222. In preparing polycation samples, the solutions had 

enough NaOH (pH >12) so that the polycations are no longer protonated and solubility in 

solution due to the presence of the charged amine group was eliminated. 

 As seen in Figure 3-3, PEI became turbid at the lowest concentration of 5.5 mg/mL 

and formed aggregates in solution. At 11.7 mg/mL, PVAm and PAH were still clear. From 

this, PEI can be considered the most hydrophobic in this study. At 12.5 mg/mL, PVAm 

had a slightly higher turbidity than PAH but by 14.6 mg/mL the turbidity for both were 

approximately the same. Consequently, PVAm can be considered slightly more 

hydrophobic than PAH. While PAH has another methyl in its structure than PVAm, it did 

not show a significance increase in hydrophobicity based on these results. This may be in 

part from the slightly higher average molecular weight of PVAm (25kg/mol) compared to 

PAH (17.5 kg/mol).  
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Figure 3-3. Turbidity versus concentration of polycations in mg/mL at pH >12 (A). 

Micrographs of PEI, PVAm, and PAH at corresponding polycation solution 

concentrations where they are turbid (B). 

   

3.2.2 Electrophoretic mobility to determine polyelectrolyte complex concentrations and 

ratios 

 To confirm full adsorption of polycations to the CNF and that excess polycation 

would be available to form PECs in solution, electrophoretic mobility testing of 0.05 wt.% 

CNF with increasing polyelectrolyte concentrations was performed as in Chapter 2. Figure 

3-4 shows the electrophoretic mobility with increasing concentration of the increasing 

polycations based on monomer units. As expected, increasingly negatively charged PAA 

did not further decrease the surface charge of negatively charged CNFs. Also, as expected, 

electrophoretic mobility increases with increasing polycation concentration 146,166,181. The 

charge neutral concentration (neutral electrophoretic mobility) was achieved near 0.02 mM 

polyelectrolyte (0.015, 0.02, and 0.025 mM for CNF with PEI, PAH, and PVAm, 
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respectively). Beyond this, adsorption to the surface continues to increase logarithmically 

before plateauing at the saturation point 166. As seen in Figure 3-4, at 2.5 mM polycation 

addition to 0.05 wt.% CNF, the fibers are well beyond charge neutral and saturation with 

the addition of all three polycations and the excess is in solution and would be able to form 

PECs with the addition of oppositely charged polyanion. Given that these measurements 

must be performed at a dilute CNF concentration, to scale the amount of polycation to be 

appropriately added to 0.5 wt.% CNF for WRV tests, 25 mM polycation was further added 

for polycation control tests and 50 mM for PEC samples.  Therefore, the concentrations of 

polyelectrolytes and PECs for WRV testing to correspond the results of electrophoretic 

mobility data where the surface of the fibers are completely saturated and in excess. 
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Figure 3-4. Electrophoretic mobility of 0.05 wt.% CNF, 1 mM NaCl, and increasing 

polyelectrolyte concentration in molar of monomer unit. The green line indicates CNF 

control. 

 As mentioned, WRV samples were prepared with PECs that correspond to both a 

maximum turbidity and a near zero electrophoretic mobility.  The polycation to polyanion 

ratios where electrophoretic mobility was near zero (0.06 ± 0.91, -0.05 ± 0.67, 0.51 ± 0.04 

µm·cm·V-1·s-1) were 0.5, 0.5, and 0.4 ratios for PAH/PAA, PVAm/PAA, and PEI/PAA, 

respectively. These ratios were used for WRV testing going forward unless otherwise 

specified. For “away-from-charge-match” samples made at 4:1 polycation: polyanion, the 

electrophoretic mobilities were for CNF with PAH/PAA, PVAm /PAA, PEI/PAA were 

1.64 ± 0.02, 2.59 ± 0.05, and 2.22 ± 0.13  µm·cm·V-1·s-1, respectively. 

3.2.3 Water retention values of cellulose nanofiber controls 
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Because these samples are multicomponent and WRV testing responds to different 

factors, several control experiments were necessary. First the WRV of CNF of increasing 

concentration was tested. Figure 3-5 showed that WRV decreases with increasing CNF 

slurry concentration. This behavior has been observed with partially-dried paper samples 

of pulps of larger fibers 178 and CNF 27 and is believed to be indicative of changes in the 

specific surface area within the slurry and overlap of the fibers 178. While increasing the 

concentration of fibers in the solution also means increased initial mass of the fibers in the 

fiber pad, the increased concentration of fibers also allows for an increased number of 

contact points between the fibers upon drying 178. This leads to densification and a collapse 

of interfibrillar pores 21. Going forward, 0.5 wt.% CNF was chosen for the remaining 

testing with polyelectrolytes.  

 

Figure 3-5. WRV of CNF slurries with increasing CNF concentration (A) and increasing 

sodium chloride concentration of 0.5 wt.% CNF slurries (B).  

 The influence of electrostatic interactions on the WRVs of 0.5 wt.% was tested with 

increasing salt up to 1 M NaCl, as seen in Figure 3-5. Here the WRVs are higher at low-

salt concentrations and decrease with increasing NaCl, particularly at 0.5 and 1 M NaCl. 
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Given that the fibers are negatively charged, the electrostatic screening of negative surface 

charges on the CNF can allow for a reduced swelling 52 and consequently decrease the 

WRVs, which has previously been seen for pulps of larger fibers 180. 

3.2.4 Water retention values of cellulose nanofiber with polyelectrolyte controls 

The WRV of CNF samples were tested with single polyelectrolytes. As mentioned, the 

polycation concentration and adsorption was confirmed by electrophoretic mobility. The 

selected polyelectrolyte concentration, 25 mM polycation is significantly past the 

saturation point for 0.5 wt.% CNF concentration. As seen in Figure 3-6 B, the WRVs of 

0.5 wt.% CNF with the PAA polyanion (25 mM) and the polycations PEI, PVAm, and 

PAH (25 mM) were measured. The WRVs with the individual polyelectrolytes decreased 

with increasing salt concentration in the same manner as the CNF-only samples with 

similar values.  There was no appreciable improvement in the WRV at any salt 

concentration with any polyelectrolyte on its own. This is consistent with much of the 

WRV literature that has shown polycations alone 181 beyond charge reversal concentration 

or polyelectrolytes complexed in a LBL regime do not appreciably improve (decrease) 

WRV when dosed beyond charge neutral point. The results confirmed that the addition of 

polycations only did not improve WRV compared to the CNF alone.   
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Figure 3-6. WRV of 0.5 wt.% CNF with 25 mM total polyelectrolyte concentration by 

unit with increasing NaCl concentration.  

 Because the purpose of this study was to understand the role of the PECs on WRVs, 

the concentration of polycations chosen had to be in excess. As a comparison, the WRVs 

of CNF with a total PEC concentration in the LBL regime was additionally measured. Here 

there are no excess PECs in solution (0.5 mM PECs) at 0 and 1 M NaCl and the 

concentration is slightly above the charge neutral point (electrophoretic mobility near 

zero).  The results were 376.2 ± 8.2, 377.4 ± 12.6, and 367 ± 12.8 at 0 M NaCl and 259 ± 

5.9, 258.2 ± 7.6, 259.9 ± 9.6 % at 1 M NaCl for PAH/PAA, PVAm/PAA, and PEI/PAA, 

respectively. These were similar to the CNF-only WRVs of 365.8 ± 23.4 % at 0 M NaCl 

and 277.3 ± 17.3 % for 1 M NaCl. This confirms that changes of WRVs of 0.5 wt.% and 

50 mM PECs were due to the presence PECs in the network.  
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 These control studies indicated that the 0.5 wt.% CNF slurries are a sufficient 

control for analysis during the remainder of this study and that any improvements are due 

to the PEC in the system, not the polyelectrolytes alone. 

3.2.5 Water retention values of cellulose nanofibers with polyelectrolyte complexes at 

charge-match ratio at 1:1 

 To understand the influence electrostatic interactions and the selection of 

polycation within a PEC, WRV of CNFs with 50 mM total PECs were first tested at the 

polycation to PAA ratio with maximum turbidity and near zero electrophoretic mobility. 

Figure 3-7 shows the WRVs of 0.5 wt.% CNF with 50 mM total PEC for PEI: PAA, PVAm: 

PAA, and PAH: PAA with increasing NaCl concentration from 0 to 1 M NaCl (plot is split 

into 0-0.1 M and 0.5-1 M to show detail).  Figure A. 1 in the appendix shows all data on a 

single plot. As was seen with the control samples, the WRVs with PECs decrease with 

increasing salt concentration. The WRVs are either lower or higher than the controls 

depending on the salt content. Consequently, the results can be further discussed in two 

regimes: low-salt regime from 0 to 0.1 M NaCl (Figure 3-7 A) and a high-salt regime at 

0.5 and 1 M NaCl (Figure 3-7 B).   
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Figure 3-7. WRV of 0.5 wt.% CNF and 50 mM polycations (PEI, PVAm, and PAH) with 

PAA at maximum turbidity with increasing salt at low (0-0.1 M NaCl) salt regime (A) 

and high-salt (0.5-1 M NaCl) regime (B). The salt concentrations at which coacervate-

like phase were detected for PEI/PAA is noted by *. 

 For all three polymer systems at 0 M NaCl in the low-salt regime, the WRV is 

significantly higher than the control and a large standard deviation in values is observed 

(Figure 3-7 A). As seen in the image in Figure 3-8 A, after centrifugation, for 0 M NaCl 

samples, water remains at the top of the fibrils, or the fibrils do not fully form into a mat 

but instead remain in a wet pulp-state (Figure 3-8 B). Here the PECs, which were prepared 

at maximum complexation (1:1 ratios), can be hypothesized to behave as fines that prevent 

water from going through the fibers and lead to densification of the forming fiber pad, 

thereby retaining significant amounts of water. Similar behavior was seen by Hubbe et al. 

in a system with polyampholytes, where the highest WRVs corresponded with the highest 

turbidity at a neutral pH for a high charge density polyampholyte and fiber system 182. They 

saw membrane plugging, which confirmed that the polyampholyte molecules formed 

associative structures large enough to block the fiber pad or membrane pore 182.    
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Figure 3-8. Photographs of WRV samples of 0.5 wt.% CNF PAH/PAA at 0M and 1 M 

NaCl after centrifugation (A) and after centrifugation and before oven-drying (B).   

 As the salt concentration increases from 0 M to 0.1 M NaCl in the low-salt regime, 

all PEC and CNF mixtures show a decrease in the water retention values and both the PEI 

and PVAm PEC and CNF systems have a WRV that is lower than the CNF control by 0.1 

M NaCl. This decrease in WRV is likely due to a combination of a de-densification of the 

PECs with increased screening of electrostatic interactions of the polymers and decreased 

sticking of the PEC particles to the cellulose fibers from screened interactions between the 

adsorbed polycation and the PECs. In this complex system, it is not possible to deconvolute 

these factors, and both are likely contributing. In addition, the PEI/PAA complexes became 

more liquid-like at 0.01 M and 0.1 M NaCl (Figure 3-9), compared to the precipitates 

present at 0 M NaCl. This phase change behavior from very small precipitates that act as 

fines to liquid-like droplets may lead to the sharp drop in WRV seen for the PEI/PAA 

complexes. 

 In the region defined as the high-salt regime, the electrostatic interactions between 

the polycation and polyanions have been further screened and reduced. This allows for the 

hydrophobic, polymer structure and other molecular features to play a greater role in 
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interactions with CNFs (Figure 3-7B). It is seen that with 0.5 and 1 M NaCl, all CNF PEC 

samples are below the CNF 1 M NaCl control and the most water is retained in the samples 

with the most hydrophobic polycation (Figure 3-3), decreasing in the order of the 

polycation hydrophobicity (PEI>>PVAm>PAH). Additionally, as seen in Figure 3-8 A and 

B, when 1 M NaCl is added, water drained through and formed an intact fiber mat.  It may 

be that, at these high-salt concentrations where attractions between the polyelectrolytes are 

weak in the complex, the polyelectrolyte backbones that are more hydrophilic lead to more 

water bound to the polyelectrolytes and a higher WRV. However, there are several other 

factors that could lead to the differences in WRV between the three polymers including 

changes in how they adsorb onto the CNFs at these high-salt concentrations 223–225, the 

differences in polymer stiffness 134, and its effect on swelling of the fiber network and the 

differences between charges from a primary, secondary and tertiary amine 226. The clear 

trend that emerges here is that the screening of the electrostatic interactions is particularly 

important to obtaining low WRV with PECs. 
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Figure 3-9. Micrographs of 50 mM PECs in solution at maximum turbidity with 

increasing salt at low (0-0.1 M NaCl) salt regime and high-salt (0.5-1 M NaCl) regimes. 

Scale bars are 50 µm. 

 To further understand the connection between electrostatic interactions and the 

WRV behavior in the low and high-salt regimes, images were taken of the 0.5 wt.% CNF 

+ 50 mM PEC slurries at 0 and 1 M NaCl at the 1:1 ratio (Figure 3-10) in a six-sample 

flow cell in an optical scanner. This allowed us to visualize their flocculation behavior prior 

to centrifugation and formation of a fiber mat. From the image, it is clear that the fiber 

network structure at high-salt (1 M NaCl) is more open in terms of the area between the 

fibers compared to the conditions with no added salt (0 M NaCl) for all three 

polyelectrolyte systems. The flocculation and coagulation behavior of fibers with 

polyelectrolytes 9,140,227 and the network structures they form are tied to improved drainage 

33. Additionally, increased bonding and coagulation has been linked to decreased WRV 178. 

In the low-salt regime, at 0 M NaCl for all three PEC combinations, more dense fibril 

networks can be seen, as marked by brighter and more dense aggregates of CNF and PECs. 

The brighter PVAm/PAA and PAH/PAA samples show greater scattering of light than the 
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PEI/PAA at 0 M salt, which is consistent with the very small particle sizes and small 

number of precipitate particles seen in the PEI/PAA microscope images in Figure 3-9.  

 In the high-salt regime, at the 1 M NaCl, the aggregation behavior changes such 

that the highly dense areas are reduced and free space between these is higher. This 

indicates that there are fewer PEC particles at the high-salt concentrations, leading to more 

polyelectrolytes in solution, which do not block drainage, can lead to swelling of the 

network, and may reduce the formation of dense fiber pads. The change in the network to 

have more free space between CNF bundles also supports the decrease in WRV observed 

(Figure 3-7), where more water has the potential to drain during centrifugation. The images 

in Figure 3-10 support the hypothesis that both the screening of the surface charges on the 

fibers as well as resulting changes in flocculation behavior to the network may correspond 

to the lower WRVs seen with PECs at high-salt concentrations.  

 

Figure 3-10. Images of 0.5 wt.% CNF and 50 mM polycations (PEI, PVAm, and PAH) 

with PAA at maximum turbidity ratios at low (0 M NaCl) and high-salt (1 M NaCl) 

showing variation in flocculation. Samples are in flow cell microscope slides and taken at 

the same time in a scanner.  
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3.2.6 Water retention values of cellulose nanofibers with polyelectrolyte complexes 

“away-from-charge-match”  

 To further understand the influence of electrostatic interactions in PECs on WRVs, 

CNF + 50 mM PEC slurries were made at ratios away from the charge-match ratio to reduce 

the number of intrinsic ion pair interactions between PECs and with the fibrils. This is 

another strategy to decrease the number of interactions between the polyelectrolytes in the 

complex but maintain some complexation. Here we examine the PAH: PAA, PVAm: PAA, 

and PEI: PAA systems at approximately 4:1 polycation: polyanion (f= 0.8), where the 

polycation is in excess compared to the polyanion at 1:1. As is seen in Figure 3-2, the 

turbidity values of PAH: PAA, PVAm: PAA, and PEI: PAA at the high polycation: 

polyanion 4:1 are similar and much lower than that at maximum turbidity for PAH: PAA 

and PEI: PAA. Reduced turbidity of PECs away-from-charge-match conditions is expected 

and has been previously observed and is linked to reduced concentrations of PECs and 

changes in phase behavior 122,219. Additionally, the electrophoretic mobilities of 0.05wt% 

CNF with 5mM PAH/PAA, PVAm /PAA, PEI/PAA at these ratios are listed in results 

section 3.2.2 and indicate that the overall samples are positively charged and away-from-

charge-match conditions. 

 The results comparing the WRVs of CNF with PECs formed at 1:1 and 4:1 charge 

ratios of PAH:PAA, PVAm:PAA, and PEI:PAA in low and high NaCl concentration 

regimes are shown in Figure 3-11 A-C (Figure A. 2 in the appendix shows 4:1 ratio WRVs 

results on one plot). For all three systems at 4:1 ratio and 0 M NaCl, the WRVs are 

significantly lower than those at 1:1 ratio. For example, the WRV at 0 M NaCl for 

PAH/PAA at 1:1 is approximately 2000%, while at 4:1 it is approximately 400%. However, 
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the effects at 0 M NaCl for the PVAm/PAA are not as strong as for PEI/PAA and 

PAH/PAA as the charge ratio is changed from 1:1 to 4:1. The lower WRV at 0 M NaCl for 

all systems at 4:1 ratio is likely due to a combination of decreased formation of PEC 

particles due to fewer intrinsic ion pairs and greater swelling of the network from increased 

free polyelectrolytes in the system. This may improve the ability of water to flow through 

a less dense fiber pad.  

 As the salt concentration is increased, the PAH/PAA and PVAm/PAA coacervate 

samples follow the same trend at 4:1 charge ratio as they did at 1:1 ratio. Interestingly, at 

the highest salt concentrations, the WRVs are less than the CNF-only control but are 

slightly higher for the 4:1 than the 1:1 charge ratio rather than identical, as would be 

expected for the regime where electrostatic interactions are minimized. The 4:1 ratio 

samples have more relative mass of polycation than 1:1 so this may be due to specific 

features of the polycation, such as solubility in water or degree of swelling, but further 

study is needed to fully understand this phenomenon. 

 The PEI/PAA polyelectrolyte combination micrographs show significantly 

different behavior than the PAH/PAA and PVAm/PAA complexes (Figure 3-12), 

especially at high-salt concentrations. At 0 M and 0.01 M NaCl, moving away-from-

charge-match decreases the water retention significantly (Figure 3-11 C), similar to the 

results seen for the other polyelectrolyte systems. The PEI/PAA complexes at 4:1 charge 

ratios never show WRVs lower than the CNF-only controls and they essentially have equal 

WRVs as the controls at all salt concentrations. PEI is the most hydrophobic polycation 

and has the most flexible backbone, so it is not surprising that it behaves differently than 

PAH and PVAm. It is possible that at high-salt concentrations, where the charges are 
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screened, PEI solubility is sufficiently reduced to lead to PEI precipitates, a phenomenon 

that will be stronger for the 4:1 compared to the 1:1 charge ratios due to the greater amount 

of polycation. The reduced drainage from these precipitates may be sufficient to lead to 

WRV similar to the controls but further work is needed to conclusively determine the role 

of PEI molecular features in the drainage at 4:1 charge ratio. 
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Figure 3-11. WRV of 0.5 wt.% CNF+ 50 mM PECs made at charge-match and at 4:1 

charge ratio in low (0-0.1 M NaCl in left column) and high-salt regimes (0.5 and 1 M 

NaCl in right column) for PAH/PAA at 1:1 ratio (orange triangle) and at 4:1 ratio (blue 

triangle) (A) for PVAm/PAA at 1:1 ratio (light gray square) and 4:1 ratio. (purple square) 

(B) for PEI/PAA at 1:1 ratio (blue circle) and 4:1 ratio (yellow circle). Asterisk (*) 

indicates coacervate-like phase.  
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Figure 3-12. Micrographs of 50 mM PECs in solution at 1:1 (charge-match) and 4:1 with 

NaCl at low-salt regime (0 and 0.1 M NaCl) and high-salt (1 M NaCl) regimes. Scale 

bars are 50 µm.  
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3.2.7 Water retention values with PDMAEMA/PAA 

 Given that all three polyamines in the previous sections formed precipitates at zero 

and low NaCl concentrations, a different but known coacervate-forming polycation 

(PDMAEMA) was complexed with PAA and tested for WRV. This served as an initial 

comparison and direction of future work Because this polycation is notably different than 

the others in many ways and deconvoluting the factors that influence the WRV is outside 

the scope of this work. This is serves to add breadth for future selection of polycations in 

formulation for papermaking.   

 As with the other systems, turbidity was tested, and it was found that a ratio of 0.5 

gave maximum complexation. Electrophoretic mobility data for CNF with PDMAEMA is 

given in the Appendix (Figure A. 3). As with the other systems, the surface of the fibers 

was completely saturated and excess PDMAEMA was present in the solution at 25 mM 

polycation concentration. Consequently, samples were with 0.5 wt.% CNF and 50 mM 

total PDMAEMA/PAA was used at increasing salt concentrations. The WRV results of 

CNF with 25 mM PDMAEMA controls at 0 M NaCl was 391± 27.8% (compared to CNF-

only at 0 M NaCl at 365.8 ± 23.4%). This is similar and expected to the other controls that 

suggested that CNF with the polycation alone does not appreciably improve WRVs.  

 The WRVs for 50 mM PDMAEMA/PAA are shown in Figure 3-13 below. As can 

be seen in the low-salt concertation regime, the WRVs are significantly improved 

(decreased) compared to the control. At the high-salt concentration regime, the WRVs, 

while improved compared to the control, are higher than in the low-salt concentration 



 103 

regime. Again, this is likely due to a weakening of the electrostatic interactions with 

increasing salt concentration, which in this case leads to a solution phase and no 

liquid/liquid phase separation at high-salt concentrations, reducing the effectiveness of the 

PDMAEMA/PAA in improving WRV. This was supported by the micrographs of the PECs 

in Figure 3-14, which show that coacervate-like PECs are formed at 0 M NaCl, larger 

coacervates are formed at 0.5 M NaCl coacervates, and by 1 M NaCl the chains are 

sufficiently electrostatically screened such that mostly solution phase is preferred and only 

a few small coacervates can be seen. 

 It is clear that, unlike the other PECs tested, PDMAEMA/PAA did not lead to a 

blockage of water during the formation of the fiber pad at 0 M NaCl. This may be because 

the coacervate phase is favored, even in the low-salt concentration regime and may not 

form as dense fibril networks as in the other cases. Because these systems are multi-

component and a number of different factors can contribute, more investigation would be 

needed to determine if this can be attributed to the coacervate phase specifically. For 

example, the longer reported MW would likely favor a bridging, rather than a charge-patch 

mechanism between the fibrils, which may influence flocculation behavior.  
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.  

Figure 3-13. WRV of PDMAEMA/PAA coacervate-forming PEC. 

 

Figure 3-14. Micrographs of 50 mM PDMAEMA/PAA in solution at 1:1 (max turbidity) 

at low-salt regime (0 M NaCl) and high-salt (0.5 and 1 M NaCl) regimes. Scale bars are 

50 µm. 

3.3 Conclusions 

 The appropriate formulation of cellulose with polyelectrolytes is technologically 

important to improve the sustainability of the paper-making process and the energy it takes 

to dry paper, particularly with CNFs that are known to be difficult to drain and tend to 
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retain water. In this study we showed that  WRVs of CNF fiber pads with PEC, that exhibit 

either precipitate or coacervate-like phase behavior, can be tuned by experimentally 

altering the electrostatic interactions within PECs and PECs with CNFs by increasing ionic 

strength of the suspension or by reducing the number of intrinsic ion pairs through 

changing charge-match ratio. The dosing strategy allowed for excess PECs in suspension, 

so that the response of the PECs with CNFs was investigated and their combined influence 

on the dewatering was measured by WRVs.  

Electrostatic interactions were experimentally changed by either adding salt or 

changing the charge-ratio between the polycation and polyanion in the PECs, or both. At 

charge-match conditions and  0 M NaCl concentrations, WRVs of CNFs with PECs of 

three different polyamines with PAA were significantly above those of control samples 

and the formation of fiber pads after centrifugation is hindered, preventing water from 

draining. In general, this behavior was seen at low-salt concentrations (<0.1 M NaCl), but 

depending on the polycation, the transition from high to low WRV can occur at different 

added NaCl concentrations. At high-salt concentrations (0.5 and 1 M NaCl), the WRVs 

were improved and below control values and the values followed a polycation 

hydrophobicity ranking (PEI>PVAm>PAH) as inferred by measured polycation turbidity 

at pH values where they are uncharged. At the high-salt concentrations, electrostatic 

interactions are diminished, and other molecular features, like hydrophobicity based on 

turbidity, can dominate. Furthermore, reducing the number of intrinsic ion pairs within a 

PEC by selecting a charge-match ratio of 4:1, did not exhibit the large WRVs at low-salt 

concentrations that were seen at the charge-match condition.  



 106 

 It can be hypothesized that densification of the fiber pad from the presence of PECs 

and reduction of fine-like behavior from free PECs is reduced due to increased free 

polyelectrolytes in the system from NaCl or from off charge-match conditions. This may 

lead to a swelling of the PECs and creating a more open network structure to allow 

drainage. These findings show that there are multiple parameters (ionic strength, PEC 

charge-match ratio, and polycation hydrophobicity) that can be used to formulate and tune 

dewatering through WRVs. 

Another coacervate-forming  PDMAEMA/PAA system was tested to serve as an 

initial comparison to PECs that prefer coacervation rather than precipitation in low-salt 

regimes. While the presence of PECs has previously been seen to hinder drainage and 

plugging of membranes of cellulose fibers, exact mechanisms or the conditions that control 

this behavior have not been well understood. By properly formulating and appropriately 

balancing electrostatic interactions of a given PEC system with salt or polycation: 

polyanion ratio, the drainage of a CNF fiber pad, as characterized through WRVs, can be 

improved. 
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CHAPTER 4. PREPARATION AND PHYSICAL TESTING OF 

FIBER HANDSHEETS PREPARED FROM CELLULOSE 

NANOFIBERS AND POLYELECTROLTYE COMPLEX 

FORMULATIONS 

 The goal of this study was to lay the foundation of a method to understand water 

removal from handsheets made from CNFs with PECs such as those discussed in Chapters 

2 and 3. By making and testing paper samples of a softwood bleached kraft with standard 

test methods, the smaller-scale findings discussed in Chapters 2 and 3 can be better 

correlated to paper manufacturing. Because a main goal of this thesis was to understand 

experimental parameters and selection of PECs to improve percent solids of the fiber web 

before it reaches the dryer section, the percent solids of handsheets after pressing were 

tested. The handsheets were also tested for tensile strength and opacity. These are 

consumer-facing properties that ensure a strong and visually appropriate product, and they 

can give insight into structure-property-and function of including CNFs and PECs in paper.  

4.1 Materials and Methods 

4.1.1 Materials  

 Stock pulp was prepared from unrefined bleached softwood fibers. This was used 

without further modification. Unrefined bleached softwood was chosen because softwood 

fibers are typically longer  and have a greater surface area  than hardwoods 7. While the 

surface charges of these fibers were not characterized, the bleaching process 228 and 
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presence of hemicelluloses are known to increase the surface charge of the fibers 229. 

Together, these two aspects represent fibers that are likely to have lower percent solids in 

the press section compared to shorter fibers with less fibrillation. The use of unrefined 

fibers ensures that there is less fibrillation on the surface of the fibers. While it is expected 

that fines are present in the standard pulp, using unrefined pulp suggests that the effects of 

the fibrils in the study should be largely from the addition of CNFs rather than the standard 

pulp itself.  

 The same CNF used in Chapters 2 and 3 were used for this study. For simplicity 

and to ensure enough material was available, the CNF was used as received as the 3 wt.% 

stock slurry solution without dialysis or further modification. Two polyelectrolyte systems 

were used, the polyallylamine hydrochloride (PAH) and polyacrylic acid (PAA) sodium 

salt complexes (Chapter 3) that formed precipitates at 0 M salt and thus had high water 

retention and should have low percent solids and poly[2-(dimethylamino)ethyl 

methacrylate (PDMAEMA) and PAA (Chapter 3), which formed coacervates even at 0 M 

salt and thus had lower water retention and should have a higher percent solids. By 

comparing the two, the aim is to see if the water retention value conclusions and the phase 

of the complexes at low-salt are applicable to handsheets. Solutions were prepared in the 

same way as described in Chapters 2 and 3 and at a pH value of 6.5.  

4.1.2 Preparation of handsheets 

 Handsheets were prepared using a modified procedure of TAPPI standard for 

forming handsheets for physical tests of pulp (T 205 sp-12). Briefly, approximately 25 

grams of dry pulp was soaked overnight in 1L of distilled water. It was disintegrated at 
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approximately 27,000 rpm for 15 minutes. This stock was then diluted so that the overall 

volume of the stock was 8 L (0.3 % consistency). The consistency (concentration) was 

measured following the standard TAPPI 240 and as described in the equation below:  

 
% 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 =

𝑤 − 𝑓

𝑔
 (5) 

where w is the weight of the oven-dried pad and filter paper, f is the weight of the oven-

dried filter paper, and g is the weight of the original pulp.  

 The weight of stock needed to achieve samples of 0.3 wt.% consistency 

corresponding with the required dry sheet weight of approximately 1.2 grams was 

calculated and used during sheet making. When adding CNFs or CNFs with PECs to the 

pulps, only the consistency of the softwood pulp fibers was measured. After CNFs or CNFs 

with PECs were added to the stock solution, the calculated weight for the 0.3% consistency 

of the softwood pulp was kept at the same to target the same dry sheet weight. This ensures 

that the basis weights of all samples are consistent.  

 After preparing the stock, sheet making, and couching steps from the TAPPI 

standard were followed. For the sheet making step, the appropriate weight of the stock was 

weighed out in 6 beakers and consequently 6 handsheets were formed and couched 

consecutively. Then another 5 beakers were measured out and handsheets were made. Once 

all 11 handsheets were formed, they were then all put on the handsheet press at one time. 

This includes pressing each handsheet on a polished plate and on two blotter sheets for one 

5-minute cycle in the press and another 2-minute cycle on a new single dry blotter sheet. 
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The pressing step deviated from the TAPPI standard in that samples were pressed with the 

weight of the press and no additional pressure was applied.  

4.1.2.1 Preparing the pulp stock solutions with CNFs and PECs 

 Pulp was prepared using solutions of the standard pulp by itself, pulp with 1 wt.% 

CNF, 5 wt.% CNF, and 10 wt.% CNF for the percent solids tests. To test the effectiveness 

of the addition of polyelectrolytes, PECs were tested with 5 wt.% CNF and the standard 

pulp. The pulp, pulp with 5 wt.% CNF, and pulp with 5 wt.% CNF and polyelectrolyte 

samples were additionally tested for opacity and tensile strength. Samples of pulp with 10 

wt.% CNF were also tested for opacity.        

 For the pulp stock with CNF, the stock was prepared as normal with the dried pulp 

as described above and following T 205 sp-12. The percent consistency of the standard 

pulp was measured and the weight of the stock was used to be able to achieve an 

appropriate final average dry weight of the handsheets between 1.14 and 1.26 grams. Once 

the % consistency was measured for the standard pulp, a CNF slurry was added to the stock 

solution while stirring so that the overall addition is approximately the dry weight% CNF 

based on the overall handsheet. For example, if 24 g of oven dry pulp is need in the overall 

stock, a 10 wt.% CNF addition means 2.4 dry grams of CNF was added with the original 

24 grams of pulp.   

 CNF solutions were prepared separately before they were added to the stock 

solution. For the 10% CNF sample, 80 grams of 3 wt.% CNF was measured into a plastic 

beaker and then added directly to the pulp stock. An additional 50 grams of water was 

poured into the same beaker to ensure any residual CNF was captured and then also added 
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to the stock. For 1 and 5% CNF samples, these were first diluted and mixed with water and 

then added to the stock solution. For each case, the final weight of additional CNF, water, 

and polyelectrolytes (if added) to the pulp stock solution was 130 g (~130 mL assuming a 

1 g/mL density). Therefore, the total volume of the sample stocks used to make handsheets 

were 8.13 L.  

 For CNF and polyelectrolyte solutions, water was added to 3 wt.% CNF such that 

the total final concentration would be 1 wt.% in 120 mL of solution. This was mixed on a 

stir-plate on a setting that was high enough such that a vortex formed, and the slurry was 

well mixed. Then appropriate calculated volume of 0.5 M polycation solution was added 

using a syringe while the slurry was mixing. This was left stirring for at least 15 minutes. 

A minimum of 15 minutes was chosen to ensure completely mixing. As was seen from the 

electrophoretic mobility time-lapse data in Chapter 2 (Figure 2-11), the electrophoretic 

mobility was measured up to 32 minutes, but the electrophoretic mobility in all cases 

showed that the charges plateaued by around 15 minutes. This was for a case in which there 

was no additional agitation so it is expected that with stirring 15 minutes after the 

polycation add is sufficient such that changes to surface charge of the CNF with adsorption 

of the PECs should be stabilized. Polycation was added first then polyanion to the solution 

while mixing, as this was determined to give the best WRVs when testing different orders 

of addition in Chapter 2. After the polyanion, PAA, was added, the mixture was allowed 

to stir for at least another 15 minutes.  

  Polyelectrolytes were added to the CNF corresponding to a 25 mM total PEC 

concentration based on monomer weight to a total 1 wt.% CNF solution of 120 mL, which 

is above the saturation concentration of the CNFs (Figure 3-4) and was the dosing strategy 
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used in Chapter 3 to understand the influence of the phase of the PECs on the WRVs of 

CNF slurries. Enough 0.5 M polycation was added so it scaled to the appropriate volume 

from 0.05 wt.% CNF and 1.25 mM polycation (2.5 mM total PEC) to the 1 wt.% slurry 

solution made here.  

 After adding the PECs to the pulp and CNF mix, the stock solution was allowed to 

stir at 1000 rpm for at least 15 minutes before preparing the hand sheets. After this the 

stock was allowed to continue to stir while the handsheets preparation proceeded.  

4.1.2.2 Preparing physical handsheets  

 A total of eleven handsheets of one sample type were prepared at one time. The 

first one was excluded and the following 5 were selected for percent solids testing and the 

other 5 were prepared following the TAPPI standard for tensile testing. The same screen 

was used in the handsheet former each time for consistency between sample types.  

4.1.3 Physical testing of handsheets 

4.1.3.1 Percent solids testing of handsheets 

 Percent solids of handsheets were tested immediately after pressing the sheets. As 

soon as the sheets were pressed, the blotter paper was removed and the sheets were weighed 

with the metal plates from the couching and pressing process.  The weight of the metal 

plates were measured separately after being oven dried. The sheets with plates were then 

placed in an oven set to 105°C for 30 minutes until they were completely dry. The dried 

sheets were weighed with the plates or stand alone. Percent solids were calculated as 

follows:  
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where hw is the wet weight of handsheet and metal plate after the pressing, p is the weight 

of the oven-dried metal plate, and hd is the weight of handsheet oven-dried.  

4.1.3.2 Tensile testing 

 Tensile testing was conducted using TAPPI standard for tensile properties of paper 

and paperboard (using constant rate of elongation apparatus) (TAPPI/ANSI T 494 om-13) 

230. Briefly, it describes the procedure for determining of four tensile testing metrics 

(breaking properties) of paper and paperboard: tensile strength, stretch, tensile energy 

absorption, and tensile stiffness. It requires the use of a constant-rate-of-elongation 

equipment and is applicable to all types of paper and paperboard. It describes the sample 

size, rate of separation of the jaws, and sample preparation to carry out the tensile tests.  

After handsheets were prepared they were dried at room temperature and then 

stored and equilibrated at standard atmosphere chamber (50% RH and 23°C) following 

TAPPI/ANSI T 402 sp-13 231. The samples were stored for several days before they were 

tested.  Samples were cut to shape using a die-press and at least 2 strips were cut per 

handsheet for a minimum of 10 strips. Care was taken to avoid areas in the samples that 

were thinner or inconsistent due to imperfections of the screen used during the handsheet 

formation. The width of the samples were 0.59 in (1.5 cm) and long enough that the 

specimen length tested is 4 in. The thickness of samples was measured. Using a platen 

gauge, one measurement was taken on each individual strip per sample type and then all 

 
% 𝑠𝑜𝑙𝑖𝑑𝑠 =

ℎ𝑑

ℎ𝑤 − 𝑝
×  100 (6) 
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measurements of the sample type were averaged and used in the Young’s Modulus 

calculation (stress/strain). The measurements were taken in the area that would be clamped 

by the grips to avoid handling of the test area. If a sample failed at grip, the sample results 

were excluded from the average calculations, as is specified to do so in the standard A total 

of 9 measurements were used to average.  

The rate of separation was set to 0.5 in/min instead of the TAPPI standard 1 in/min. The 

load cell used was 1000 lbf. Samples were tested on a Instron 440R in a room where relative 

humidity was 50% and temperature was 23ºC. 

4.1.3.3 Opacity 

 Measuring opacity is a standard technique to assess the visual appearance in terms 

of transmission of light through paper. This is called out as customer facing metric in 

TAPPI T-425 and TAPPI T-220 sp-10 standards for physical testing. The TAPPI T-425 

has three different opacity tests but only the 89% reflectance backing (contrast ratio) test 

was measured here. This gives the ratio of the diffuse reflectance of the sample to that of a 

standard white back tile with a 89% reflectance to a sample backed by a black body of 

0.5% or less reflectance (C0.89= 100 x (R0/R0.89)). This is specific to this standard and for 

the pulp and paper industry and a contrast ratio of 100% represents perfectly opaque paper. 

A high opacity ensures a product that can be printed on without the print being visible on 

the other side due to the opacity of the paper.  

 A BNL-3 Opacimeter from Technidyne corporation was used for the 

measurements. First the specimen is backed by a standard white backing and then the 

instrument is set to read 100 with the sample. Then a black backing is placed behind the 
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sample and a measurement is taken to obtain the contrast ratio. The measurements were 

taken with the smooth side facing the detector but it is not expected that the side makes a 

significant difference. Six measurements were taken on different spots on each individual 

handsheets and 5 handsheets per sample type were taken. Therefore, a total of 30 

measurements were taken per sample type and averaged. Because the average values of 

sample types were similar, the probability that the averages were different (null hypothesis 

that the averages are not different) was calculated using two-tail z-test. Because Z and t-

tests give approximately similar values at a sample size of n=30, a z-test was used. It is not 

expected that a t-test will change the outcome of the results. A normal distribution was 

assumed.  

4.2 Results and Discussion  

4.2.1 Percent solids of handsheets 

 The results of the handsheets average and sample standard deviation of percent 

solids, dry weight, and their basis weights are seen in Table 4-1. To establish a 

concentration at which the presence of CNF appreciably decreased the % solids of the 

handsheet compared to the pulp control, the percent solids of handsheets of several 

concentrations of CNF addition were tested. It is known that increasing fines content and 

CNFs to pulps increases the WRVs and that the percent solids of handsheets decrease with 

the addition of CNFs 66 . Handsheets with 1 wt.% CNF did not decrease the percent solids 

(retain more water) than the pulp alone control samples. However, both the 5 and 10 wt.% 

CNF percent solids decreased compared to the control and 1 wt.% sample but not compared 

to each other. This suggests that with this method there is limit of detection of percent 
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solids where differences between samples of increasing CNF concentration cannot be 

detected. Samples with polyelectrolytes added (PAH alone, PAH/PAA, or 

PDMAEMA/PAA) in addition to 5 wt.% CNF, did not show improvements in percent 

solids relative to the pulp control or pulp + 5 wt.% CNF. Again, it is likely that the 

differences in terms of the water left within in the handsheets when there are sufficient 

concentrations of CNFs present are not detectable with this method. Given that the pulp 

and pulp with 1 wt.% CNF did have higher percent solids, it is possible to detect 

appreciable improvements. Suggestions for improving the method are discussed below.  

Table 4-1. Average percent solids, dry weight, and basis weight of handsheet samples 

tested.  

Sample Sheet Percent 

solids 

Dry weight of 

sheet 

Basis weight 

(grams per meters 

squared) 

Pulp 64.7 ± 5.2 1.21 ± 0.15 g 63.3 ± 1.81 gsm 

 Pulp + 1 wt.% 

CNF 
65.6 ± 2.6 1.16 ± 0.06 g 58.5 ± 2.83 gsm 

Pulp + 5 wt.% 

CNF 
51.0 ± 3.6 1.21 ± 0.06 g 66.6 ± 3.10 gsm 

Pulp + 10 wt.% 

CNF 
54.0 ± 0.30 1.26 ± 0.02 g 63.6 ± 0.78 gsm 

Pulp + 5 wt.% 

CNF+ PAH 
51.2 ± 0.3 1.25 ± 0.15 g 67.9 ± 5.18 gsm 

Pulp + 5 wt.% 

CNF+ PAH/PAA 

charge-match 

49.4 ± 2.0 1.21 ± 0.08 g 68.1 ± 3.31 gsm 

Pulp + 5 wt.% 

CNF+ 

PDMAEMA/PAA 

charge-match 

51.3 ± 0.6 1.31 ± 0.06 g 69.9 ± 1.77 gsm 

 

4.2.2 Suggestions for percent solids method 
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The test method can be improved and supported with additional testing. In this 

study, the handsheets were pressed with the weight of the press and the 50 psig as in the 

TAPPI standard was not applied. Therefore, maximum compression and likely the dryness 

of the sheets was not achieved. The pressure gradient achieved from the hydraulic press 

helps to remove water that is still saturated in inter-fiber or inter-fibril spacing 232. Likely 

some inter-fiber water still remained in the samples tested here. Additionally, the TAPPI 

method calls for pressing two times with new blotter sheets in between. Pressing the 

samples with the first set of blotter paper and then measuring the wet handsheets before 

pressing again with a new set of blotter paper will show greater differences between the 

percent solids of the sample type, including between the 5 and 10 wt.% CNF samples. 

Because the second blotter paper soaks up additional water from the sheets, the test 

includes the capacity of the blotter paper to adsorb water.  It was observed that after that 

for both the 10 wt.% CNF and 5 wt.% CNF with PDMAEMA/PAA, the first set of blotter 

paper was considerably more wet after the first press than other sample types.  

 Finally, the drainage time in the handsheet former was observed to be notably 

slower for the 10 wt.% CNF, but this was not recorded. The drainage time can be measured 

using a stop-watch while preparing handsheets 66. This will allow for the evaluation of 

drainage and percent solids and their relationship with variations to formulation.  

4.2.3 Tensile testing  

 The results of tensile testing results that are typically reported for the TAPPI 

standard are shown below and in the appendix in Table A. 1. Imperial units were used 

during the testing and are shown as such the results in the appendix.   
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. These include ultimate tensile strength (TAPPI tensile strength) and Young’s Modulus. 

The tensile strength is the maximum force measured in the sample before it breaks per unit 

width of the sample. The Young’s Modulus calculated is based on the engineering stress 

using the initial area of the specimen. An average thickness value per sample type was used 

for the calculations and were between 0.0068-0.0080 inches. The Young’s Modulus is 

more generalizable and comparable to other material types.  

The TAPPI standard reports a tensile stiffness which is the Young’s Modulus times 

the thickness of the sample. This can be further normalized by dividing by the basis weight 

in grams per square meter (gsm) of the samples tested (Figure 4-1). The tensile strength 

can also be normalized with basis weight to calculate tensile index (Figure 4-2). These 

values were converted to metric units as shown in the figures. The basis weight of the 

samples ranged from 61-74 gsm.   

 The inclusion of 5 wt.% CNF to pulp increased the tensile strength, tensile index, 

and stiffness (Young’s Modulus) of the handsheets. An increase in tensile strength with 

increasing CNF concentration to pulp in handsheets is expected 65. Here, the tensile 

strength and index of the handsheets with CNF was nearly double the strength of the 

handsheets without CNF. Further adding PAH in excess did not appreciably improve the 

tensile properties but adding both PECs (PAH/PAA and PDMAEMA/PAA) further 

increased the tensile strength, stiffness, and index of the handsheets beyond the addition of 

PAH with CNF or CNF to pulp. This is expected given that PECs are known to be strength 

aids for pulps 121 and can be expected to improve formulations with CNF as well. PECs 

also act as retention aids and therefore may have allowed for more CNFs to be retained in 

handsheets, which further improved properties. Because both PECs resulted in similar 
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improvements, the strength improvements may not be influenced by the phase of the PECs, 

but more testing would be needed to confirm this.   

 

Figure 4-1. Tensile stiffness of handsheets tested.  

 

Figure 4-2. Tensile index of handsheets tested. 
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4.2.4 Opacity 

 The opacity of the handsheets were tested to characterize a physical and measurable 

property that is relevant to consumers. Opacity is an optical property of paper and is 

important in terms of the appearance of paper, in particular writing and printing grades 233. 

High opacity is needed to be able to print or write on without the text being detectable on 

the other side. It can be altered by increasing the thickness of the sheet, including white 

mineral or pigment fillers, and more.  

For consumers, opacity gives a characteristic of appearance. Paper samples are 

typically compared under identical conditions, such that small differences in measured 

opacity result in visually detectable and real differences in appearance to the consumer. 

Consumers are known to make judgements and purchasing decisions based on strength and 

visual appearance 234. 

 The average opacity values and their standard deviations for the handsheets tested 

are seen in  

 

Table 4-2. The pulp control sample has the lowest opacity but adding CNFs with either 5 

or 10 wt.% loadings increased opacity and resulted in the same average opacity. Adding 

PAH or PECs to handsheets with 5 wt.% CNF appeared to further increase opacity.  

 

 



 121 

Table 4-2. Average opacity values of handsheets with CNF and PECS. 

Sample Average Opacity  

Pulp 82.4 ± 0.7 

Pulp+5% CNF 83.8 ± 1.0 

Pulp+10% CNF 83.8 ± 0.5 

Pulp+5% CNF+ PAH 84.9 ± 1.3 

Pulp+5% CNF+ PAH/PAA 85.1 ± 0.9 

Pulp+5% CNF+ PDMAEMA/PAA 85.2 ± 0.5 

  

 Because the average opacity values were similar, the averages were compared using 

a two-tail z-test. The null hypothesis assumed that the averages are the same. Table 4-3 

shows the calculated p-values and corresponding probability comparing the means of 

different handsheet sample types. The presence of the 5 wt.% loading did significantly 

increase opacity compared to the pulp alone. Adding PAH also significantly increased 

opacity compared to the 5 wt.% and 10 wt.% loading samples. This implies that the 

presence of the polycation enhances opacity beyond that what increasing the CNF content 

could do alone. However, the opacity of handsheets with CNF and PECs (either PAH/PAA 

or PDMAEMA/PAA) were not significantly different from the samples with PAH alone or 

between each other. This suggests the presence of the polycation changed the opacity but 
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the presence the PECs did not change the opacity more than what was measured with just 

the inclusion of the polycation (PAH).      

Table 4-3. P-values to compare of averages of the opacity values between handsheets of 

different values using a z-test showing whether the samples had statistically different 

opacity values (probability that the averages are not the same). 

Averages opacity values compared  p-value 

Probability 

that the 

averages 

are not the 

same 

Pulp vs. Pulp + 5% CNF 3.67 x 10-10 1.000 

Pulp + 5% CNF+ PAH vs. Pulp + 5% 

CNF 
3.20 x 10-4 1.000 

Pulp + 5% CNF+ PAH/PAA vs. Pulp 

+ 5% CNF + PAH 
3.97 x 10-1 0.603 

Pulp + 5% CNF+ PAH vs. Pulp + 10% 

CNF 
2.87 x 10-5 1.000 

Pulp + 5% CNF+ PAH/PAA vs.  Pulp 

+ 5% CNF + PDMAEMA/PAA 
6.95 x 10-1 0.305 

 

CNF films are known to be able to form highly transparent and clear films 64,235. 

The opacity in these cases is low because transmission of light through the samples are 

high. Because opacity is physically influenced by increasing fiber to fiber contacts and 

decreasing air-fiber interfaces and therefore decrease opacity, this is expected. However, 

when CNFs are added to pulps, they can act as fillers and increase the opacity 66. This may 

be because presence of CNF increase scattering through increased air-filler interfaces 

which leads to greater portion of internal scattering of light being reflected to increase 
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opacity. This is further enhanced by the presence of polycations or PECs. While some have 

seen an increase in opacity with CNF 66, reduction in opacity with increasing CNFs and 

polyacrylamide has also been observed 236.  

Figure 4-3 shows images of the handsheets (pulp and pulp with 10 wt.% CNF) as 

examples. In the image, the samples were held up to the light. Because the same screen 

was used to make all the handsheets in this study, as seen in pulp control sample, there are 

spots of thinner coverage as a result of imperfections in the screen. These were consistently 

in the same areas and in the same pattern for all handsheets. The presence of CNF with the 

pulp are able to provide better coverage in those spots, while the weight of the samples is 

similar. Previously SEM images have shown CNFs act as a filler and provide coverage in 

voids of pulps 237.  

 

 

Figure 4-3. Photograph of pulp control and pulp with 10% CNF handsheets. The image 

was taken while the samples are held up to indoor white fluorescent light.  
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Opacity can vary with the basis weight of the sheet 233. Because polycations can act 

as retention aids, it is possible that the inclusion of PAH or the PECs increased the retention 

of CNFs and therefore further increased the opacity. While the overall dry weight of the 

samples was maintained (Table 4-1), changes in retention of the fibrils and changes in 

flocculation patterns with the polyelectrolytes, may have attributed to increased scattering 

of light and therefore opacity. Adding CNFs with polyelectrolytes may be an alternative 

way to increase opacity without the addition of other fillers such as titanium dioxide (or 

using less filler content) while maintain a lighter-weight product.  

The evaluation and optimization of percent solids, tensile strength properties, and 

opacity all contribute to sustainable design. Increasing percent solids reduces the energy 

needed during the drying and production of CNF and paper products. Optimizing tensile 

strength (durability 238) and opacity can influence how consumers interact with products 

and their perception of quality 234,239,240, which has implications on their purchasing and 

recycling behavior, particularly for packaging. The next chapter discusses the role of 

manufacturing and consumer decision-making to improve circular economy with a case-

study of CNF and packaging.   

4.3  Conclusions 

 In this chapter handsheets with CNF and PECs were prepared and tested. The 

percent solids were tested after handsheet pressing, which is more representative of the 

paper web on a paper machine before it goes to the dryer section. Initial results showed 

differences in percent solids of handsheets without CNF and those with either 5 or 10 wt.% 

CNFs. More refinement of the technique will be needed to observe differences or 
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improvements with higher CNF content or with the presence of PECs. Suggestions and 

limitations were discussed in the chapter. Differences between PEC systems or CNFs alone 

in the handsheets were not detected.  

  Besides percent solids, tensile and opacity testing were conducted. Tensile strength 

increased with CNF content and further increased with the inclusion of polycation and 

PECs. Opacity testing showed statistically significant increase in opacity with the presence 

of polyelectrolytes compared to CNF and pulp or pulp alone. Overall, in each test, 

appreciable differences between the two PEC systems were not detected. Strength and 

visual appearance are parameters that influence how people perceive, purchase, use, and 

dispose of products and may have an impact on circular economy and sustainability, in 

addition to the sustainability impacts from improving percent solids.  
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CHAPTER 5. CONSUMER AND MANUFACTURING 

DECISION-MAKING IN SUSTAINABLE PRODUCT 

DEVELOPMENT: AN APPLICATION IN CELLULOSE 

NANOMATERIALS 

Khan, N., Brettmann, B.K., Reeves, D.C., Consumer gatekeeping in sustainable materials 

streams: an application in cellulose nanomaterials packaging. Manuscript in preparation. 

 

Products are made for consumers, but often early-stage research and developmental 

thinking does not include consumer purchasing and end-of-product-life (disposition) 

behaviors. Consumer behavior is often neglected in circular economy frameworks and  

absent in green chemistry design principles. All technology, especially those intended to 

be used by people impact people in some way 241. This is problematic because consumer 

behavior has direct impacts on the decisions that go into making products with virgin or 

post-consumer materials. Ultimately, the fate and sustainability of the material is dictated 

by whether people choose to keep, recycle, or landfill. 

A framework for a circular economy is presented here which includes the role of 

manufacturing functional products and of consumers as gatekeepers. In doing major areas 

R&D efforts and control points of virgin or recycled materials in products made for 

consumers are pointed out. Then how consumer gatekeeping is responsible for moving 

material through the circular economy and creating value of post-consumer material is 

discussed. The framework is tied together with a discussion of the application of cellulose 
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nanomaterials in packaging. Finally, policy implications stemming from to the application 

of this framework are discussed.  

5.1 Background  

5.1.1 Circular economy of cellulose nanofibers and packaging  

 CNFs are often touted as being better than fossil-fuel based polymers for the 

circular economy, but this is primarily with the framing that they are bioderived and 

biodegradable and better in single-use multi-layer packaging. Single-use multilayer 

packaging, regardless of biodegradable materials, still follows a linear economy, where the 

product is designed to be used once and it is acceptable if it is disposed into landfill. This 

is different than a circular economy, in which the material is designed to return to the 

manufacturer to be reused and extend its function beyond one single use. CNFs are already 

energetically costly to extract and to dry when making products. Therefore, to make CNFs 

truly sustainable and improve their circular economy, manufacturing decisions and 

formulations are reframed to include a key mover of material in a circular economy: 

consumers.  

5.1.2 Current framing of sustainability   

 In general, from the perspective of product y designers, circular economy 

frameworks already exist to consider sustainability such as the principles of green 

chemistry and engineering 242,243. The principles and the associated metrics take a mass-

based systems approach and can be applied to various processes to minimize impact or 

waste in a chemical process 244. However, none of these frameworks or metrics explicitly 
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consider the magnitude of the impact of consumers or their behavior on manufacturing 

decisions or waste. One metric, the F-factor, seeks to maximize the function of a material 

for its mass 242–244. Function here is broadly defined as “performance”. Another metric, the 

E-factor, calculates the amount of waste produced and accounts for yields from 

manufacturing processes but still lacks a circular economy and consumer-inclusive 

perspective 245.  

5.1.3 Consumer behavior and gatekeeping 

 Consumers are a major gatekeeper in the circular economy. Human decision-

making for adopting or using sustainable technology leads to a few decisions that are 

influenced by many drivers and factors. While consumer purchasing and disposition 

(landfill, keep, and recycle) 246 behaviors and motivators are largely variable, there is an 

aggregate or average behavior. This aggregate consumer purchasing behavior in this 

framework is treated as price 238 while the disposition behavior is based on material type. 

For circular economy to work, consumers must be willing to buy a product and they recycle 

for the material in the product to move through the circular economy. Furthermore, their 

disposition behavior dictates if it will return to manufacturing to recirculate back.  

5.1.3.1 Consumer purchasing behavior 

 While consumers are increasingly becoming more aware of issues surrounding 

sustainability and want to do more to help the environment through their purchasing habits 

247–251, for a typical consumer, the price is a major driver  of sustainable purchasing 

decisions 238,251,252 but many other drivers are at play. Other product features such as quality 

and function or effectiveness (including that of the packaging) 238,247,249,252  are more 
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important to consumer purchasing decisions than recyclability 249,253, environmental impact 

238 or sustainability 254.  

 Considering the consumer gate, as illustrated in Figure 5-1, once a manufacturer 

produces a product, the role of consumers as gatekeepers is to acquire (acquisition) the 

product through their purchasing behavior. Although there are many different models and 

motivators to explain consumer purchasing behavior, here an economic approach was 

chosen to the treat consumer purchasing habits 255. Because quantity of a product purchased 

decreases with increasing price of that product with all else equal, to make a product more 

sustainable and increase a material’s ability to move through a circular economy, the prices 

of the products or packaging that contain those sustainable materials should match or be 

less than the price of a competing less sustainable product for the same quality and function 

of that product. Specifically for packaging, the quality or function of the package should 

not hinder or negatively alter a consumer’s willingness to buy the product. Consumer 

responses to specific features in packaging and how they influence purchasing behavior 

has been previously studied 254,256, so is not a focus of the work here.  

For a CNM-containing packaging to be successful, consumers must first be willing 

to purchase it. Concurrently, manufacturers must be able to make packaging at price such 

that they can meet consumer demands in terms of quantity and price supplied. At the same 

time, manufacturers must meet profit margins to be self-sustainable while attempting to 

provide more sustainable products.  Here setting up a model for the circular economy of 

cellulose-based packaging will enable industries at a national level to take consumer 

choices into consideration when assessing whether they can meet all these demands, 
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especially given the availability and cost of post-consumer materials which is influenced 

by consumers at local and national levels. 

 

Figure 5-1. Schematic representing consumer gatekeeping behavior which controls the 

flow of material through a circular economy. Consumers first acquire products based on 

product attributes including price and dispose of products through landfill, keep, and 

recycling behaviors based on other attributes including physical material properties. 

5.1.3.2 Consumer disposition behavior 

 After  consumers purchase and use a product, they continue to influence the 

circularity depending on what they do with it at the end of its useful life, choosing one of 

three disposition routes: retain, recycle, or waste (landfill). Note that incineration is not 

considered here because burned material cannot be recovered or reused. A variety of 

determinants 246,257 including physical and non-physical attributes of the products and 

packaging influence consumer disposition behavior. Non-physical aspects include social 

norms 258, socio-economic factors 259, gender 252,258, 259, and accessibility of recycling 

facilities 252,260(p20). Physical attributes include perception of quality based on the material 

252,258,259, and durability and strength 258,261.  
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Here, the assessment is limited to the physical attribute material type because 

recycling rates at local, national, and global levels suggest that the overall aggregate 

disposition behavior of consumers is correlated to the material type 256. The preference 

towards recycling of paper and cardboard compared to other material types, particularly 

plastic, is evidenced by the recycling rates. Figure 5-2 shows that over the last 60 years the 

tonnage of both paper and plastic waste sent to municipal waste streams across the U.S.  

increased. In this timeframe more than double the amount of paper waste has been 

generated compared to plastic waste but the rate of recycling of paper-products by 

consumers (~67% in 2018) is significantly greater than plastic (~10%). In 2009, the 

tonnage of paper going to landfill fell below that of plastic 262. Meanwhile, plastic going to 

landfill is still increasing. This gives insight into the way consumers recycle or landfill 

products that they dispose of at the end of the usefulness of the product. While they 

purchase and dispose of paper-based products more than plastics, they also recycle them 

more.  
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Figure 5-2. Historically more paper waste has been generated than plastic waste but 

people recycle paper at greater rates than plastic given the tonnage of paper in landfill. 

Data plotted from available EPA report 262. 

 The recycling rate metric, while useful for indicating overall preference for 

recycling over all of the municipal end-of-life wasting options, does not incorporate keep 

and reuse behavior. It only reflects the tonnage recycled out of all the waste that is sent to 

municipal waste systems, not the amount of product manufactured. Consider that in 2018, 

an average of 76 million metric tons of paper and cardboard 263,264 was manufactured and 

produced in the United States. This means that more than 80% (~63 million metric tons) 

of the paper and cardboard produced is disposed of by consumers (landfill, recycled, 

composted, or incinerated). Given that 41 million metric tons of paper and cardboard were 

recycled, approximately 55% paper and cardboard product was recycled. This value is 

referred to as recycling disposition rate here to highlight the idea that consumers can choose 

to dispose of materials in various ways. While there are many  metrics to represent circular 

economy behavior 265,266, the recycling disposition rate metric incorporates the fact that 

people keep, recycle, or landfill products. When tracking this metric over time, it can also 
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account for the fact that consumer preferences for purchasing products changes over time 

or types of products 267. It can also account for changes in the number of products of a 

given type that are made.   

5.1.4 Manufacturing decision-making  

 Describing the manufacturing gate in packaging integrates the relationship between 

three main quantities:  

1) Material recovery efficiency (yield): How much cellulose fiber is 

recovered/retained during upstream processing steps (i.e., extraction, blending, 

material transfer, etc.). All processes are lumped into one unit called “cellulose 

processing recovery efficiency” 

2) Percent content: the proportion of the product by dry mass that is composed of a 

given material type. Here the percent post-consumer fiber content is examined. 

3) Marginal cost: the aggregate cost per ton to acquire, incorporate, and manufacture 

virgin materials into additional unit of a product or service. This accounts for being 

able to produce a product for consumers at the customary price-point. 

 In each of these are opportunities for sustainable improvement, particularly 

improvements that can be made during product development and formulation. Depending 

on the marginal costs of virgin or recycled materials, the most sustainable improvement 

may not necessarily be to increase yield or recycled content.     

 The first step of manufacturing a product is to source material, which means 

recovering the necessary material from either virgin biomass or cellulosic waste product. 
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Here green chemistry and engineering principles can be considered. The primary quantities 

that feed into metrics are the yields, for example the yield of cellulose fiber from the 

recovery process, and they are defined either based on theoretical maximum recovery based 

on the chemistry or based on how much mass of the final desired product is obtained 

relative to the raw material is added to an extraction process 242,244. From the perspective 

of waste reduction, a process is designed such that it leads to maximum yields from the 

raw material, though that can oversimplify the problem, particularly if high solvent usage 

is needed to get high extraction yields. In this model, an overall yield in all upstream 

processes is included as the cellulose process recovery efficiency, as an input parameter. It 

does not examine models for optimizing sustainability of extraction processes.   

 Once virgin material is sourced and fibers recovered, significant R&D efforts go 

into formulation to turn this material into a functional product considering the structure, 

function, and property of the product needed for the consumer. As has been discussed in 

Chapters 2-4, appropriate formulation considers the concentration a material can be 

incorporated by mass to achieve required properties like strength. Because this has 

extensive implications on formulation, for this chapter it is assumed that with appropriate 

R&D efforts, a wide range of % content of a material in a product is scientifically 

achievable without mass loss, unless explicitly stated.  

 Finally, economic factors are paramount to achieve price points for consumers’ 

willingness to buy products and for a manufacturer to make profit. Not only do the 

extracted materials need to be scientifically appropriate, but they must also be able to 

deliver the function for a price that consumers are willing to pay and meet profit margins. 

The high energetic cost associated with manufacturing and drying CNFs, not only impacts 
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sustainability, but it also adds to the marginal cost to produce the product. The more 

expensive to manufacture, the higher the price facing consumers. When price increases, all 

else equal, consumers acquire less and less material can move through the consumer gate 

into a circular economy.  

5.2 Development of a consumer-centric circular economy framework 

 Given that consumer and manufacturing gatekeeping behavior are critical to 

moving material into a circular economy, a generic framework that ties consumers to 

manufacturing, is illustrated in Figure 5-3 B. The framework starts when the consumer 

demands a given quantity of a product and manufacturing must produce enough supply to 

meet the demand.  

 In a linear economy framework, virgin material is designed and manufactured into 

a product that delivers a function to consumers once and, after the product is used by 

consumers, it is turned into waste and then landfilled (Figure 5-3 A). Here, a consumer-

centric circular economy framework is introduced (Figure 5-3 B) that explicitly ties 

consumers to manufacturers. During the first loop through a circular economy, the product 

supplied is manufactured entirely of virgin material. The virgin material is sourced and 

extracted with some cellulose recovery by mass and then incorporated in some percentage 

by mass into a product. Once manufacturing makes the product, the product supplies value 

and function to consumers. Consumers gatekeep by purchasing the product to extract its 

function and then can return value to manufacturing through their disposition behavior. 

Once a recycled product is back at manufacturing, manufacturing can extract material and 

reincorporate into new product. The waste produced at the manufacturing gate includes 
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recycled and new virgin manufacturing waste and the useful product continues into a new 

cycle.  

In an ideal circular economy, both the consumer and manufacturing waste are 

minimized or do not exist, and the original material put into the system continues to provide 

function to the consumer after it is remanufactured into new product. At the consumer gate, 

this can be through a combination of keep and recycling disposition behaviors 268, where 

the consumer can continue to use a manufactured product that provides function without 

losing its properties and they return the material to be remanufactured This ideal only 

relates to the mass of a material and assumes that it does not degrade with remanufacturing. 

It does not include other inputs in the system, such as energy expenditure during the 

reprocessing of post-consumer manufacturing steps.  

 

Figure 5-3. Representation of a linear economy framework in which virgin material is 

turned into a product by manufacturing, which is used by consumers and then turned into 

waste and landfilled at the end of the product’s life (A). Circular economy framework 

that includes both manufacturing and consumer gatekeeping in which manufacturing 

turns virgin material into a product, which at equilibrium is purchased by consumers. 

Consumers then move the material to either consumer waste or recycle and send the 

material to manufacturing to recover its value (B). 

 Figure 5-4 introduces a more nuanced framework for the circular economy that 

includes both manufacturing and consumer gatekeeping, the details of which will be 
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described in the following sections. This framework is designed to be flexible to. Further 

developments can include specific manufacturing steps and decision-making for the 

recovery and incorporation steps. It can also be modified to include more sophisticated 

treatments of consumer gatekeeping.  It also groups all manufacturing into two steps, an 

upstream processing step that accounts for cellulose recovered from the incoming streams 

and a general processing/manufacturing decision step, which can be used to account for 

external factors such as pricing. This parsimonious approach showcases the power of a 

consumer focus while allowing flexibility to increase complexity of manufacturing 

decision-making through multiple separate processing steps later.   
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Figure 5-4. Circular economy framework represented as a system considering mass flows 

into various manufacturing processing (upstream processing, manufacturing decisions, 

and incorporation) and to and from consumer gate (acquisition and disposition). The 

black, green, and red arrows represent the flow of virgin material, post-consumer 

material, and waste-streams, respectively. In each stream both cellulosic fiber (F) and 

other non-cellulosic components (O) are represented.  
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5.3 Formalizing a mathematical treatment for a consumer centric circular economy 

 To support the framework depicted in Figure 5-3 B and Figure 5-4, a mathematical 

treatment is formalized below by specifying the recycling disposition rate, cellulose 

processing recovery efficiency (yield of cellulose), and incorporation rate (% material in 

product). The values are related to the monetary cost of producing a product that 

incorporates both virgin and recycled materials given assumed marginal costs for virgin 

and recycled materials and a required product needed to meet consumer demand. The 

results of varying these parameters are described in Section 5.4, which highlight non-

intuitive finding that it is only worthwhile in some cases to improve recovery efficiency or 

desired post-consumer percent content into a product 

5.3.1 Manufacturing meets consumer gate 

 In this economic-based treatment it is assumed that manufacturers design products 

with the consumer purchasing behavior in mind. Therefore, the circular economy starts 

where the consumer and manufacturer meet at the total manufactured product produced, 

𝑇𝑀𝑝. The consumer demands a total manufactured product, 𝑇𝑀𝐷 and in the economic 

equilibrium the manufacturer supplies it. This value for paper and cardboard is known at a 

national level for the United States.  

 𝑇𝑀𝑃 = 𝑇𝑀𝐷 (7) 

As shown in Figure 5-4, entering the consumer gate, the overall product includes 

useable fibers from both virgin and post-consumer cellulose fibers (FP) and some other 

non-cellulosic material (OP). These two components are present in some ratio A, where A= 
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OP/FP and it is assumed that this ratio does not change in any stream going into or out of 

the consumer gate (i.e., consumers are not changing the make-up of the product by adding 

or taking away other chemical components). 

5.3.2 Consumer gate 

At the consumer gate, once the consumer purchases the product, they then either 

keep, 𝑇𝑃𝐶𝐾𝑃,  recycle, 𝑇𝑃𝐶𝑃, or landfill, 𝑇𝑃𝐶𝑊, some tonnage of the product. A metric is 

defined, the recycling disposition rate (𝛿𝑃𝐶), for product 𝑃 that is the ratio of the tonnage 

of post-consumer material recycled to the tonnage of total manufactured product produced:  

 𝛿𝑃𝐶 =  
𝑇𝑃𝐶𝑃

𝑇𝑀𝑃
=

𝐹𝑃𝐶+𝑂𝑃𝐶

𝐹𝑃+𝑂𝑃
. (8) 

Similarly, the recycle rate is given by the tons of product recycled by consumers over the 

total amount sent to municipal waste streams (recycled or landfilled): 

 𝑅𝑃 =  
𝑇𝑃𝐶𝑃

𝑇𝑃𝐶𝑊+𝑇𝑃𝐶𝑃
=

𝐹𝑃𝐶+𝑂𝑃𝐶

𝐹𝑃𝐶𝑊+𝑂𝑃𝐶𝑊+𝐹𝑃𝐶+𝑂𝑃𝐶
. (9) 

When the recycle and recycling disposition rates are given for a particular year, the 

amount of product kept by consumers can be calculated. For simplification, in this 

treatment, calculations are performed only on the cellulose component and therefore 

OP=OPC= OPCW= OKP= 0  and A= 0. This means that other chemical components that are 

likely remaining in fibers, such as lignin or hemicellulose, are not considered here. To 

implement this for an actual process, the amount of cellulose flowing into and out of the 

upstream processes would need to be measured (including steps like extraction, blending, 
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material transfer, etc.) independent of the non-cellulose components. Because this can be 

a challenge, the model is described with all the non-cellulose component variables, but for 

the hypothetical model here, only the balance on cellulose is performed. Describing the 

model in terms of both cellulose and non-cellulose component will also enable future work 

to consider separation efficiencies in extracting cellulose from the different sources in the 

manufacturing gate. 

5.3.3 Manufacturing gate- recovery and decision-making from post-consumer sources 

Once product is recycled by consumers and received by manufacturers, the post-

consumer products can be used in subsequent manufacturing processes after upstream 

processing steps to obtain useable post-consumer fibers.  

In the upstream processing step, post-consumer fibers, 𝑇𝑃𝐶𝐹, are recovered with an 

efficiency or yield,  𝜂𝑃𝐶 , as given by: 

 𝜂𝑃𝐶 =
𝐹𝑃𝐶𝑈+𝑂𝑃𝐶𝑈

𝐹𝑃𝐶+𝑂𝑃𝐶
. (10) 

Where 𝐹𝑃𝐶𝑈 + 𝑂𝑃𝐶𝑈  represent the total amount of useable material that is extracted 

and includes the cellulosic and non-cellulosic components that go into a fiber-rich stream. 

The non-useable materials (𝐹𝑃𝐶𝑁𝑈 + 𝑂𝑃𝐶𝑁𝑈) go into a fiber-poor and non-useable waste 

stream. The ratio between OPCNU/FPCNU and OPCU/FPCU can be given by B and C, 

respectively. Again, for these calculates, only consider the cellulose components were 

considered, but if separation efficiencies, etc. are also of interest, then the full model with 

ratios B and C may be used. These ratios are unique based on the manufacturing process 

and how much of each component (cellulosic or other) are in the fiber poor or rich streams. 
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Manufacturing decisions for incorporation into products do not change these ratios after 

the upstream processes.    

Considering the material going through both the consumer disposition and post-

consumer recovery streams, the useable amount of post-consumer fibers, 𝑇𝑃𝐶𝐹 = 𝐹𝑃𝐶𝑈 +

𝑂𝑃𝐶𝑈, to make new product is given by: 

 𝑇𝑀𝑃 × 𝛿𝑃 × 𝜂𝑃𝐶 = 𝑇𝑃𝐶𝐹. (11) 

Once the total amount of useable fibers is achieved, manufacturing decisions must 

be made in terms of how much of that material is needed to go into the incorporation step 

to make new product. The amount of fiber required is set by the post-consumer recycled 

fiber content ratio, 𝛽. This is given by:  

 𝛽 =  
𝑇𝑃𝐶𝐹

𝑇𝑀𝑃
=

𝐹𝑃𝐶𝑅+𝑂𝑃𝐶𝑅

𝐹𝑃+𝑂𝑃
. (12) 

β is subject to the requirements of a product and the availability of post-consumer 

material through yields and recycling disposition behavior. The amount of extracted fibers 

available to make product with the content set by β may not be enough or in excess 

depending on the other parameters. Therefore, at the post-consumer manufacturing 

decision step, the net quantity of fibers that go into the product is based on the minimum 

between what is useable or available (𝑇𝑃𝐶𝐹_𝑢𝑠𝑒𝑎𝑏𝑙𝑒 = 𝐹𝑃𝐶𝑈 + 𝑂𝑃𝐶𝑈) and what is required 

for the product (𝑇𝑃𝐶𝐹_𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝐹𝑃𝐶𝑅 + 𝑂𝑃𝐶𝑅).   

When 𝑇𝑃𝐶𝐹_𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 > 𝑇𝑃𝐶𝐹_𝑢𝑠𝑒𝑎𝑏𝑙𝑒, then there is a shortage of post-consumer 

material. In this case the product with required post-consumer content cannot be achieved 
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and the material shortfall must be made up with virgin fiber or fibers from another waste 

stream to make the required quantity of product. On the other hand, when 𝑇𝑃𝐶𝐹_𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 <

𝑇𝑃𝐶𝐹_𝑢𝑠𝑒𝑎𝑏𝑙𝑒, there is excess post-consumer material that is not used and will either 

accumulate in the short run as a stock or will go to waste. The net quantity in terms of 

excess (𝑇𝑃𝐶𝐹_𝑒𝑥𝑐𝑒𝑠𝑠 = 𝐹𝑃𝐶𝐸 + 𝑂𝑃𝐶𝐸)  is represented by: 

 𝑇𝑃𝐶𝐹_𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 − 𝑇𝑃𝐶𝐹_𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑇𝑃𝐶𝐹_𝑛𝑒𝑡  𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦  . (13) 

 

5.3.4 Manufacturing gate- recovery and incorporation of fibers from virgin sources 

To make the total amount of product, 𝑇𝑀𝑝, the individual components must be 

combined by the manufacturing incorporation step. The overall incorporation of virgin and 

post-consumer materials into product is given by: 

 𝑇𝑉𝐹 +  𝑇𝑃𝐶𝐹 = (𝐹𝑉𝑅 + 𝑂𝑉𝑅) + (𝐹𝑃𝐶𝑅 + 𝑂𝑃𝐶𝑅) = 𝐹𝑃 + 𝑂𝑃  = 𝑇𝑀𝑃. (14) 

Where 𝑇𝑉𝐹 is the combined required virgin material (𝐹𝑉𝑅 + 𝑂𝑉𝑅) that can go into 

the product, because the new product made can be made from either virgin or post-

consumer material or both in different proportions depending on the product and need. The 

proportion of virgin material needed in the incorporation step is given by: 

 𝛼 =  
𝑇𝑉𝐹

𝑇𝑀𝑃
=

𝐹𝑉𝑅+𝑂𝑉𝑅

𝐹𝑃+𝑂𝑃
. (15) 
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 In the first cycle of the circular economy, it is assumed that α= 1 and the product is 

100% the virgin material by dry weight. For subsequent cycles, post-consumer fibers can 

also be incorporated into the product. When the post-consumer fibers are extracted and 

incorporated, the amount of post-consumer is given by the proportion 𝛽. Depending on the 

manufacturing decisions and requirements of the product based on post-consumer content, 

it is assumed that both virgin and post-consumer fractions can be incorporated into the 

product which is given by: 

 𝛼 + 𝛽 =  1. (16) 

For a given amount of virgin fibers, 𝑇𝑉𝐹 (𝑇𝑉𝐹 = 𝐹𝑉𝑅 + 𝑂𝑉𝑅), required to make 

product 𝑇𝑀𝑝, it is assumed that the manufacturing decisions are optimized such that there 

is no excess useable material (𝐹𝑉𝐸 + 𝑂𝑉𝐸 = 0), unlike in the case of post-consumer fiber. 

In this case, the useable fibers in the fiber rich stream after recovery is equal to the required 

fibers (𝐹𝑉𝑅 + 𝑂𝑉𝑅 =  𝐹𝑉𝑈 + 𝑂𝑉𝑈).  

Furthermore, it is assumed that that the virgin product (𝑇𝑉𝑃 = 𝐹𝑉𝑃 + 𝑂𝑃𝑅) that is 

used to make virgin fibers is readily available to meet the required supply of 𝑇𝑉𝐹 to make 

the product as set by 𝛼.  Therefore, the amount of source virgin product such as forest 

biomass (𝑇𝑉𝑃 = 𝐹𝑉𝑃 + 𝑂𝑉𝑃) is given by:  

 𝑇𝑀𝑃 × 𝛼

𝜂𝑉𝐹
= 𝑇𝑉𝑃. (17) 

 where 𝜂𝑉𝐹  is the efficiency (yield) with which virgin product is turned into useable 

virgin fibers in the fiber rich stream is given by:  
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 𝜂𝑉𝐹 =
𝐹𝑉𝑈+𝑂𝑉𝑈

𝐹𝑉𝑃+𝑂𝑉𝑃
. (18) 

For simplicity it is assumed that OVP=OVU= OVR= OVNU= 0 but the ratio between 

OVNU/FVNU , OVU/FVU, and OVP/FVP can be given by values D, E, and F, respectively. As with 

the corresponding post-consumer streams, these D and E are unique based on the 

manufacturing process and how much of each component (cellulosic or other) remain in 

the fiber poor or rich streams. The ratio, F, is unique to the type of biomass used to extra 

virgin fibers. For example, if a particular species undergoes thermo-mechanical instead of 

Kraft pulping, the amount of lignin in the other (O) component will be different and D and 

E values will be different even if F is the same in both cases.  

5.3.5 Value of the product to consumers 

 When products are sold at the consumer gate and are only composed of virgin 

material, the monetary value to produce the product is given by:  

 𝑇𝑉𝐹 × 𝑀𝐶𝑉 = $𝑉𝑃. (19) 

Where 𝑇𝑉𝐹 is the required virgin fibers needed to produce the product, including 

excess virgin fibers needed if there is a shortage in required post-consumer fibers. 𝑀𝐶𝑉 is 

the aggregate marginal cost (cost per ton) to acquire, incorporate, and manufacture virgin 

materials into product. The total value embedded product P,  $𝑉𝑃, reflects the minimum 

per-unit price at which product P must be sold to recoup manufacturing costs. Note that 

profit adds to the overall price.  
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When products that are made partially from post-consumer fibers are sold, the value 

is given by:   

 (𝑇𝑃𝐶𝐹 × 𝑀𝐶𝑃𝐶) + (𝑇𝑉𝐹 × 𝑀𝐶𝑉) = $𝑃. (20) 

where 𝑀𝐶𝑃𝐶 is the aggregate cost to extract, acquire, incorporate and manufacture 

post-consumer materials in the new product, P. Here 𝑇𝑃𝐶𝐹 is the minimum amount of post-

consumer fibers that can go into the product depending on whether the post-consumer 

content required is less than what is useable and available.  Now $𝑃 reflects the minimum 

per-unit price at which product P must be sold to break even. Note the overall price would 

include fixed costs, profit, overhead, etc. It is assumed here that the flexibility in  $𝑉𝑃 are 

from the portion of this value that can be changed with manufacturing choices and 

influences overall profit margins.   

When 𝑀𝐶𝑃𝐶 ≪ 𝑀𝐶𝑉 or 𝑀𝐶𝑃𝐶 ≫ 𝑀𝐶𝑉, $𝑃 decreases depending on the tons of 

either virgin or post-consumer is included in the product. To minimize the cost to 

manufacture the product, and therefore increase profit margins or decrease the price offered 

to consumers, the process or materials must be changed. 

5.3.6 Waste 

 Waste is generated in both the consumer and manufacturing gates. At the consumer 

gate, waste is generated when products are not reused or recycled. For the manufacturing 

gate, waste is generated turning product into useable fibers. For each recovery step (virgin 

or post-consumer) after useable fibers are extracted with some efficiency, a manufacturing 

waste stream is generated which is fiber-poor stream which has some cellulose that was 
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not useable and other materials that did not remain in the fiber-rich useable streams. In this 

initial model, only the cellulose, not the total, waste quantities are analyzed because 

calculations are only performed over the cellulose. The model is setup to have the ability 

to perform calculations over the non-cellulose components. This will enable future work 

to consider the total waste, not just the cellulose waste. 

5.4 Results and application of framework 

5.4.1 Recycled versus virgin fibers in paper manufacturing 

 To apply the model that supports the framework, three empirical quantities 

applicable to the consumer and manufacturing steps: recycling disposition rate, recovery 

efficiency (yield), and incorporation rate (% material in product). There were related to the 

monetary cost of producing a product that incorporates both virgin and recycled materials, 

given assumed marginal costs for virgin and recycled materials and a required tonnage. To 

reiterate,  the non-cellulosic material is not included in the streams.  

To illustrate how the desired recycled content of a product, recycling disposition 

rate, and post-consumer fiber processing recovery efficiency influences the quantity and 

price of post-consumer fibers, six cases were evaluated (Table 5-1).  A basis of 100 tons 

of paper demanded and supplied at equilibrium was assumed. Price was graphed in two 

ways:1) virgin pulp ($VF) pulp price per ton is greater than recycled pulp ($PCF) and 2) 

when recycled pulp price per ton is greater than virgin fiber. For these calculations, the 

marginal costs of $0.9/ton and $0.8/ton were applied, with the larger value corresponding 

to either virgin pulp or recycled pulp when the overall cost to produce was plotted in all 

cases. The marginal costs were arbitrarily scaled down by a factor of 1000 from 2017 pulp 
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prices of ~$900/ton for southern bleached softwood kraft pulp and ~$800/ton for post-

consumer deinked pulp 53. This was to reflect the trends in the final results rather than the 

actual costs. A virgin material cellulose processing recovery efficiency, defined as the ratio 

of virgin cellulose that exits the upstream process to the amount of cellulose that enters the 

upstream process, of 0.9 (90% yield) was assumed in the calculations.   
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Table 5-1. Six circular economy post-consumer fiber cases for various disposition, 

recycled content, and post-consumer efficiency values.  

 𝜹𝑷𝑪 

(Consumer 

recycling 

disposition 

rate) 

𝜷  

(Post-

consumer 

content) 

𝜼𝑷𝑪 

(Post-

consumer 

recovery 

efficiency) 

Case 1 0.5 0.1 0 to 1 

Case 2 0.5 0.9 0 to 1 

Case 3 0.9 0.9 0 to 1 

Case 4 0.1 0 to 1 0.9 

Case 5 0.5 0 to 1 0.9 

Case 6 0.9 0 to 1 0.9 

 

5.4.1.1 Influence of post-consumer efficiency at low and high post-consumer content 

(β)  

Figure 5-5 illustrates two cases, both with a consumer recycling disposition rate of 

50% (𝛿𝑃𝐶=0.5) and with Case 1 (Figure 5-5 A and B): low post-consumer fiber content 

β=0.1 and Case 2 (Figure 5-5 C and D): high post-consumer fiber content, β=0.9. The net 
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quantity of post-consumer fibers as a function of post-consumer processing recovery 

efficiency are shown in Figure 5-5 A and C and the corresponding price (USD/ton) to 

manufacture the product as a function of post-consumer processing recovery efficiency is 

shown in Figure 5-5 B and D. Figure 5-5 B and D also show the cost assuming that virgin 

fiber has a higher cost than post-consumer fiber (orange triangles) and the cost assuming 

that post-consumer fiber has a higher cost than virgin fiber (gray asterisks).  

In Case 1, when 90% of the product is virgin material and the recycling disposition 

rate is 50%, only a 20% post-consumer cellulose processing recovery efficiency (0.2= 𝜂𝑃𝐶) 

is needed to supply enough post-consumer fiber (PCF) to make the product. Improving 

efficiency beyond that results in excess material that is not included in the product due to 

a low desired PC content (β=0.1). In this case, the salient barrier to improve circularity is 

not yield but PC content. In Case 1, Figure 5-5 B, when the marginal cost of virgin fiber is 

more expensive (orange triangles), increasing post-consumer cellulose processing recovery 

efficiency decreases the price of the product until all the desired PC material is 

incorporated. After that the price plateaus as only virgin fibers are included after that and 

increasing post-consumer cellulose processing recovery efficiency has no influence on the 

product. When virgin fiber is cheaper than post-consumer fiber, it is more cost-effective to 

not include any post-consumer fibers, therefore post-consumer cellulose processing 

recovery efficiency does not appreciably change the price of the product. Here 

manufacturer cannot reduce costs by improving post-consumer cellulose processing 

recovery efficiency, as the higher virgin fiber content is economically cheaper.  

 Alternatively, in Case 2 (Figure 5-5 C and D), when 90% post-consumer is required 

in the product and the recycling disposition rate is 50%, more post-consumer fibers are 
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required for the product than can be provided by the consumer. Thus, the recycling 

disposition rate is not high enough and improving the post-consumer cellulose processing 

recovery efficiency, even up to 100% recovery, will not be able to supply enough material 

to achieve the required recycled content in the product. However, when virgin fiber is more 

expensive than post-consumer fiber, the higher the post-consumer cellulose processing 

recovery efficiency and the greater the percent of recycled fibers, the cheaper the price 

becomes. Still, when virgin fiber is cheaper, it does not benefit the manufacturer to include 

post-consumer fibers. Only at a post-consumer cellulose processing recovery efficiency of 

1 does the cost to produce a 90% post-consumer content product reach approximately the 

same cost as that to produce the product when post-consumer marginal cost is cheaper. 

There would also be little incentive for manufacturing to reduce the PC marginal costs 

below virgin material by improving process.  
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Figure 5-5. Graphs of net quantity of post-consumer fibers (Tons of excess PC) versus 

post-consumer recovery efficiency when δPC= 0.5 (recycling disposition rate) and β= 0.1 

(PC fiber content) in Case 1 (A) and its corresponding price in Case 1 to produce product 

when either virgin or post-consumer fiber pulp is more or less expensive (B) and Tons of 

excess PC fiber versus post-consumer efficiency when  δPC= 0.5 and β= 0.9 in Case 2  

(C) and corresponding price in Case 2 when virgin or post-consumer fiber pulp is more or 

less expensive (D). 

Because the δ=0.5 shows that in Case 1 and 2 increasing post-consumer recovery 

efficiency may not be enough to increase circularity,  Case 3 examines a 90% post-

consumer fiber product with a 90% recycling disposition rate. This is compared to Case 2: 

90% post-consumer fiber product with 50% recycling disposition rate (Figure 5-6 A and 

B). While a 90% recycling disposition rate may be difficult to achieve, this illustrates that 

a higher recycling disposition rate allows manufacturing to make a more 90% post-

consumer fiber product at yields less than 1. At a cellulose PC recovery efficiency of 0.6 
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or greater, the price to produce a product with 90% PC content is cheaper in the case when 

post-consumer fiber marginal cost is cheaper than virgin, compared to when virgin fiber is 

cheaper than post-consumer. This is incentive to reduce 𝑀𝐶𝑃𝐶 and PC recovery efficiency 

at efficiencies greater than 0.6 but less than 0.6, there is no incentive to do either. This 

suggests that in some cases , it can be beneficial for a manufacturer to produce high 

recycled content paper products if both the cellulose processing recovery efficiency and 

the recycling disposition rates from consumers are sufficiently high.  There are two key 

takeaways:  

1) If the goal is to increase desired PC content when MCV  < MCPC , then the public 

would need to pay, when manufacturing yields are low. Otherwise, firms may not 

have incentive to reduce profits.  

2) With high recycling diversion rates, more material is available and therefore yields 

do not need to be as high. This sets up yields at which firms have incentive to have 

higher PC content material.   
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Figure 5-6. Graphs of price to produce product versus post-consumer recovery efficiency 

when either virgin or post-consumer fiber pulp is more or less expensive in Case 2 when 

recycling disposition rate is δPC= 0.5 and post-consumer content is β= 0.9 (A) and when 

δPC= 0.9 and β= 0.9 in Case 3 (B).  

5.4.1.2 Influence of post-consumer content at high post-consumer cellulose processing 

recovery efficiency and recycling disposition rates 

In the previous cases, how the cost of production of the product changes with 

cellulose processing recovery efficiency was described. Achieving high yields during 

cellulose processing from post-consumer waste is not always feasible but even when high 

yields are achievable, the feasibility of making high PC content products may be limited 

by the disposition behavior . In Cases 4-6, the analysis was reframed to assess how the 

decision to include post-consumer content in the product changes the price to produce when 

post-consumer cellulose processing recovery efficiency is high at 90% (𝜂𝑃𝐶= 0.9) and with 

three different consumer recycling disposition rates (𝛿𝑃𝐶=0.1, 0.5 and 0.9)  in Figure 5-7 

A, B, and C, respectively.  

First, increasing the recycling disposition rate increases the supply available to 

make products with increasing post-consumer fiber content. The point in the curves where 
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a plateau is reached represents where there is no longer enough of the original post-

consumer content fibers and it must be substituted with another stream, in these cases with 

virgin fibers. Note that this means that the x-axis in Figure 5-7 shows the desired amount 

of post-consumer fibers, not the actual amount. At low disposition, there is very little 

change in the marginal cost as the desired fraction of post-consumer fiber in the product 

increases because there is insufficient supply of the fibers. Increasing the recycling 

disposition rate to 90% when the cellulose processing recovery efficiency is 90% allows 

the manufacturer to make a product with up to 80% post-consumer content (Figure 5-7 C), 

as seen by the plateau not being reached until the desired amount of post-consumer fibers 

is 80%.  

Second, when the marginal cost of virgin fibers is less than post-consumer fibers, 

initially increasing efforts to incorporate post-consumer material increases costs, especially 

at low recycling disposition rates. When there is a given price-point that consumers are 

willing to purchase a product, if manufacturers add more expensive recycled content, they 

either have to reduce their profit margins or pass those costs on to consumers. If consumers 

are not willing to pay, then they will not buy the product with higher recycled content and 

circularity will improve. If neither option is feasible, then there is no motivation to increase 

recycled content. If there is sufficient added benefit to society to included recycled-content, 

then this is justification for policy intervention.  

Additionally, there is cutoff at high recycling disposition rates (0.9) of post-

consumer content above which the overall cost to produce the product with high recycled 

content is cheaper when the marginal costs of post-consumer fiber is below marginal costs 

of virgin (β> 0.5 to beta = 0.8 in Figure 5-7 C). Here it would benefit manufacturing to put 
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research efforts into reducing marginal costs of post-consumer fibers to increase profit 

margins or decrease price for the consumer, while increasing circularity by increasing post-

consumer content. This regime lasts up until the point (80% post-consumer content), where 

this is no more recycled content available from the initial post-consumer product stream.   
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Figure 5-7. Graphs of price to produce product versus the desired post-consumer fiber 

content when recycling disposition rate is δPC= 0.1, 0.5, and 0.9 and recovery efficiency 

is ηPC= 0.9 in Case 4 (A), 5 (B), and 6 (C) when either virgin or post-consumer fiber pulp 

is more or less expensive. The dashed lines represent the point where there is no longer 

enough post-consumer material and the remaining amount is substituted by virgin fibers.  
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5.4.2 Application of cellulose nanofibers in the framework 

 There are several ways to approach the application of CNMs into this circular 

economy framework .  They can be produced from both consumer and manufacturing 

waste streams that may not currently utilized as illustrated in Figure 5-8 . This is an active 

area of research and includes sources such as sludge 269, waste-water 68,  cartons and variety 

of other waste paper streams 61. Extracting CNMs from waste streams and putting them 

back into products as additives or stand-alone products increases circularity by reducing 

waste.  

  

 

Figure 5-8. Circular economy-based framework highlighting which waste stream 

segments the use of CNFs can be sourced from and from which they can help improve 

the incorporation.  

 

 Figure 5-4 shows how small particles of cellulose may be present in the fiber-poor 

waste streams after the recovery steps for larger pulp fibers, particularly if separation is 
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based on size. In extracting CNMs from the fiber-poor waste streams and putting them into 

the useable fiber-rich stream, they will change the ratios of non-cellulosic and cellulosic 

components in the fiber poor and fiber rich streams (ONU/FNU and OU/FU) and increase 

overall yield in the useable fiber rich stream if they are used in the manufacturing of the 

same product.  

If CNMs are extracted from a non-usable waste stream from a different 

manufacturing process (for example from beer residuals in the production of beer or 

agricultural waste) or from consumer waste, while they may not increase the yields of the 

source material for that process, they are reducing waste streams and recuperating value of 

what would otherwise be waste. As suggested in Figure 5-6, when supply of post-consumer 

material is high through increasing recycling disposition rates, the yields required to make 

a high post-consumer and cost-effective recycled product can be lower. Because yields of 

CNMs from non-virgin sources are currently highly variable and low in many cases at the 

lab scale 61, the PC recovery efficiency will need to be off-set by higher recycling 

disposition.  

The available quantity and marginal cost of post-consumer products are also subject 

to the economic equilibrium supply and price as illustrated in Figure 5-9A. It can be 

expected that an increased supply of post-consumer product through increased recycling 

disposition, will decrease the equilibrium price of those products for firms. Additionally, 

both economies and diseconomies of scale will apply and affect the cost per unit to recycle 

post-consumer product, but this was not reflected in this model and can be considered for 

future works. As illustrated in Figure 5-9 B, initially the recycling costs associated with 

accessing new CNF supplies and having initial low yields will decrease over time as the 
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collection and recycling rate and recycling disposition rates increase 270,271. An increased 

supply from consumers should decrease marginal costs, leading to lower overall values of 

the product to be sold to consumers, while maintaining quality of the product. 

Consequently, a loss in yield (recovery of cellulose from sources during processing) may 

be offset by quantity and price of available cellulose supply.  

 

Figure 5-9. Illustration of a typical supply and demand curve representing a decrease in 

price point when quantity of post-consumer product supplied increases (A). For new 

technologies, economies of scale applies with recycling as initial recycling costs are high 

and recycling rates are low but change over time until plateauing (B). 

   

5.4.3  Incorporation of polyelectrolyte complexes  

 So far, the treatment here assumes that all fibers put into a product are completely 

retained during the incorporation manufacturing step but the retention of fines is 

papermaking is a significant challenge. Because CNFs are small enough to be considered 

fines, the total CNF content added to pulp fibers may not be retained in the product. The 

appropriate addition of PECs can improve CNF retention (reduce CNF mass loss to 
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manufacturing waste during a mixing and incorporation step). The appropriate use of PECs 

allows for cellulose fibers, particularly fines, to continue through to the circular economy 

by decreasing manufacturing waste. They also alter the strength and physical properties 

which consumers may alter consumer perception of the packaging. These can be 

considered as part of the total weight of the product by solids and have their own marginal 

and manufacturing costs. Their recyclability should be considered in future works to 

incorporate these and other additives into the mathematical treatment.  

5.5 Discussion  

5.5.1 Cellulose nanomaterials in products 

 In general, the advantage of CNFs in packaging is that they can be added at smaller 

weight percentages by dry mass (0-10% CNF) than virgin fibers, while achieving the 

required strength and barrier properties and making the overall product more lightweight.  

They allow for the displacement of virgin pulp fibers with recycled pulp by improving 

properties and thereby increasing the tonnage of recycled fibers going into the product. 

Zambrano et al. showed that a cost reduction as  high as $149/ton of fiber can be driven by 

the addition of CNFs in paper by reducing the weight of typical pulp fibers while achieving 

the same tensile strength. They also saw an increase in cost reduction with increasing CNF 

content and displacing pulp fibers with as low as 1 wt.% and up to 10 wt.% 53.  

 Given that after successive processing and recycling, particularly drying, fibers 

collapse, the level of fibrillation to create CNF from some recycled fibers may be difficult 

and instead a greater percentage of CNF with lower fibrillation in the product may be 

required 39,60.  Still, Delgado-Aguillar et al. showed that paper sheets made of virgin 
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chemical pulp fibers with non-chemically treated CNF (35% yield) maintained the same 

breaking length (a property tied to its strength) for 6 more recycling cycles than the 

unrefined virgin pulp by itself 59. Their LCA analysis comparing the CNF added to the 

virgin pulp versus refining the pulp itself suggested that the overall impact to the 

environment or human health is not higher, though energy demand for recycling them is 

greater. The incorporation of CNCs in PLA films has also shown to increase number of 

times the composite can be recycled 272, facilitated recycling of epoxies 273, and can be 

recycled as solar cell components 274.  

5.5.2 Cellulose nanomaterials in recycling streams 

 If CNMs make into the recycling stream, the challenge is whether manufacturing 

can efficiently sort, recycle, and extract the material to be able to transform it back into 

useable material for products. Making post-consumer CNMs must be feasible from a 

technical standpoint and should be cheaper than virgin CNMs for the desired post-

consumer CNM content (β in the framework) at a given recycling disposition rate (δPC).  

To incentivize firms to use post-consumer CNMs and increase circularity,  the marginal 

cost of recycling CNM should be cheaper than landfilling them  or recovering them from 

virgin sources.  

The ability for CNMs or CNM-containing products to be recycled is still in its 

infancy and being actively developed primarily at the lab scale 273,274. Initial testing 

suggests that separation of CNM, particularly as multi-layer with other material types is 

feasible, efficient, and cheap 274.  Ang et al. found that CNF sheets made from virgin, 

industrial, and lab recycled pulps, are recyclable with a standard disintegrator and could be 
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remade into CNF sheets. The recycled CNF sheets maintained 80% of their original 

strength and significantly reduced drainage times 60. The reduced drainage times and that 

the recycled CNF films do not have to be re-homogenized may translate to reduced 

marginal costs when using recycled CNF streams over virgin pulps to make CNF films. 

Still, scale up and practicality of recycling CNMs effectively in available manufacturing 

equipment, for either paper or plastic, needs to be addressed to understand true 

manufacturing efficiency.  Currently if CNMs act as thin plastic films, this may be 

problematic in current industrial sorting and recycling equipment, but if in the cases where 

they are coatings or additives in an all cellulose-based product, potentially they can be 

recycled with typical paper or cardboard machinery thus contributing to an attainable post-

consumer recovery efficiency (ηPC).   

5.5.3 Consumer perceptions and response to cellulose nanomaterial-containing products 

Since few CNM-containing products are on the market currently, an understanding 

of consumer response to products containing them is developing. If the marginal costs to 

produce the products exceed those of currently available paper or plastic alternatives 

without improving quality or product performance, consumers will likely not purchase 

CNM-containing products. 

 How consumers respond to physical attributes of CNM-containing products may 

influence consumer disposition behavior and therefore circularity. Since CNMs are likely 

to be produced as thin films 50,275 and used in a multi-layer or be blended into other 

materials 53, they may not be visible to consumers who thus may not respond differently to 

CNM-containing products compared to other products currently on the market that provide 
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the same function. It is possible that CNMs will look and feel like plastic given that CNC 

and CNF films have low opacity 64,274, have a low surface roughness (more smooth) 274, 

and are stronger and more durable than typical paper 54,65. Because consumers rely on 

physical attributes such as material and structural cues to form judgements on sustainability 

254 and disposition behavior 258, they may not treat CNMs in the same way as other paper 

products, which have higher recycling rates than plastic. Thus, recycling disposition rates 

of CNMs may be low.   

Other determinants such as consumer knowledge of the ability of the products to 

be recycled, peer-behavior, and learned perceptions about the material will dictate their 

disposition to send the material back through the circular economy. Without knowledge of 

whether the product can go into regular recycle streams, consumers will not know what to 

do with CNM-containing materials even when they are designed to be recyclable. 

However, consumers have been willing to accept the inconvenience of recycling paper after 

education, even when labeling is not effective 258, which implies that educational 

interventions can improve recycling behavior 260. Additionally, firms value proposition is 

different based on the recycling disposition rate regime.  

5.6 Policy implications  

In this study the focus was on the role of three parameters (recovery of cellulose from 

processing such as recovery, recycled content, and disposition) in the cost of manufacturing 

a product in cases where either virgin or recycled fibers are more expensive. All three 

parameters can influence the price of the product that manufacturers can make. By 

considering the overall cost to produce paper products with recycled fiber content, policy 
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interventions can be suggested in cases where incorporating recycled content is too 

expensive either to produce or for the consumer to buy and thus it does not benefit the 

manufacturer. If there is social or environmental benefit to be gained from the inclusion of 

more recycled content and improving the circular economy, but manufacturers do not have 

incentive to produce enough quantity of recycled products, then there may be justification 

for policy interventions such as subsidies can be considered to offset the cost to 

manufacturing to achieve optimal marginal benefit to society. Alternatively, if there are 

negative externalities and consequences to using virgin material over recycled content, then 

there is again justification for intervention to price in these externalities so that firms favor 

the inclusion of recycled content in products.   

Negative externalities may exist in the form of pollution from waste to landfill and 

in the environment from disposition behavior, waste from low yields in the recovery 

processes, or over-producing useable material, which implies excess energy consumption. 

The framework presented here give an opportunity to consider negative externalities at 

individual steps in the circular economy depending on product, efficiency, and disposition 

cases. Cases exist where firms have no financial incentive to incorporate post-consumer 

material into products and consequently a policy case may be made to price in negative 

externalities. In terms of recycled content, the United States already has some policies and 

recommendations for recycled post-consumer content in a variety of paper products 276,277 

but it is possible that these may not be feasible for manufacturers to achieve if appropriate 

yields and consumer disposition are not high enough to be able produce useable post-

consumer fibers. Here additional policy recommendations may be to provide funding of 

R&D and manufacturing that can improve methods and techniques to extract more useable 
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material at better marginal costs with less waste. This highlights where firms are not willing 

to make these changes on their own because it would not be cost-effective to do so. A 

known issue with recycled material streams is lower yields, in part due to contamination 

from single stream recycling collection. Here policy interventions that fund recycling 

education, give incentives or increase clean collection of post-consumer products may be 

beneficial, which then result in downstream improvements in the amount of recycled 

content manufacturers can put back into new products through higher recovery efficiencies. 

For each gate in the circular economy framework presented, more work and a deeper 

analysis is needed to understand additional impacts that influence the price to collect, 

recover, and incorporate recycled content, beyond a material balance approach and its 

relationship to pricing. This can include energy used, number of cycles the material can 

provide function, and waste in terms of negative externalities that can arise at the consumer 

and manufacturing gates and the discrete steps within them.  

5.7 Conclusions 

 In this chapter the aim was to create a framework and present the idea that 

consumers are major contributors in the circular economy. Aframework was formalized to 

understand circularity based on three variables: consumer disposition behavior, recycled 

fiber content, and post-consumer cellulose process recovery efficiency. Each of these 

influence flow of material through the circular economy and can be used to understand 

areas for policy recommendations and improve outcomes for manufacturing, consumers, 

and sustainability. This approach can lend itself to more effective product design that 

incorporates people and reduces both economic and landfill waste. 
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. By discussing the purchasing and disposition behavior of consumers it was shown that 

the consumers participate in altering the supply and cost of recycled material through the 

rate at which they chose to recycle (recycling disposition rate). If the recycling disposition 

rate value falls too low, manufacturing (who also has virgin material available) may not be 

able to recuperate the revenue of producing product with recycled material.  

 Once consumers recycle a product, manufacturing can re-extract cellulose material 

from these recycled products. This recycled material must be recovered with a sufficiently 

high cellulose yield and can then be reincorporated into new product once again. Whether 

manufacturing chooses to do this is based on whether they have incentives to do so from a 

policy, economic and material standpoint. Even when manufacturers are required to 

produce paper products with recycled content, given that recycled products often lose 

strength and other material properties, it makes it difficult to use recycled fibers compared 

to virgin material. There must also be other incentives to use these including the economic 

value of a recycled content containing product. The cost of the recycled material and 

whether the new product can again meet price points determines whether it will be returned 

to the consumer to cycle again through the circular economy.  
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

 In this chapter the contributions of the work from the previous chapters and how 

they contribute to the overall field of improving sustainability of the papermaking process 

by utilizing formulation with cellulose nanofibers and polyelectrolyte complexes are 

summarized. Based on the conclusions, future work in this area is also presented.  

6.1 Conclusions and impact of current work 

6.1.1 Order-of-addition and coacervates 

 Polyelectrolyte complexes (PECs) are often used in papermaking but the 

interactions between polyelectrolyte complex coacervates with cellulose nanofibers 

(CNFs) are not well understood. In Chapter 2, how the order-of-addition as a mixing 

strategy of polyelectrolytes in a coacervating system influences their interactions with CNF 

was studied. Specifically, the impacts that electrostatic interactions have on the aggregation 

behavior of the coacervates to the fibers over time were examined, in terms of molecular 

interactions, morphology in suspension, and water retention values, a relevant dewatering 

parameter to the paper industry.  

 In this study, the morphological aggregate formation and time of association of 

coacervates with CNF were shown by forming low molecular weight and weak 

polyallylamine hydrochloride (PAH) polycation and polyacrylic acid salt (PAA) polyanion 

coacervates at 1M NaCl with CNFs in three different mixing sequences without the 

influence of external mixing. It was observed that by changing the order-of-addition of the 

polyanion and polycation to (CNFs), the interactions between PECs and CNFs can be 
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tuned, which in turn changes the extent of association of the coacervates to the CNFs and 

the rate at which they aggregate. Without any additional agitation, the electrostatic 

interactions drive the aggregation of the PECs with CNFs, which is faster and shows 

morphological differences of the aggregates on the CNF and with measured electrophoretic 

mobility at early time points. Importantly for the papermaking process, when adding the 

polycation to the CNFs first, the statistically significant lowest water retention values were 

found, compared to the other cases. Pre-formed coacervates with CNF did not have lower 

values than the CNF controls.  

 Coarse-grain molecular dynamic simulations further illuminate the fundamental 

mechanism of aggregation by taking into consideration the interaction between cellulose 

and the complexes at the molecular level. They were carried out in a similar manner as the 

experimental tests, where first CNFs were introduced to one polyelectrolyte with 

counterions and salt and an implicit solvent. After the simulation has equilibrated for some 

time, the second polyelectrolyte was added. Simulation snapshot showed that many smaller 

PEC coacervates for with PAH first, whereas when PAA is introduced first, few larger PEC 

coacervated form. The radial distribution function showed that the density of polycations 

spike near the surface of the CNFs, unlike the density of the polyanions which was low. 

Mean square displacement overtime showed that the polyelectrolytes move slower than 

fibers because they are part of an agglomerate in the PECs and the presence of the 

polycation near the fibers cause them to move slightly slower when polycation are added 

first.  
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 The simulations corroborate the experimental observations by showing the 

importance of strong electrostatic interactions in aggregate formation. More broadly, this 

work improves the understanding of how order-of-addition, not just polyelectrolyte charge 

and structure, plays a significant role in polyelectrolyte complexation and interactions with 

particles from the molecular scale. This is impactful because properties such as adsorption, 

strength, flocculation size, or drainage have been shown to be improved in some cases with 

varying order-of-addition of polyelectrolytes or PECs, but mostly with large molecular 

weight polyelectrolytes that favor bridging mechanisms between particles and fibers 162,196. 

Here, the simulations with experimental testing support the idea that the underlying 

mechanism that result in experimentally measurable differences from order-of-addition are 

a result of the electrostatic interactions at a molecular level.     

6.1.2 Water retention values of cellulose nanofibers and polyelectrolyte complexes 

 PECs formed with different polycations and experimental conditions can exhibit 

solid-like (precipitate), liquid-like (coacervate), or solution phase behavior. In Chapter 3, 

the aim was to gain a more specific understanding of how the formulation strategies of 

using low molecular weight polyamines in a PEC system impact its phase behavior and 

corresponding dewatering of the CNF-PEC networks as measured by the WRV test 

developed in Chapter 2.  In this work, three readily available polycations (PAH, PVAm, 

and PEI) were complexed with the polyanion polyacrylic acid (PAA) and the electrostatic 

interactions were experimentally varied by increasing the ionic strength of the solution and 

reducing the number of intrinsic ion-pairs of the PECs by changing the charge ratio of the 

polyelectrolytes. By dosing PECs in excess but keeping the system near neutral for charge-
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match conditions (1:1) or highly charged for “away-from-charge-match” (4:1), the 

influence of PEC behavior on the WRVs of the CNF-PEC could be tested. The results 

showed that:  

1. WRVs of CNF-PEC systems can be tuned by experimentally altering electrostatic 

interactions with increased salt concentration or changing the charge-match ratio. 

At 0M NaCl all systems had large WRVs at 1:1 charge-match ratio in a low-salt 

regime possibly due to densification of the network and improved (lower) WRVs 

in a high-salt regime due to changes in flocculation behavior.   

2. A specific physical mechanism explaining why large WRVs are observed at 0M or 

low NaCl for the PEC complexes tested here was not identified but it is clear this 

behavior is related to electrostatic interactions in the systems because the WRVs 

decreased with increasing salt concentration or with the large deviation from 

charge-match conditions in the low-salt regime.  

3. Polycation selection influences WRVs of CNF-PEC networks. Particularly at high-

salt regimes, non-electrostatic interactions may play a role. The measured turbidity 

of the uncharged polycations was high at the lowest concentrations for PEI, 

suggesting that it is the most hydrophobic of the ones tested here. PEI/PAA 

complexes in the CNF system were coacervate-forming, particularly at a higher salt 

regime, and had the least improvement in WRVs, suggesting that the more 

hydrophobic polycation had decreased interactions with hydrophilic CNF when 

electrostatic interactions are reduced.  

4. WRVs where a coacervate phase were observed were not necessarily better than 

those where solid-like precipitating phases were seen at the same high-salt 
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concentrations. More work is needed to deconvolute the impact of a coacervating 

phase on WRVs, particularly at low-salt concentrations. This may shed light on the 

physical mechanism leading to high WRVs at low-salt concentrations for some 

PEC systems.   

 Overall, this work gives insights into appropriately selecting  polycations and 

experimental conditions when using PECs as drainage or retention aids in papermaking. 

Because CNF were used in this study, this will be further applicable to the formation of 

nanopapers, which are known to be difficult to dewater and have long drainage times due 

to the high surface area 41. By understanding how polycation selection and PEC phase 

behavior influences WRVs of CNF-PEC networks, with reduced but not significantly 

diminished electrostatic interactions, there is potential to improve dewatering during fiber 

mat formation.  While PECs are intended to improve dewatering, there are cases where 

these hinder drainage and dewatering 30, but more work is needed to attribute this to a 

specific physical mechanism. It has been hypothesized that free PECs may act as fines or 

the shape or size of the complexes may result in plugging of the fiber mats 30. By 

systematically showing the influence of polycation selection and experimentally altering 

electrostatic interactions, this paper gives insight that the changes in WRV behavior with 

different polyelectrolytes is likely electrostatic in nature and that the dewatering of CNF-

PECs can be improved.  

6.1.3 Applicability and impact on percent solids of paper handsheet making 

Because the appropriate formulation strategies with cellulose fibers and PECs have 

the potential to improve percent solids of paper products to decrease energy usage during 
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drying, in Chapter 4, the formulation strategies from Chapters 2 and 3 were used to scale 

up and make paper handsheets with CNFs and PECs. The purpose of this chapter was to 

lay the groundwork for a method to measuring percent solids changes when precipitate 

(PAH/PAA) or coacervate (PDMAEMA/PAA) forming PECs are included with CNF to a 

standard softwood fiber pulp. Tensile and opacity testing were also tested to both gain 

insights on how the two different PEC systems affect physical properties which will be 

important to consider when thinking about sustainable product design in terms of how these 

will influence consumer disposition behavior for future studies. Opacity of packaging is 

known to influence purchasing behavior 234. 

 Overall, a method for measuring percent solids was found to a show decrease in 

percent solids with the inclusion of 5 wt.% CNF compared to solely pulp, but further 

development is needed to see improvements when PECs are added because they did not 

show appreciable improvement or differences between the two systems. Tensile properties 

of handsheets improved with the inclusion of CNFs and further improved with the inclusion 

of either PEC systems. The opacity values of the handsheets were statistically significantly 

higher when CNFs and when polyelectrolytes (either just PAH polycation or either PEC 

systems) were added to the pulp.   

In this study, the overall weight percent of PEC added to the total weight of dry 

pulp was 2.4% which is slightly higher than PEC addition to pulps. In typical paper product 

applications these anywhere from 0.01 to 3% 151,278,279 , although 3% is less common. Here, 

the PEC loading is realistic of those used in typical pulps. Further understanding how 

increasing concentration of PECs added to pulp and CNF slurries will likely help with 

formulation to improved percent solids. This study is broadly applicable relevant to the 
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current industry trends of creating CNF-containing paper products 41 which will likely be 

formulated with PEC drainage, retention, and flocculation aids. Additionally, limitations 

and recommendations for improving methods used here are discussed in Section 4.2.2.  

6.1.4 Creating a circular economy framework that includes consumers and 

manufacturing for improved sustainability  

 Given that sustainability is a broad challenge, in this chapter a circular economy 

framework was created and a model was formalized to incorporate both consumer and 

manufacturing gates, and their waste streams. It introduces the idea that consumers are 

major contributors in the circular economy story of paper products, specifically packaging. 

By extension, how consumers will impact the circularity of developing cellulose nanofiber 

packaging was also discussed. While other circular economy frameworks may include 

consumer recycle and landfill behaviors 268, the framework here highlights the direct 

impact and the magnitude of consumer recycling disposition behavior on the 

manufacturing decision-making to include post-consumer material in subsequent 

manufactured products. Consumer purchasing behavior was considered from an economic 

approach in terms of the equilibrium price consumers are willing to pay to purchase 

products, whereas aggregate disposition behavior was considered as reflected through 

recycling rates based on material. Because each are of these are one of several known 

attributes that influence consumer purchasing or disposition behaviors, this framework can 

be modified and built upon for future work.    

A simple mathematical model was developed to illustrate how the decision-making 

in consumer purchasing through their recycling disposition rate (δPC) influences the amount 
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of material that is available to manufacturing to turn into a product. Furthermore, how post-

consumer recovery efficiency (yield) (ηPC) and desired post-consumer content (β) in the 

product influences the price to make a product during times when either virgin or recycled 

fibers marginal costs are cheaper, was investigated with low and high recycling consumer 

disposition rates. The results suggest there are regimes, for given recovery efficiencies or 

desired post-consumer contents, where firms will not have monetary incentive to include 

post-consumer material when virgin fibers are cheaper than post-consumer fibers or there 

is not enough material available for them to do so. Changes in research priorities and policy 

interventions can be considered depending on price-to-manufacture a product for given 

recycling disposition, yield, and post-consumer content within those regimes.  

  This framework was specifically used to illustrate recycled versus virgin fibers for 

standard pulps but can be extended to understand the inclusion of CNF or non-cellulosic 

components in the development of CNF packaging or other products. This lays the 

groundwork for consumer-centric thinking in product development specifically with the 

understanding of consumer disposition behavior, in developing products that will lead to 

improved circularity. 

6.2 Recommendations for future work 

6.2.1 Water retention values and drainage of cellulose nanofibers and polyelectrolyte 

complexes 

 The interactions between CNFs and PECs as they relate to dewatering from CNF 

slurries in this thesis were primarily tested through WRVs. However, WRVs are an 

imperfect way to evaluate dewatering, as they do not indicate how much water releases 
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over time during the formation of a CNF paper pad. Alternatively, drainage studies give an 

indication of the time it takes to release water, which is also relevant to the formation 

section of the paper machine and the time it takes to make a product on a machine 

influences the cost of production 66.  

 There are standard techniques for measuring dewatering and drainage of typical 

pulp fibers, but there are no standard techniques or equipment for drainage of CNF. Several 

researchers have created setups for measuring CNFs 27,66. We have developed two drainage 

apparatus setups (Figure 6-1 and Figure 6-2) with initial data and propose a third (Appendix 

.Figure A. 5) based on the principles of a Britt Jar.  

 

Figure 6-1. Schematic of drainage setup tested with funnel with vacuum attachment with 

flow meter and attached Arduino for data collection to a computer to measure drainage 

flow rate of CNF slurries.  

 A customizable prototype Britt Jar apparatus (Figure 6-1) to measure the drainage 

of CNF slurries was built and initial testing of slurries was performed to understand the 
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applicability of the design. The design was selected to be customizable for both vacuum 

and gravity filtration while a fiber pad forms during drainage process, can be used with and 

without agitation, and various filter types can be used. Sample suspensions of up to 300 

mL can be tested. We included a flow meter to measure the water that drained out and 

added an electronic component to allow for automatic data collection. The initial data was 

collected automatically and manually for a 0.1 wt.% CNF slurry through the same filter 

type as used in the WRV studies in Chapters 2 and 3 which has a 0.2 µm pore size. It was 

found that this flow meter was not sensitive enough for the non-continuous drainage flow 

observed during the test and there were challenges with accurate detection of the fluid 

volume going through the sensor. An alternative design suggested is to place sensors along 

the length of a collection flask and continuously record this data (Figure A. 5 in Appendix).  

 A modified setup was attempted Figure 6-2 in which a 20 mL tube was attached to 

the bottom as a collector and time it takes for water to drain to a particular volume was 

recorded by with a camera. This was to remove the need for an automated flowmeter. After 

the drainage was stopped, the fiber pad and the filter were collected and weighted wet. 

After oven drying, they were weighed again to calculate percent solids. The weight of the 

filter was also collected prior to using it in the setup for drainage.  Percent solids were 

calculated, and initial results are shown Figure A. 4 and Table A. 2 in the appendix. 

Although we provide some preliminary data, insufficient data were collected to draw 

conclusions on the performance of this apparatus for drainage measurement and future 

work should be performed to evaluate all designs to find the optimal for testing drainage 

through CNFs. 
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Figure 6-2. Schematic of drainage setup tested with funnel with vacuum attachment and 

20mL centrifuge tube to measure volume of water drained over time of CNF and PEC 

slurries. 

 

6.2.2  Testing cellulose nanofibers and polyelectrolyte complex retention in pulp 

handsheets   

In Chapter 4, a method for testing handsheets was discussed. Another technically 

relevant aspect of forming handsheets with CNFs is characterizing the fibers and 

understanding the retention behavior of the CNFs and the PECs added.  

While the dialyzed versions of CNFs used here were characterized in 2.1.1, the 

CNFs in handsheets described in Chapter 4 were used as received. The pulp was also 

disintegrated and used as received. Recharacterizing the non-dialyzed CNF and the pulp 

will be useful for understanding formulating with the appropriate polycation concentration 

because PEC dosing strategy are based on the overall charge of the fibers and in the system.  
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Controlling the amount of CNF that stay in the handsheets is a known issue and 

given the 200 mesh sizes typically used in the handsheet former, the potential for CNF to 

drain through is likely. In the results here, the 1 wt.% CNF percent solids were significantly 

lower than the 5 and 10 wt.% CNF handsheets, which had similar values. To study this 

behavior in more detail, CNFs can be tagged with a fluorescent label Rhodamine B 

isothiocyanate (RBITC) 237 or, alternatively, to understand both the retention of CNF and 

PECs, the PECs can additionally be fluorescently labeled with a different label. Either the 

polycation can be labeled with fluorescein isothiocyanate (FITC) 19, as was done in 2.1.2.2 

or the PAA can be labeled and complexed with various polycations as has been shown with 

PDMAEMA previously 127. With two different labels, which respond to different emission 

wavelengths, when they are used for the CNFs and PECs, their presence and interaction 

with each other and in a handsheet can be probed. Hobish et al. showed that the 

incorporation of RBITC did not change commonly tested handsheet properties and the 

zeta-potential of the fines after labeling was not changed 237. With two different 

microscopic techniques (confocal laser scanning microscopy and two-photon microscopy), 

they were able to image primary and secondary fines. The primary being larger fiber 

segments that participate in the overall network like pulp fibers. Smaller secondary fines 

become concentrated in specific spots and are better able to migrate within the network 

and eventually fill in interstices spots between fibers. These are more likely attributed to 

reduced drainage. A better understanding of the mechanism that may be causing high 

WRVs of CNF and PECs in the suspensions in Chapter 3 and if a different behavior occurs 

when CNF and PECs are present in handsheets with larger pulp fibers would be valuable 

and could be probed through this fluorescent labeling. A supporting method to improve 
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understanding of the mechanisms would be to collect CNFs from the drained water and 

perform SEM and TEM and subsequent image analysis to calculate fiber sizes.  This would 

provide information on which fiber sizes are most likely to drain for each formulation of 

interest and support mechanistic hypotheses.   

6.2.3 Circular economy framework and life cycle assessments  

 In Chapter 5, we presented a new framework for circular economy that includes 

consumer behavior. We took a simple economic approach to explain consumer purchasing 

behavior although various models of decision making and technology adoption exist 255 

and models to explain consumer reuse and disposition behavior 246,280,281. These would 

influence circularity and offer other motivators and specific variables to be included in 

understanding consumer disposition in the initial stages of designing products.  This 

includes how consumers would physically interact with and perceive new materials.  

The framework presented here was designed with the flexibility to include non-

cellulosic components with cellulose fibers in fiber poor and rich streams. Because most 

products are multi-component in which the components interact with each other to 

influence the retention and their incorporation in a final product, the model can be further 

utilized and developed to understand multicomponent systems. By adding another 

component, it can also be used to independently analyse additives, such as cellulose 

nanofibers, which might also be of interest to track through a circular economy and whose 

costs should be independently considered. 

 Furthermore, the framework did not include a discussion of collection and sorting 

of recycled products from consumers. These activities may manifest as a recycling 
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efficiency and be applied to recycling disposition rate in the model and impact the flow of 

material. We discussed disposition in terms of the number of recycled products that went 

to municipal waste systems and then returned to manufacturers. This means that there are 

several collection and sorting steps that happen that add to the cost and economics of 

recycling. An increasing number of private businesses and manufacturers exist that both 

make specialized products and ask their customers to ship used products back or their 

business is to specifically recycle specialized materials. This implies there are several and 

discrete paths between consumer and manufacturing beyond just municipal collection and 

other paths to manufacturing may be more sustainable.  

 In this thesis we discussed sustainability in terms of a circular economy framework. 

Circular economy in terms of mass flow is limited and call for additional ways of 

evaluating sustainability and policies. Other strategies include evaluating attributional life 

cycle analyses (LCAs) 282,283 or consequential LCAs 284. Unlike circular economy 

treatments, LCA can better account for a variety of social and economic factors and can 

include impacts of products over time and are more standardized to be able to make better 

policy recommendations 283. However, the same line of thinking in which various 

assessments of energy usage, CO2 or other greenhouse gas emissions, and toxicity 

generated at each step of the circular economy as presented in the system in Figure 5-4 and 

through manufacturers and consumers gates can be evaluated. Consider that both recycled 

or virgin create their own waste streams, have energy and chemical demands to extract 

useable fibers, and have water and energy demands to incorporate them into fibers, without 

further analysis and there is no way to say one is better than the other in terms of costs, 

negative externalities, and how that affects consumers or the environment. Therefore, 
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LCAs that incorporate circularity or circular economy framework that consider consumer 

disposition should be considered that evaluate energy to produce, water consumption and 

recycling processes for CNMs. This is particularly important for the future CNM-

containing products and packaging and which stream may require specific policy actions 

for development of this technology.  

6.2.4 Development of consumer-centric metrics for circularity 

We further recommend the formalization of a metric to represent circularity 

including consumer behavior. A single metric that includes the three variables that were 

discussed (consumer disposition behavior, recycled fiber content, and recycled fiber 

process recovery efficiency) can help understand how the individual components together 

influence overall circularity of a product. Various metrics have been proposed to evaluate 

circular economy with different strengths and limitations including at the product level 

265,268,285. A metric to measure circularity based on aggregating manufacturing costs from 

each successive manufacturing step until a product reaches the consumer has been 

proposed 285. This type of treatment to can be applied to CNMs to evaluate circularity from 

recycled versus virgin streams and with different material blends and products.   

6.2.5 Development of consumer-centric metrics for sustainable disposition behavior and 

product design 

In Chapter 5, we discussed how consumers’ purchasing and disposition behavior is 

influenced by a variety of factors including physical characteristics of packaging and other 

products. In Chapter 4, handsheets with CNF and PECs were made and tensile strength and 

opacity were measured. The idea was introduced that physical properties of paper such as 
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opacity and tensile strength are important for how humans perceive and interact with 

products. Because it is known physical attributes of packaging contribute to purchasing 

and disposition behavior, creating a metric that can incorporate human perceptions and 

measurable and changeable physical attributes to illicit a particular disposition response 

may be helpful in creating more sustainable products.   

A well-documented and widely used metric that incorporates both scientific 

measurement techniques and human perception is the value ΔE in color science for 

formulating products of particular colors 286. This and similar metrics combine studied and 

measured human perception of color of a standard observer and measurable 

spectrophotometric response of objects to various light sources. These behaviours can be 

mathematically combined using different models that then map color values in a multiple 

dimensional color space. From the color space one value (ΔE) is calculated based on its 

position in the space 287. This metric is responsive to human perception of color and is used 

to formulate products to determine if a color is perceived as intended by people. While 

potentially challenging, a similar methodology can be applied to understand how 

perceptions of strength, opacity, or other physical and material metrics influence 

consumers perceptions and illicit particular disposition responses.   
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APPENDIX A. SUPPLEMENTARY INFORMATION 

A.1  Water retention values of 0.5 wt.% CNFs with 50 mM total PEC concentration 

at maximum turbidity (charge-match) ratio with 0 to 1 M NaCl.   

 

Figure A. 1. WRV of 0.5 wt.% CNF and 50 mM polycations (PEI, PVAm, and PAH) 

with PAA at maximum PEC turbidities for 0 to 1 M NaCl. The salt concentrations at 

which coacervate-like phase were detected for PEI/PAA is noted by * .  
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A.2  Water retention values of 0.5 wt.% CNFs with 50 mM total PEC concentration 

at “away-from-charge-match” (4:1) polycation: polyanion from 0 to 1 M NaCl.   

 

Figure A. 2. WRV of 0.5 wt.% CNF+ 50 mM PECs prepared at 4:1 polycation: polyanion 

charge ratio with CNF (green), CNF PAH/PAA at 0.77 mixing molar ratio (red triangle), 

CNF PVAm/PAA at 0.8 mixing molar ratio (purple square), and CNF PEI/PAA at 0.8 

mixing molar ratio (yellow circle) with increasing NaCl concentrations. 
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A.3  Electrophoretic mobility of 0.05 wt.% CNF with up to 2.5 mM total PDMAEMA 

monomer unit concentration.    

 

 

Figure A. 3. Electrophoretic mobility of 0.05 wt.% CNF with 1 mM NaCl and increasing 

concentration of PDMAEMA. 
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A.4  Handsheet tensile testing data in imperial units without normalization of basis 

weight.  

Table A. 1. Handsheet mechanical testing results showing ultimate tensile strength, 

Young’s Modulus, and tensile stiffness measurements. 

Sample  Tensile 

strength 

(lbf/in) 

Young's Modulus (psi) Tensile 

Stiffness 

(lbf/in) 

Pulp 3.23 ± 0.33 1.06E+05 ± 1.47E+04 828.4 ± 115.0 

Pulp+ 5 wt.% CNF 6.45 ± 0.48 1.38E+05 ± 2.53E+04 995.2 ± 182.6 

Pulp+ 5 wt.% CNF+ 

PAH 
6.60 ± 0.79 1.44E+05 ± 2.98E+04 978.0 ± 202.9 

Pulp+ 5 wt.% CNF + 

PAH/PAA 
7.31 ± 0.43 1.59E+05 ± 1.19E+04 1193.0 ± 89.0 

Pulp+ 5 wt.% CNF+ 

PDMAEMA/PAA 
7.67 ± 0.43 1.58E+05 ± 1.11E+04 1198.0 ± 85.0 

 

 

 

 

 

 

 

 



 188 

A.5  Preliminary drainage volume drained versus time data for CNF versus CNF 

with a precipitate PEC (PAH PAA) and a coacervate PEC system (PDMAEMA 

PAA).  

 

Figure A. 4. Initial drainage testing results of CNF and precipitate-forming PEC system 

(PAH PAA) and coacervate-forming system (PDMAEMA PAA). These are only 

demonstrative results of the potential use of the drainage setup and should not be used to 

make conclusions.  
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A.6  Preliminary percent solids of CNF versus CNF with a precipitate PEC (PAH 

PAA) and a coacervate PEC system (PDMAEMA PAA) formed in a drainage 

apparatus.  

Table A. 2. Percent solids results of fiber pads made during initial drainage testing. These 

are only demonstrative results and should not be used to make conclusions. 

Sample % Solids Repeats 

CNF 21.8% 1 

CNF PAH PAA 9.1% 1 

CNF PDMAEMA PAA 26% 1 
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A.7  Schematic of a potential drainage apparatus that measures the water drained 

as a CNF fiber pad is forming  

 

 

Figure A. 5. Schematic of a potential alternative automated drainage apparatus setup. 
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