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Abstract 

 Communities around the world are working to remove contaminants from freshwater sources. 

Adsorption is the primary technique utilized for remediation, but conventional adsorbents require 

long contact times to effectively remove pollutants. To overcome this limitation, we developed 

adsorbents using functionalized cellulose, a renewable, biodegradable, and inexpensive starting 

material, that rapidly remove pollutants from water via electrostatic interactions. More 

specifically, we demonstrated that functionalized cellulose fibers remove charged dyes and poly-

/perfluoroalkyl substances (PFASs) from water in seconds. 

 In Chapter 1, we summarize adsorption techniques used for capturing water contaminants, with 

a focus on the limitations of currently used adsorbents. We highlight the advantages of cellulose-

based materials and our motivation to utilize electrostatic interactions to adsorb two prevalent 

pollutants, dyes and PFASs.  

 Chapter 2 reports efforts designing localized cellulose-based hydrogels for rapidly removing 

methylene blue (MB), a cationic dye, from water. Specifically, we showed that anionic sulfated 

cellulose nanofibers (SCNFs) and quaternized hydroxyethyl cellulose ethoxylate (QHECE) form 

localized hydrogels and adsorb >90% of MB within 30 s of mixing. Adsorption was 

electrostatically driven and adsorption capacities for MB were greater than other cellulose-based 

hydrogels reported in the literature. This work showed that rapidly forming, localized hydrogels 

are promising adsorbents and may be useful as flocculating agents in water remediation. 

 Toxic PFASs are infiltrating freshwater supplies, but current adsorbents are incapable of 

rapidly removing these contaminants from water. Chapter 3 demonstrated that cationic wood pulp 
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(WP) fibers are an effective alternative adsorbent. Specifically, we showed that quaternized WPs 

(QWPs) adsorbed >90% of perfluorooctanesulfonic acid (PFOS) and >80% of perfluorooctanoic 

acid (PFOA) within 30 s of contact time at environmentally relevant concentrations. QWPs had 

adsorption capacities for PFOS and PFOA that rival conventional adsorbents. Furthermore, we 

found that adsorption was inhibited with humic acid present, but environmentally relevant solution 

pHs and salt concentrations had no effects on adsorption. These results indicated that WP is 

promising for removing PFASs from water. 

 Given the effectiveness of gels and WPs for adsorbing dyes and PFASs in previous chapters, 

Chapter 4 describes initial efforts adsorbing an anionic dye with WP-based hydrogels and fibers. 

We revealed that cationic QWPs and anionic SWPs formed localized hydrogels and adsorbed 

methyl orange (MO), an anionic dye, within seconds of mixing. MO adsorption was 

electrostatically driven, and SWP-QWP crosslinking reduced dye removal efficiency. 

Additionally, QWP fibers alone adsorbed more MO than hydrogels, suggesting that cationic fibers 

are promising for capturing anionic dyes. Further studies evaluating adsorbent properties such as 

adsorption capacity are needed before concluding whether gels or fibers are more effective for 

capturing dye. Finally, we detailed initial work synthesizing WP with primary amine groups for 

future use as an adsorbent. Future studies will show the utility of using these materials for 

removing dyes from water. 

 Chapter 5 summarizes each chapter and presents strategies for increasing the versatility of 

cellulose fiber adsorbents. Specifically, we intend to functionalize cellulose with groups 

complementary to other pollutants to expand the scope of contaminants that can be adsorbed. 

Additionally, adsorption will be performed in flow-based systems to evaluate functionalized 

cellulose fibers’ potential in large scale water treatment operations. Overall, our work designing 
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cellulose-based adsorbents that rapidly capture pollutants is encouraging for advancing water 

treatment systems and will motivate researchers to develop improved adsorbents using renewable 

materials. 
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Chapter 1 Introduction 

 The United Nations included “ensure availability and sustainable management of water and 

sanitation for all” as one of their 17 Sustainable Development Goals to advance the health of people 

and the environment by 2030.1 However, this goal is threatened by pollutants from industrial, 

agricultural, and municipal sources that have infiltrated water supplies around the world.2,3 For 

example, an estimated 300–400 megatons of industrial waste and hundreds of millions of tons of 

sewage are released into water each year.2,4,5 These quantities of waste are alarming considering 

that pollutants threaten human health and ecological biodiversity.6,7 Thus, to minimize 

consequences stemming from pollution, it is imperative that we stop contaminating water and 

improve remediation systems to eliminate pollutants already in the environment. 

 Several technologies exist for removing contaminants from water including filtration,8 

chemical oxidation,9 and liquid extraction.10 The most common strategy, though, is adsorption 

because it is inexpensive and easily implemented.11 Activated carbon (AC) is the leading adsorbent 

because it has high capacity and versatility for adsorbing different pollutants.12 Despite these 

advantages, AC suffers from slow adsorption kinetics, needing long times (i.e., h to d) to achieve 

high levels of adsorption.13,14,15 Additionally, AC is commonly made from coal,16 and producing 

and regenerating AC requires harsh chemicals (e.g., phosphoric or sulfuric acid) and high 

temperatures (~800 ºC), making AC an unsustainable adsorbent.12 Therefore, researchers are 

investigating alternative adsorbents. 

 To transition away from nonrenewable resources, scientists are developing adsorbents using 

renewable materials such as biomass and clay minerals.3 Among the renewable options, cellulose 
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is promising because it is an inexpensive starting material and biodegradable.17,18 Furthermore, 

cellulose is a versatile platform because it can be tailored with functional groups to target 

contaminants such as toxic organic chemicals, dyes, and heavy metals.19 While these adsorbents 

are more sustainable compared to AC, most of them still require long time periods to effectively 

adsorb targeted contaminants. For example, a review by Mohammed et al. shows that multiple 

cellulose-based adsorbents require min to h of contact time to adsorb high levels of contaminants 

like dyes and heavy metals.17 Similar times are reported for other toxic organic chemicals.20,21 

Additionally, these adsorbents are frequently less efficient in water containing realistic salt 

concentrations and solution pHs. A report by Liu et al. demonstrated that solutions with various 

NaCl concentrations and pHs caused dye adsorption to be inhibited on a cellulose adsorbent.22 

Ateia et al. showed that elevated pHs reduced adsorption of perfluorooctanoic acid (PFOA), a toxic 

fluorosurfactant, on cellulose microcrystals.23 Overall, these shortcomings demonstrate the need 

for further research on cellulose-based adsorbents. We describe herein our efforts to overcome the 

deficiencies of current adsorbents by developing cellulose-based adsorbents that rapidly adsorb 

dyes and poly-/perfluoroalkyl substances (PFASs) under environmentally relevant conditions.  

 In Chapter 2, we report our work designing localized hydrogels (i.e., not sample-spanning) that 

rapidly adsorb organic dye during gelation.24 Our approach to making localized hydrogels was 

inspired by flocculating agents which form suspensions with pollutants that are easily removed 

through filtration.25 Additionally, because dyes are charged, we anticipated that dyes would 

effectively be captured by an adsorbent with charged functional groups. Thus, we explored making 

hydrogels, which have previously adsorbed dyes,26 from polyionic complexes.27 Moreover, we 

investigated creating hydrogels such that the gel was locally formed and easily removed from 

water, like a flocculant. Motivated by cellulose-based polyionic complex hydrogels described by 
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Boluk and coworkers,28,29 we found that water-insoluble anionic sulfated cellulose nanofibers 

(SCNFs) form localized gels in ~20 s when mixed with water-soluble cationic quaternized 

hydroxyethyl cellulose ethoxylate (QHECE) (Scheme 1.1), likely driven by the entropy gain from 

counterion release into solution.30 For localized gels to form, a minimum molar charge ratio, which 

is the ratio of negative charges to total charge, was required to effectively crosslink SCNFs with 

QHECE. Additionally, cellulose size impacted gel formation as sulfated cellulose nanocrystals, a 

material similar to SCNFs but with shorter lengths, were unable to form localized gels. We 

proposed that the longer SCNF fibers create more fiber/fiber entanglements, enabling the localized 

hydrogels to form rapidly.  

 

Scheme 1.1. Combining oppositely charged anionic SCNFs and cationic QHECE results in a 
localized hydrogel formed via electrostatic crosslinking. 

  

 After exploring gelation conditions, methylene blue (MB), a cationic dye, was removed from 

water with SCNF-based hydrogels. More specifically, we found that >90% of MB was adsorbed 

in under 60 s when gels were made in MB solutions (Scheme 1.2). We identified that gelation was 

dependent on dye concentration because gelation was inhibited at high MB concentrations (> 400 

µM), due to reduced crosslinking between the anionic and cationic celluloses. Furthermore, when 
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gelation was inhibited, floc formation was observed, and the flocs adsorbed MB less efficiently 

than the gels. Overall, the maximum adsorption capacity for MB was greater than similar cellulose-

based hydrogels.31,32 To determine if MB/gel interactions were charge driven, MB was mixed with 

only anionic cellulose, and we observed that adsorption efficiency was similar to when MB was 

adsorbed by gels, indicating that MB adsorption primarily occurred through electrostatic 

interactions. MB was also adsorbed in solutions containing various pHs and NaCl concentrations, 

and we found that MB adsorption remained constant, which is an advantage compared to existing 

cellulose-based hydrogels used for dye removal.31 To summarize, this work demonstrated that 

rapidly forming hydrogels are an effective material for removing dyes and may have future 

applications as flocculating agents in water purification. 

 

Scheme 1.2. MB adsorbed in a hydrogel made from SCNFs and QHECE. 

  

 Based on the work in Chapter 2 showing that electrostatic interactions are effective for 

removing a charged pollutant from water, Chapter 3 describes our efforts using cationic 

quaternized wood pulps (QWPs) to rapidly adsorb anionic PFASs (Scheme 1.3), which are toxic 

fluorosurfactants, from water via electrostatic interactions.33 For this work, we were interested in 

developing a material for future use in flow systems, as opposed to a flocculating agent, to be 

competitive with currently used adsorbents. We investigated the effects of WP charge density (CD) 

and solution pH and salinity on PFAS adsorption. We observed that QWPs with higher charge 
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densities were more effective at removing perfluorooctanesulfonic acid (PFOS) and 

perfluorooctanoic acid (PFOA), and environmentally relevant solution pHs and NaCl 

concentrations had negligible effects on PFOS and PFOA adsorption. On the other hand, natural 

organic matter was found to significantly hinder PFAS removal. Despite this limitation, >80% of 

PFOS and PFOA could be removed from deionized water at environmentally relevant 

concentrations within 30 s of contact time, an advantage of QWPs compared to other 

adsorbents.23,34,35,36,37  Using adsorption isotherms, we found that the QWPs had high adsorption 

capacities compared to adsorbents like AC and other sustainable adsorbents. Overall, Chapter 3 

showed that QWPs are promising adsorbents for removing PFASs from water. 

 

Scheme 1.3. PFASs adsorbed with QWPs. 

 

 Given the effectiveness of cellulose-based gels and QWPs for adsorbing cationic dyes and 

anionic PFASs, respectively, Chapter 4 outlines initial efforts using WP-based materials for 

adsorbing anionic dyes, which are another class of dye contaminant.38 Specifically, we 

hypothesized that anionic dye adsorption would occur via electrostatic interactions in hydrogels 

with excess cationic charge. To investigate this hypothesis, we demonstrated that methyl orange 

(MO), an anionic dye, is adsorbed within seconds when anionic sulfated wood pulps (SWPs) are 

mixed with cationic QWPs to form a localized gel (Scheme 1.4). Adsorption was electrostatically 
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driven but inhibited by SWP-QWP electrostatic crosslinking. Additionally, we found that QWP 

fibers alone captured more MO than hydrogels, suggesting that cationic fibers may be promising 

adsorbents for anionic dyes. Future studies are necessary to optimize anionic dye adsorption and 

show these hydrogels/fibers are practical alternatives to conventional adsorbents. Finally, because 

Khalil et al. demonstrated that adsorbents with primary and secondary amines have higher 

adsorption capacities for some dyes than quaternary amines,39 Chapter 4 reports preliminary work 

functionalizing WP with primary amines to generate a new cellulose fiber adsorbent. We anticipate 

that these efforts will motivate researchers to functionalize cellulose to increase the range of 

pollutants that can be adsorbed. 

 

Scheme 1.4. MO adsorbed in hydrogel made with QWPs and SWPs. 

 

 In conclusion, this thesis demonstrates that cellulose-based adsorbents are efficient for removal 

of multiple pollutants from water. Specifically, cellulose fibers functionalized with anionic and 

cationic groups adsorb charged dyes and PFASs via electrostatic interactions. Compared to 

conventional adsorbents, the materials described herein rapidly adsorb pollutants and are 

unaffected by environmentally relevant solution pHs and salt concentrations. Moving forward, we 

intend to adsorb a larger scope of pollutants by functionalizing cellulose fibers with 

complementary groups specific to a pollutant. For example, to adsorb nonionic PFASs, cellulose 

will be functionalized with fluorocarbon moieties to enhance interactions with the PFAS 

fluorocarbon chain. Finally, we suggest future studies to use cellulose-based adsorbents for large 
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scale water treatment operations. Overall, biodegradable and renewable celluloses are encouraging 

for advancing water treatment systems. 
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Chapter 2 Localized Hydrogels based on Cellulose Nanofibers and Wood Pulp for Rapid 

Removal of Methylene Blue* 

*Reproduced and modified with permission from Harris, J.; McNeil, A. Localized hydrogels based 

on cellulose nanofibers and wood pulp for rapid removal of methylene blue. J. Polym. Sci. 2020, 

58, 3042–3049. 

Introduction 

 Accessible, clean water is increasingly scarce due to pollutants discharged in the environment.1 

Many localities across the United States are grappling with extensive groundwater contamination 

by persistent pollutants.2 Organic dyes are one major source of pollution: 10–15% of the 

approximately 105 tons of dye produced globally each year have been released into the 

environment.3 Moreover, dyes have been linked to a variety of health problems in humans and 

aquatic life.3,4 To minimize the negative consequences of dye release, improved water remediation 

systems are needed. 

 Several strategies for removing dyes from the environment have been investigated, including 

chemical oxidation, membrane filtration, ion exchange, and most commonly, adsorption.5,6,7 The 

primary adsorbent material employed for water purification is activated carbon because of its high 

capacity, porosity, and versatility in adsorbing different pollutants.8 Despite these useful 

properties, making and regenerating activated carbon is costly and unsustainable,8 leading 

researchers to explore alternative adsorbents.6,9,10,11,12  

 Cellulose, which can be sustainably sourced and is biodegradable, has been evaluated as an 

alternative adsorbent for water purification.13,14,15,16,17 For example, Tam and coworkers reported 
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that hydrogel beads made from sulfated cellulose nanocrystals (S–CNCs) and alginate could 

efficiently remove 97% of methylene blue (MB) from aqueous solutions.18 In a different example, 

Yu and coworkers showed that carboxylated cellulose nanofiber (CNF) aerogels removed MB with 

up to 95% efficiency.19 In both cases, however, the authors needed lengthy batch times (> 30 min) 

to reach these high adsorption efficiencies, highlighting the need for alternative cellulose-based 

materials with a more rapid adsorption.  

 To overcome this challenge, we hypothesized that rapid adsorption might occur if dye 

adsorption and gel formation are simultaneous. The rationale is that the cellulosic binding sites are 

more accessible before and during gelation, compared to after a gel has already formed. This 

approach was inspired by flocculating agents, which are commonly used in water treatment 

facilities.20 Flocculants rapidly form a suspension when added to water, which allows for fast 

adsorption and easy removal through filtration. As a consequence, we hypothesized that an in situ-

formed, localized (i.e., not sample-spanning), hydrogel could function like a flocculant, adsorbing 

pollutants while forming a suspended material for easy removal.  

 Both the hydrogel formation and adsorption processes need to be rapid for this approach to 

work. We anticipated that electrostatic crosslinking, which is both rapid and reversible, would be 

ideal for triggering localized gel formation (Scheme 2.1). We therefore targeted polyionic 

complexes,21,22,23,24 which have previously been shown to form localized hydrogels in applications 

such as printable gels25,26  and drug delivery systems.27 In considering possible materials, we 

focused on cellulose-derived polymers due to their sustainable sourcing and biodegradability.  
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Scheme 2.1. When combining oppositely charged polyions, a localized hydrogel forms via 
electrostatic crosslinks while rapidly adsorbing cationic pollutants. 

 

 We initially focused on a system reported by Boluk and coworkers, wherein polyanionic S–

CNCs and polycationic quaternized hydroxyethyl cellulose ethoxylate (QHECE) were mixed to 

form an all-cellulose based hydrogel.28,29 Unfortunately, under their conditions, the gel formation 

was both slow (3 d) and not localized.30 We hypothesized that longer cellulose fibers31,32 – 

nanofibers (CNFs33,34,35) and wood pulp (WP)36 – would create additional fiber/fiber 

entanglements, possibly enabling a faster-forming hydrogel.  

 Indeed, we report herein that sulfated CNFs (S-CNFs) and sulfated WPs (S-WPs) form 

localized hydrogels within 30 s when mixed with a water-soluble cationic cellulose derivative. In 

addition, we show that MB can be efficiently adsorbed while the localized gel forms, an advantage 

compared to traditional hydrogel adsorbents, which require lengthy batch times. Adsorption 

efficiencies above 90% are obtained across a wide range of dye concentrations, with a total 

adsorptive capacity of 340 mg dye/g cellulose. Both the solution pH and salt concentration had 

negligible effects on MB adsorption, indicating that the system is tolerant to a variety of water 

conditions. Overall, these locally formed cellulose-based hydrogels are effective adsorbents for 

cationic dyes and may be promising materials for other pollutants with alternative derivatization.  
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Experimental 

 Materials. Cellulose nanocrystals (spray-dried, Cellulose Lab Catalog Number CNC-SD) and 

cellulose nanofibrils (freeze-dried, Cellulose Lab Catalog Number CNF-FD) were purchased from 

Cellulose Lab. Bleached hardwood pulp was generously donated by Cellulose Lab. Chlorosulfonic 

acid and quaternized hydroxyethylcellulose ethoxylate (QHECE) were purchased from Aldrich 

and used without further purification. Deionized (DI) water purified by a Millipore Synergy water 

purification system was used as the water source, unless otherwise noted. 

 Sulfation of CNF and WP. 

 The synthesis was performed similar to Kumar and coworkers.37  

 (a) CNF and WP Dispersions. Unsulfated CNFs or WPs (400 mg) were placed in an oven-

dried 100 mL flask with anhydrous DMF (50 mL), and the flask was capped with a septum. The 

mixture was soaked for 40 min without stirring under N2. The mixture was then homogenized at a 

specified speed and time with an IKA T25 digital Ultra-Turrax (Table A1.1). The flask was re-

capped and soaked for 10 min under N2. The mixture was homogenized a second time at a specified 

speed and time (Table A1.1). Then a stir bar was added, the flask was sealed, and the mixture was 

stirred for 40 min under N2. 

 (b) CSA Stock Solution (2.0 M in DMF). A Schlenk flask with stir bar and addition funnel 

were removed from the oven and assembled. The addition funnel was capped with a septum, and 

the system was cooled to room temperature under N2. Anhydrous DMF (26 mL) was added to the 

Schlenk flask, and the solvent was cooled in an ice water bath for 10 min. Then, CSA (4 mL) was 

loaded into the addition funnel and added slowly over 5 min to the stirring DMF, with some HCl 

evolving. Once all the CSA was added, the addition funnel was removed and the Schlenk flask 
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was capped, removed from the ice-water bath, and warmed to room temperature to provide a 2.0 

M solution of CSA in DMF.  

 (c) CNF and WP Sulfation. A specified amount of the 2.0 M CSA in DMF was added to the 

CNF or WP mixture dropwise over 0–2 min. The mixture was stirred for 20 min once all the CSA 

was added. Then, the reaction was quenched with methanol (~5 mL), and the mixture was stirred 

for 5 min.  

 The mixture was poured into a 250 mL centrifuge bottle, and the bottle was filled to ~90% 

capacity with DI water. The mixture was centrifuged at ~34,000 × g for ~25 min. The supernatant 

was discarded, and fresh DI water was added. Then a ~0.1 M NaOH solution was used to increase 

the pH to 7, as measured with pH paper. The mixture was centrifuged again at ~34,000 × g for ~25 

min. The supernatant was discarded, and fresh DI water was added. The mixture was shaken by 

hand and then centrifuged a third time at ~34,000 × g for 25 min.  

 The fibers were then isolated using one of the two procedures described below. (i) If a white, 

gel-like mass remained in the centrifuge bottle, the supernatant was discarded, and the material 

was placed in smaller glass vials, frozen in liquid N2, and dried under vacuum on a Schlenk line 

to remove excess water. (This procedure was used to access S-CNFs 0.77, 1.1, 1.5, 1.8, 1.9, and 

S-WP1.8.) (ii) If the fibers did not form a gel-like mass in the centrifuge bottle, ~90% of 

supernatant was discarded, and the remaining mixture was vacuum filtered using a Whatman 

polyamide membrane filter (0.2 μm, 47 mm). The fibers on the filter were then rinsed once with 

DI water (5 mL), and placed in smaller glass vials, frozen in liquid N2, and dried under vacuum on 

a Schlenk line to remove excess water. (This procedure was used to access S-WPs 0.53, 1.0, and 

1.3.) 
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 Charge density measurements. Charge density measurements were carried out similar to the 

procedure given by Katz et al.38,39 A known amount of S-CNFs or S-WPs (typically about 35 mg) 

was placed in a 20 mL vial with 0.1 M aq. HCl (15 mL) and a stir bar. The vial was capped and 

stirred for 90 min to protonate the S-CNFs or S-WPs. The mixture was then filtered over a 

polyamide membrane using vacuum filtration. The solids were rinsed with DI water until the 

conductivity of the filtrate was <10 μS/cm as measured by a Thermo Scientific Orion Star A215 

pH/conductivity meter. The resulting solids were added to a tared 150 mL beaker followed by DI 

water (~20 mL) and a stir bar. The mixture was covered with weigh paper (of known mass), stirred 

for at least 5 min to uniformly disperse the solids, and then the stir bar was removed. The mixture 

was weighed to determine the total mass of the protonated S-CNF or S-WP mixture. Then, two 

aliquots of the mixture were removed, placed in separate tared 20 mL vials, accurately weighed 

(~2.5 g), and dried in a 110 °C oven. For all samples (except S-CNF0.0 and S-WP0.0), the mass 

of solids in each aliquot was used to determine the concentration of solids in the protonated S-

CNF or S-WP mixture. For S-CNF0.0 and S-WP0.0, the mass of solids in each aliquot 

overestimated the amount of fibers that were present (likely because the fibers were non-uniformly 

clumped together in the mixture), so the aliquot masses were subtracted from the initial amount of 

S-CNF0.0 or S-WP0.0 used to give a total amount of titrated S-CNF0.0 and S-WP0.0 fibers. 

 A stir bar and recorded volume (~100 mL) of 1 mM NaCl were then added to the beaker 

containing the protonated S-CNF or S-WP mixture. The mixture was titrated, with stirring, by 

adding a volume with known concentration of NaOH solution (~0.01 M) to the protonated S-CNF 

or S-WP mixture and measuring the conductivity of the mixture 40 s after each addition of titrant. 

(The concentration of the NaOH solution was determined using the calibrated pH meter prior to 

the titration.) The volume-corrected conductivity was plotted as a function of the volume of NaOH 
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added, and the equivalence point was determined by the intersection of the linear least-squares 

regression lines from the positively and negatively sloped regions of the curve (Figure A1.2). 

Based on the mmols of NaOH added, the mmol of SO3– were calculated. The charge density was 

found by dividing the mmol SO3– by the mass of S-CNF or S-WP that was titrated. This procedure 

was repeated and the average is reported as the sample’s charge density (Table A1.2). Throughout 

Chapter 2, S-CNF and S-WP samples will be identified by material type followed by the charge 

density (e.g., S-CNF1.1 is an S-CNF with a charge density of 1.1 mmol SO3–/g). 

 Dye adsorption measurements. S-CNF1.8 (25.0 mg) was soaked in DI water (12.5 mL) for 

5 min. The mixture was then homogenized at 10k rpm for 1 min to make a 0.200% w/v S-CNF1.8 

mixture. QHECE (30.0 mg) was dissolved in DI water (20.0 mL) to make a 0.150% w/v QHECE 

solution. MB (60.0 mg, 188 μmol) was dissolved in DI water (6.0 mL) in a 50 mL centrifuge tube 

to make a 31 mM MB solution.  

 A volume of 31 mM MB solution was added to a 50 mL centrifuge tube followed by DI water 

to give a total volume of 2.0 mL. Then, 4.0 mL of 0.200% w/v S-CNF1.8 mixture and 4.0 mL of 

0.150% w/v QHECE solution were added simultaneously, over a recorded time (Table A1.13), 

directly to the bottom of the centrifuge tube with vortex mixing at a speed setting of 1.5. The 

centrifuge tube was then vortex mixed using a speed setting of 1.5 for an additional recorded 

“mixing” time. The centrifuge tube was then removed from the vortex mixer, and a gel was 

observed. An aliquot of water was removed from the centrifuge tube, placed in a cuvette, and the 

absorbance spectrum of the solution from 400–750 nm was obtained. The UV-vis measurement 

was performed within 1 min of the gel being formed. The absorbance spectrum for each gel sample 

was obtained and baseline corrected (Appendix 1 subsection “general procedure for calculating 

MB adsorption in gels and flocs”). The corrected absorbance at 661 nm was then recorded for each 
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gel sample, and the concentration of MB that was not adsorbed was determined using a calibration 

curve (Figure A1.34). 

 Dye desorption study. 0.200% w/v S-CNF1.8 mixtures, 0.150% w/v QHECE solutions, and 

a 31 mM MB solution were prepared according to the procedure in the “Dye adsorption 

measurements” section. An “acidic ethanol” solution (1:1 (v:v) EtOH:0.10 M aq. HCl solution, 

50.0 mL) was prepared in a 50 mL polypropylene centrifuge tube (“tube 1”). The tube was wrapped 

in aluminum foil to minimize light and set aside for later use. 

 DI water (1.92 mL) was combined with an aliquot of 31 mM MB solution (80.0 μL) in a 50 

mL polypropylene centrifuge tube (“tube 2”), and the solution was vortex mixed using a speed 

setting of 1.5 for 15 s. Then, S-CNF1.8-based gels were produced according to the procedure in 

the “Dye adsorption measurements” section. After a gel was formed, the gel was removed from 

tube 2 using a spatula and placed into tube 1. Tube 1 was capped and placed in a closed, dark 

drawer. Then, an aliquot of leftover solution from tube 2 was placed in a cuvette, and an absorbance 

spectrum from 400–750 nm was obtained and baseline corrected. The corrected absorbance at 661 

nm was then recorded for each gel sample, and the mass of adsorbed MB (MAMB) that was 

adsorbed was determined using a calibration curve.  

 Then, at recorded time intervals, tube 1 was removed from the drawer and inverted to mix the 

contents of the tube. An aliquot of solution was then placed in a cuvette, and the absorbance 

spectrum of the solution was obtained and corrected. The aliquot was returned to tube 1, and the 

tube was placed back in a closed drawer. For the aliquots removed from tube 1, the mass of 

desorbed MB (MDMB) in solution at each time point was determined using a separate calibration 

curve that was generated for MB in acidic ethanol (Figure A1.45). The MB desorption % was then 

calculated at each time point using the following equation (Equation 2.1): 
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MB desorption % = MDMB
MAMB

 x 100 

Equation 2.1. Calculating MB desorption %. 

 

This procedure was performed for 3 hydrogel samples (Table A1.25 and Figure 2.5), and an 

average MB desorption % after 24 h is reported based on these samples. 

 

Results and Discussion 

 Identifying conditions for quick-forming, localized hydrogels. As described above, we 

hypothesized that cellulose materials with longer lengths would generate more (physical) 

crosslinking sites, which would potentially lead to a faster, localized gelation. We also 

hypothesized that higher charge densities would lead to faster gelation due to rapid charge/charge 

interactions generating more (physical) crosslinks. To test both these hypotheses, we 

functionalized CNFs and WPs by reacting them with varying amounts of chlorosulfonic acid.40,41 

Previous studies on cellulose functionalization suggest that the sulfation likely occurs at the C6 

and C2 positions on the glucose repeat unit.42 Materials with charge densities ranging from 0.0 to 

1.9 mmol SO3–/g were generated, as determined by conductometric titrations. Elemental analyses 

performed on a subset of samples showed that the conductometric titrations are accurate (i.e, less 

than 0.25% difference in S content, Table A1.3). The charge density on the other hydrogel 

component (commercial QHECE) was measured herein to be 1.23 mmol R4N+/g (Appendix 1 

section “QHECE conductometric titration”). SEM images indicate that the size of S-CNFs and S-

WPs did not change significantly after functionalization, but small changes in S-CNF structure 

(e.g., some fracturing) were observed for some charge densities (Appendix 1 section “SEM 

characterization of S-CNFs and S-WPs”).  
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 Localized gels43 were formed within seconds when QHECE solutions were added to 

suspensions of aq. S-CNF or S-WP (Figure 2.1 and Appendix 1 section “Determining the 

minimum amount of material needed for S-CNF- and S-WP-based hydrogels”). Gel formation was 

impacted, as anticipated, by the CNF and WP charge density as well as by the molar charge ratio 

(f−), which is the ratio of negative charges to total charge. For example, S-CNF-based gels only 

formed with a charge density ≥ 0.77 mmol SO3–/g and an f− ≥ 0.39. Similarly, S-WP-based gels 

only formed with a charge density ≥ 0.53 mmol SO3–/g and an f− ≥ 0.30. Both results indicate that 

there is a minimum amount of negative charge necessary to interact with QHECE and form an 

electrostatically crosslinked gel.  

 

Figure 2.1. (A) Chemical structures for S-CNFs, S-WPs, and QHECE. (B) Procedure for making 
hydrogels. The gel shown is made from 0.050% (w/v) S-CNF1.9 and QHECE. 

 

 In both cases, gel formation was rapid (within 30 s) and localized, possibly driven by the 

entropy gain from the release of counterions into solution.44 Surprisingly, the shorter S-CNFs 

formed gels at lower concentrations than the longer S-WPs, even when the charge densities were 

similar. (Localized gels could be formed with as little as 0.010% S-CNF and 0.0050% (w/v) 

QHECE.) This result is likely due to the thinner CNFs having more fiber/fiber interactions and 

entanglements compared to the same mass of the thicker WP. The S-CNF-based gels also exhibited 

higher swelling ratios relative to the analogous S-WP-based gels under otherwise identical 

conditions (Appendix 1 section “Evaluating hydrogel swelling”). This result may be attributable 
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to the larger interstitial volume present in gels made from the thinner S-CNF fibers, leading to 

more water retention via capillary forces.45  

 Examining the mass balance revealed that approximately 40–60% of the added cellulose was 

incorporated into the gels (Table A1.9 and Table A1.11). Most likely, the water-soluble QHECE 

is the dominant species in solution. The mechanical properties of the isolated S-CNF and S-WP 

hydrogels were probed using oscillatory shear rheology (Appendix 1 section “Rheological 

characterization of hydrogels”). The elastic modulus (Gʹ) was nearly independent of frequency and 

greater than storage modulus (Gʹʹ) in the frequency range of 0.1–50 rad/s. These results are 

characteristic of physical hydrogels. 

 Overall, the rapid, localized gel formation observed with both S-CNFs and S-WPs, suggests 

that the longer fiber lengths and higher charge densities played an important role, presumably by 

creating additional crosslinks. For the rest of the studies, we focused on the hydrogels made from 

S-CNFs with the highest charge density (1.8 mmol SO3-/g) because we anticipated that the highest 

adsorption would be achieved with gels containing the most negative sites. 

 Assessing dye adsorption. Because the insoluble cellulose component was anionic, we 

anticipated that these hydrogels would be best at adsorbing dyes with cationic charge. Gratifyingly, 

we observed over 90% MB adsorption within 1 min when the dye concentration was < 400 μM 

(Figure 2.2 and Figure 2.3A). This adsorption % held true as long as the ratio of dye/negative sites 

was kept below 0.35. MB adsorption only slightly increased over time (e.g., 96% at 3 min to 99% 

at 3000 min), likely due to a slower process of MB diffusion into the internal sites within the CNF 

fibers (Table A1.17).46,47 The maximum capacity for MB adsorption was 94.5 ± 0.2 mg dye/g 

cellulose under these conditions.  
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Figure 2.2. A localized hydrogel formed after adding aq. QHECE and S-CNF mixtures to a aq. 
solution containing MB ([MB]i = 94 μM; [S-CNF1.8]f = 0.08% w/v; [QHECE]f = 0.06% w/v). 

 

 At higher MB concentrations, we observed something similar to flocculation; rather than a 

single, localized hydrogel forming, we observed several smaller flocs.48 Under these conditions, 

there is more MB than negative sites, leading to lower adsorption, and weaker gels. The maximum 

capacity for MB adsorption under these conditions was 340 ± 40 mg dye/g cellulose (Figure 2.3B). 

This value slightly outperforms related materials from the literature, with 256 mg dye/g of 

cellulose for CNC-based hydrogel beads reported by Tam and co-workers,18 and 128 mg MB/g of 

cellulose for CNF-based aerogels reported by Yu and co-workers.19 The advantage of our system 

(over these examples) is the rapid speed for both the adsorption (< 5 min) and gelation processes 

(< 30 s). 

 

Figure 2.3. (A) MB adsorption percent as a function of the initial dye concentration for S-
CNF1.8 gels (●) and flocs (○). (B) MB adsorption capacity as a function of the initial dye 
concentration for S-CNF1.8 gels (●) and flocs (○). All gels and flocs were made using 0.080% 
w/v S-CNF1.8 and 0.060% w/v QHECE. 
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 We hypothesized that the MB/gel interactions were largely driven by charge complexation. To 

test this hypothesis, we first evaluated MB adsorption to S-CNF alone. Under conditions similar 

to above, the S-CNFs adsorbed approximately 85% of the MB, consistent with a charge-based 

complexation (Table A1.26). In a separate experiment, when an S-CNF with a lower charge 

density was used to form a gel, and all other variables were held constant, the maximum adsorption 

decreased (160 ± 30 mg dye/g cellulose, Table A1.20). This result also suggests that the primary 

driving force for adsorption is charge complexation. In addition, this result suggests that higher 

adsorption capacities might be accessible with higher S-CNF charge densities.  

 To demonstrate the advantages of having adsorption occur simultaneously with gelation, we 

added a pre-formed hydrogel into a solution of MB and monitored its adsorption over time. 

Gratifyingly, we observed slow adsorption with the pre-formed gel (e.g., 20% at 2 min) compared 

to in the in-situ system (>90% at 2 min). Only after 60 min did the pre-formed gel reach the same 

adsorption levels as our simultaneous system. 

 Effect of [salt] and pH on dye adsorption. Industrial effluent from dye manufacturing 

contains many other dissolved species, including acids and bases.19 As such, we examined the 

influence of both salt concentration and solution pH on dye adsorption.  

 No significant decrease in dye adsorption was observed over a pH range of 2.5–11.5 (Figure 

2.4A). These results were expected because there should be no change in charge for any of the 

species over this pH range. More specifically, QHECE is a quaternized amine with four alkyl 

groups, giving it a pH-insensitive permanent charge. The sulfate on the S-CNFs have an estimated 

pKa ~ 2,49 indicating that they will be fully deprotonated under our conditions. Similarly, MB has 

an estimated pKa ~ 350 and is expected to be cationic over the pH range examined.   
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 We also found that as salt concentration increases (from 0), the MB adsorption remains 

constant (Figure 2.4B), suggesting that Na+ is not displacing the MB under these conditions.51 

However, gelation was inhibited above ~99 mM NaCl, indicating that the electrostatic-based 

crosslinking between S-CNF and QHECE was being disrupted.  

 

Figure 2.4. MB adsorption as a function of  (A) pH and (B) NaCl concentration for S-
CNF/QHECE hydrogels ([MB] = 94 μM, [S-CNF1.8] = 0.080% (w/v);  [QHECE] = 0.060% 
(w/v)). 

 Dye Desorption. For water treatment applications, it would be advantageous to desorb the MB 

dye so that the cellulose-based gel can be re-used or biodegraded. As such, we soaked the used 

hydrogels in acidic EtOH (pH = 1.55) for 24 h (Figure 2.5 and Appendix 1 subsection “Monitoring 

MB desorption from S-CNF-based hydrogels over time”).18,52 Subsequent UV-vis spectroscopic 

analysis of the supernatant revealed approximately 55 ± 2% of the MB had desorbed, presumably 

via competitive binding of the H+ to the sulfate groups. Clearly, further optimization will be 

necessary to fully recycle or recapture the spent materials.  
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Figure 2.5. MB desorption % over time from gel sample 1 (●), gel sample 2 (○), and gel sample 
3 (▼). 

 

Conclusions 

 In summary, functionalized cellulose nanofibers and wood pulp were found to form localized 

hydrogels with an oppositely charged water soluble cellulose derivative, driven by electrostatic 

and physical crosslinking. These localized gels rapidly adsorb cationic dye during gelation, giving 

them an advantage over traditional hydrogel-based adsorbents. The maximum adsorption capacity 

was found to be 340 ± 40 mg methylene blue/g cellulose, which outperformed other cellulose-

based physical gels.  

 Overall, we anticipate that these and related localized hydrogels may have future applications 

as flocculating agents in water purification. Moving forward, we intend to tailor the localized 

hydrogels to adsorb other contaminants that threaten freshwater supplies.2,16,53 Towards this goal, 

we have successfully removed anionic dyes with cationic wood pulp-based gels. These and related 

studies will be reported in due course.  
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Chapter 3 Rapid Removal of Poly- and Perfluoroalkyl Substances with Quaternized Wood 

Pulp 

 This work was done in collaboration with Dr. Angela Devlin, who carried out the Raman 

characterization of wood pulp fibers. 

Introduction 

 Clean drinking water is increasingly challenging to acquire as many municipalities around the 

world struggle with pollutants.1 For example, poly- and perfluoroalkyl substances (PFASs) are 

found in many fresh water supplies within the United States (US).2,3,4,5 PFASs can be anionic, 

cationic, nonionic, or zwitterionic; however, anionic PFASs such as perfluorooctanesulfonic acid 

(PFOS) and perfluorooctanoic acid (PFOA) are most prevalent in the environment.6,7 PFASs have 

been employed in aqueous film forming foam,7 surfactants,8 and other consumer goods,9 but they 

are being phased out of production10 because they been shown to negatively affect biota and human 

health.11,12 To limit PFAS pollution, communities around the world are setting guidelines for 

maximum PFAS concentrations in potable water supplies.13,14 For example, in 2016, the US 

Environmental Protection Agency set a health advisory limit of 70 ng/L for PFOS and PFOA,15 

and Michigan adopted even stricter maximum contaminant levels of 16 and 8 ng/L for PFOS and 

PFOA, respectively, in 2020.16 Despite these regulations, however, PFASs are still found in 

potable water sources.2,17  

 Currently, several technologies exist for removing PFASs from water,18 but adsorption is the 

most effective strategy. Activated carbon (AC) is the leading adsorbent for PFAS removal because 

it is inexpensive and exhibits moderate adsorption capacities.19,20 However, AC typically suffers 
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from slow adsorption kinetics and long equilibration times (i.e., days).21,22 Ion exchange (IX) resins 

are another common adsorbent because they are easy to implement, and they exhibit higher 

adsorption capacities than AC.20 Despite these advantages, IX resins also suffer from slow 

adsorption kinetics and long equilibrium times (i.e., hours to days).23 These limitations of AC and 

IX resins demonstrate the need for improved adsorbents with faster adsorption rates. 

 Researchers are developing adsorbents to overcome the limitations of AC and IX resins using 

sustainable materials, due to environmental concerns associated with nonrenewable resources. For 

example, the Dichtel and Helbling groups have together developed sustainably sourced 

cyclodextrin-based adsorbents for pollutant removal.24,25 In particular, they have shown that 

cyclodextrins functionalized with amines and permanent cations quickly (contact time = 30 min) 

adsorb anionic PFASs like PFOS and PFOA at environmentally relevant concentrations.26,27,28,29 

Their materials also have shorter equilibration times than AC and distribution coefficients (KD), 

which describe an adsorbate’s affinity for an adsorbent, that rival AC and IX resins. Despite these 

critical advancements, the functionalized cyclodextrins are less efficient in water matrices that 

contain realistic salt concentrations and pHs, revealing the need for further improvements.27,28,29  

 Cellulose, a biodegradable and renewable biopolymer, is another potential material for 

generating effective adsorbents,30 with some researchers already using it to adsorb PFASs.31,32 For 

example, Ateia et al. showed that poly(ethylenimine)-functionalized cellulose microcrystals (PEI-

CMCs) effectively adsorb >90% of several anionic PFASs.31 In another example, Deng et al. 

demonstrated that cotton grafted with quaternary amines only adsorbs ~70% of PFOS and PFOA, 

but has high adsorption capacities of 1600 and 1300 mg/g, respectively.32 In both cases, however, 

the adsorbents required more than 60 min to achieve these efficiencies, which is slow compared 

to Dichtel and Helbling’s cyclodextrins. Additionally, while realistic salt concentrations were not 
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tested in either study, PFOA adsorption efficiency decreased under environmentally relevant pH 

conditions with Ateia’s PEI-CMCs. These studies demonstrate the need for improved cellulose-

based adsorbents with rapid PFAS adsorption under environmentally relevant pH and salt 

conditions.  

 In previous work, we observed that hydrogels made from anionic sulfated cellulose nanofibers 

rapidly (<30 s) and efficiently adsorbed (>90%) a cationic dye via electrostatic interactions.33 

Thus, we hypothesized that a cationic cellulose could be similarly used to rapidly adsorb anionic 

PFASs via electrostatic interactions. However, cellulose nanofibers are expensive due to their 

extensive processing, hence we evaluated an inexpensive alternative – wood pulp (WP). WP is a 

by-product of the papermaking industry and requires few energy-intensive production steps.34 

Herein, we report that WP functionalized with quaternary amines rapidly (<30 s) and efficiently 

adsorbs anionic PFASs. Adsorption efficiencies greater than 90% and 80% are achieved at 

environmentally relevant concentrations for PFOS and PFOA, respectively. Solution pH and salt 

concentration do not affect adsorption under realistic water conditions. Additionally, this 

quaternized wood pulp (QWP) has adsorption capacities of 763 and 605 mg/g for PFOS and 

PFOA, respectively, which are competitive with other existing adsorbents. Overall, this QWP 

adsorbent is effective for rapidly removing PFASs from water. 

Experimental 

 Materials. Bleached hardwood pulp was generously donated by Cellulose Lab. Hydrochloric 

acid (ACS reagent, 37%), acetone, 2-propanol (IPA), glycidyl trimethyl ammonium chloride 

(GMAC, technical grade, contains 20–25% water), sodium nitrate, humic acid (HA), 

perfluorooctanoic acid (PFOA, CAS# 335-67-1), heptadecafluorooctane sulfonic acid potassium 

salt (PFOS, CAS# 2795-39-3), potassium nonafluoro-1-butanesulfonate (PFBS, CAS# 29420-49-
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3), and heptafluorobutyric acid (PFBA, CAS# 375-22-4) were purchased from Aldrich. 

Undecafluoro-2-methyl-3-oxahexanoic acid (GenX, CAS# 13252-12-6) was purchased from 

Synquest Laboratories, and sodium 1H,1H,2H,2H-perfluorooctane sulfonate (6:2 FTS, CAS# 

27619-94-9, 50 μg/mL in methanol) was purchased from Wellington Laboratories. Sodium 

chloride (NaCl), silver nitrate (NaNO3), methanol (certified ACS), methanol (purge and trap 

suitable for volatile organic residue analysis), and disposable polypropylene 50 mL centrifuge 

tubes were purchased from Fisher. All reagents were used without further purification. Deionized 

water purified by a Millipore Synergy water purification system was used as a water source and is 

referred to as “Millipore water” where appropriate. 

 QWP synthesis. Note: Throughout the chapter, QWP samples are identified by their charge 

density (e.g., QWP1.5 is a sample with a charge density of 1.5 mmol -NR3+/g). 

 The synthesis of QWPs was carried out similar to literature procedures.35,36,37 WP (1.0 g) was 

combined with Millipore water (50 mL) in a 100 mL round-bottom flask. The mixture was left 

alone for 15 min to wet the fibers, and then, the mixture was homogenized at 18k rpm for 2 min. 

The fibers were soaked for 5 min while the homogenizer was disassembled, cleaned with water 

and acetone to remove any clogged fibers, and reassembled. The mixture was homogenized again 

at 18k rpm for 2 min.  

 The mixture was divided into two 50 mL polypropylene centrifuge tubes and water was added 

to fill the tubes (~45 mL in each tube). The tubes were centrifuged at 2580 × g for 4 min, and the 

supernatant was discarded. The WP from each tube was combined into a round-bottom flask (note: 

a 100 mL round-bottom flask was used when making QWP1.5 and QWP0.65, but a 250 mL round-

bottom flask was used when making QWP0.99, QWP0.97, and QWP0.0). 2-Propanol (50.0 mL) 

was added to the flask along with NaOH (333.4 mg, 8.335 mmol) and a stir bar. The flask was 
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then heated to 50 °C on a heating block and stirred for 45 min. After this activation time, a known 

volume of glycidyl trimethyl ammonium chloride (Table A2.1) was added with a micropipette 

over 0–4 min to the reaction, and the mixture was stirred for 2.25 h. 

 After the reaction time, the round-bottom flask was removed from the heating block and cooled 

in ice water for 5 min. The reaction was quenched with 5M HCl (~3 mL) and stirred for 5 min. 

The mixture was vacuum-filtered using VWR grade 413 filter paper and rinsed with Millipore 

water (1×~50 mL). 

 The fibers were then divided into two 50 mL polypropylene centrifuge tubes. Millipore water 

was added to fill the tubes (~45 mL in each tube), the tubes were centrifuged at 3260 × g for 7–10 

min, and then the supernatant was discarded. This process was defined as 1 centrifuge cycle, and 

this centrifuge cycling was repeated 2 more times to remove excess acid and ions from the fibers. 

After the 3rd cycle (2nd cycle for QWP0.0), the pH of the supernatants was examined using pH 

paper and found to be ~7. In addition, the supernatant from one of the tubes was vacuum-filtered, 

and the conductivity of the supernatant was measured. If the conductivity was ≤ 25 μS/cm, the 

fiber purification was considered done. If the conductivity was > 25 μS/cm, the centrifuge cycling 

was repeated until the supernatant could be filtered and measured to have a conductivity ≤ 25 

μS/cm. See Table A2.1 for the number of centrifuge cycles used to purify each QWP sample. After 

the fibers were purified, the fibers were removed from the centrifuge tubes with a spatula, placed 

in 20 mL vials, frozen in liquid N2, and dried under vacuum to remove excess water. 

 Conductometric titrations. The titrations of QWPs were carried out similar to a literature 

procedure.38 First, a 10.0 mM AgNO3 solution was made by dissolving AgNO3 (34.0 mg, 0.200 

mmol) in Millipore water (20.0 mL). A 100 mM NaNO3 solution was prepared by dissolving 

NaNO3 (170.0 mg, 2.000 mmol) in Millipore water (20.0 mL). 
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 Next, a known amount of QWPs (typically about 40 mg) were combined with Millipore water 

(50.0 mL) in a 150 mL beaker and soaked for 10 min. The fibers were homogenized at 18k rpm 

for 2 min to disperse the fibers, and then additional Millipore water (50.0 mL) and a stir bar were 

added to the beaker. The beaker was placed on a stir plate, a conductivity meter was inserted into 

the mixture, and the mixture was stirred. Then, 100 mM NaNO3 solution (1.0 mL) was added to 

the beaker to increase the conductivity to a stable, non-fluctuating level, and the mixture was 

equilibrated for ~5 min. The mixture was then titrated using the 10.0 mM AgNO3 solution by 

adding aliquots (~100–400 μL) of the AgNO3 solution to the mixture over 10 s every 40 s. The 

conductivity was recorded as a function of the volume of 10.0 mM AgNO3 added. Then, the 

volume-corrected conductivity was plotted as a function of the volume of 10.0 mM AgNO3 added, 

and the equivalence point was determined by the intersection of the linear least-squares regression 

lines from the flat and positively sloped regions of the curve (Figure A2.1). Based on the mmol of 

AgNO3 added, the mmol of -NR3+ were determined assuming a one-to-one ratio between Ag+ and 

Cl–. (Note that adding NaNO3 did not affect the titration results because Na+ and NO3– ions are not 

involved in the titration reaction between Ag+ and Cl–, which form AgCl precipitate.) The charge 

density was determined by dividing the mmol AgNO3 by the mass of QWP that was titrated. This 

procedure was repeated two times for each QWP sample, and the average is reported as the 

sample’s charge density (Table A2.2).  

 Raman spectroscopy of QWPs. Raman spectroscopy was performed, similar to literature,35 

to understand the spatial distribution of quaternary amine groups on the QWPs. Both QWP0.0 and 

QWP1.5 samples were analyzed via Raman mapping of the fiber surface, fiber depth, and fiber 

cross-sections. 
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 Raman spectra were collected using a Renishaw inVia Qontor Raman spectrometer that is 

equipped with a Leica microscope, 532 nm laser, 1800 lines/mm grating, 50 µm slit size, and a 

50x long working distance objective (NA = 0.5). Spectra were collected in static scan mode 

centered at 1050 cm-1 at a laser power of 5–10% with an exposure time of 3–5 s to avoid damage 

to the fibers. The spectrometer was calibrated with a silicon standard. All Raman spectra were 

normalized to the peak at 1096 cm–1. 

 For lateral and depth Raman mapping, QWP samples were made in the following way: QWPs 

(12.5 mg) were soaked in Millipore water (10.0 mL) for 5 min in a 20 mL vial. The mixture was 

homogenized at 18k rpm for 1 min to generate a 1.25 mg/mL QWP mixture. A 0.125 mg/mL QWP 

mixture was then made by combining 2.0 mL of 1.25 mg/mL QWP mixture and 18.0 mL of 

Millipore water in a new 20 mL vial. Several drops of the 0.125 mg/mL QWP mixture were then 

spread on a glass slide.  Raman maps of the fibers were collected in Streamline HR mode with 1 

µm resolution at 5–10% power with a 3 s exposure time.  

 For the cross-section Raman maps, QWP fibers were placed into holes (1 mm diameter) that 

had been drilled into a glass slide such that the fibers were protruding from the hole by <0.5 mm. 

A razor blade was passed along the surface of the glass slide to cut the fibers. Raman mapping was 

done along the surface of the cut cross-sections with 200 nm lateral resolution.  

 General procedure for adsorbing PFASs. A known volume of PFAS solution was placed in 

a 50 mL polypropylene centrifuge tube, and in some experiments, a known volume of solution 

with measured pH, humic acid, or NaCl was added as well. Next, a volume of QWP mixture with 

known concentration and water were syringed over 10 s into the bottom of the centrifuge tube 

while vortex mixing at a speed of 1.5. The tube was vortex mixed for an additional 10 s using the 

same speed. The centrifuge tube was removed from the vortex mixer, and an aliquot was taken 
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with a 3 mL plastic syringe, filtered through a cellulose acetate syringe filter, and placed in either 

a 2 mL glass vial for in-house analysis or a 15 mL centrifuge tube so the sample could be sent to 

Eurofins Eaton Analytical for analysis (Appendix 2 section “PFAS adsorption experiments”).  

Results and Discussion 

 To test our hypothesis that cationic cellulose could rapidly adsorb PFASs via electrostatic 

interactions, several different QWPs were synthesized by varying the relative concentration of 

glycidyl trimethyl ammonium chloride (GMAC) to obtain charge densities ranging from 0.0–1.5 

mmol -NR3+/g (Scheme 3.1).35,36,37 Conductometric titrations were performed to determine charge 

densities, and elemental analysis was used to verify the titration results (Table A2.3).38 Previous 

work functionalizing wood pulp with GMAC suggests that quaternary amines are functionalized 

at the C2 and C6 positions on the glucose repeat unit.39 

 

Scheme 3.1. Synthesizing QWP fibers with various charge densities. 

 

 WP fibers have both surface and interior (amorphous) sites that can be functionalized.36,40,41 

To determine where the functional groups were located, Raman spectroscopy was performed on 

the fiber surface, at different depths, and throughout a cross-section. More specifically, we used 

the quaternary amine’s symmetric stretch at 764 cm–1 to map functional group location. Raman 

spectra acquired on a cross-section showed similarly intense symmetric stretches at all locations 
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(Figure 3.1 and Figure A2.2)42 while lateral and depth maps also showed similar intensities (Figure 

A2.3 and Figure A2.4). As a control, the unfunctionalized QWP0.0 was also mapped, showing the 

expected absence of any peaks at 764 cm–1 (Figure A2.3, Figure A2.5, and Figure A2.6). Overall, 

these results indicate that amination occurs throughout QWP fibers and are not preferentially 

located on the surface. 

 

Figure 3.1. (A) Microscope image of a QWP1.5 fiber cross-section. (B) Raman spectra acquired 
at various positions on the fiber’s cross-section. (The Raman spectra were normalized to the peak 
at 1096 cm–1, which corresponds to the C–O and C–C stretches.) 

  

 After synthesizing QWPs with a range of charge densities (CDs), we next examined their PFAS 

adsorption efficiencies, anticipating that the wood pulp with highest charge density would exhibit 

the highest removal efficiency based on electrostatic interactions. To test this hypothesis, QWPs 

with CDs from 0.0–1.5 mmol -NR3+/g were mixed in PFOS or PFOA solutions, and adsorption 

was analyzed after 30 s of contact time (Figure 3.2A). As expected, nearly 100% of PFOS and 

70% of PFOA were removed from solution with the highest CD QWP (QWP1.5) while QWPs 

with lower CDs (QWP0.99 and QWP0.65) adsorbed less than 16% of PFOS and 23% of PFOA. 

These results demonstrate that higher wood pulp CDs leads to more PFOS/PFOA adsorption under 

otherwise identical conditions. Moreover, because the unfunctionalized WP (i.e., with no cationic 
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charges) removed a negligible amount of anionic PFAS, we can conclude that the PFAS adsorption 

on QWPs likely occurs via electrostatic interactions. Moving forward, QWP1.5 was used for the 

remainder of the studies because it exhibited the highest adsorption percent compared to the other 

QWPs. 

 

Figure 3.2. (A) Effect of QWP charge density on PFOS (black) and PFOA (red) adsorption 
percent. ([QWP] = 50.0 mg/L, [PFOS]0 = 4.2 mg/L, and [PFOA]0 = 3.9 mg/L.) (B) PFOS (black) 
and PFOA (red) adsorption capacities (qt) over time on QWP1.5. ([QWP1.5] = 10.0 mg/L, 
[PFOS]0 = 3.5 mg/L, [PFOA]0 = 3.9 mg/L.) Some error bars are not visible due to their small 
size. 

 

 To optimize adsorption capacity, we added varying amounts of QWP1.5 to PFOS solutions 

and measured PFOS adsorption after 30 s of contact time (Figure 3.3). A small QWP1.5 dosage of 

1.25 mg/L resulted in negligible PFOS adsorption but increasing the dosage to 12.5 mg/L resulted 

in a PFOS adsorption capacity of 263 ± 3 mg/g. Further increasing the dosage to 50.0 mg/L resulted 

in a decreased adsorption capacity of approximately 80 mg/g. This trend suggests that employing 
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too much QWP1.5 results in inefficient use of available cationic sites, and a moderate dosage 

maximizes PFAS adsorption. Thus, we utilized a dosage of 10.0 mg/L for the remaining studies. 

 

Figure 3.3. Plot of PFOS adsorption (%) (black) and adsorption capacity (q, mg/g) (red) as a 
function of QWP1.5 concentration (mg/L). Some error bars are not visible due to their small size. 

 

 To determine if adsorption equilibrium is achieved within 30 s of contact time, PFOS and 

PFOA adsorption capacities (qt) on QWP1.5 were monitored over 24 h (Figure 3.2B). After 30 s 

of contact time, the PFOS adsorption capacity was 238 ± 5 mg/g, corresponding to 67 ± 1% of 

PFOS adsorbed, while PFOA adsorption capacity was 80 ± 10 mg/g, with 20 ± 3% of PFOA 

adsorbed. Moreover, the adsorption equilibrium required 8 and 24 h of contact time for PFOS and 

PFOA, respectively, suggesting that longer times are needed to reach higher adsorption capacities.

 Adsorption isotherms were generated to determine QWP1.5’s maximum adsorption capacity 

for PFOS and PFOA. Isotherm data was collected by soaking QWP1.5 in either PFOS or PFOA 

solutions for 24 h and measuring the equilibrium PFOS/PFOA concentrations (Ce) in solution 

(Figure 3.4, Table A2.11, and Table A2.12). The resulting data were fit with Langmuir and 

Freundlich isotherm models. The Langmuir model was found to best fit the data, according to a 

linear least-squares regression (Table A2.13 and Table A2.14). Because the Langmuir model best 

describes the equilibrium adsorption behavior, adsorption likely occurs at specific sites on the 
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cationic wood pulp with the PFASs adsorbing in one layer on the fiber surface.43 Using the 

Langmuir model, we calculated that the maximum adsorption capacity (qmax) for PFOS and PFOA 

was 763 and 605 mg/g, respectively. The difference in qmax between PFOS and PFOA is attributed 

to a sulfate group’s increased affinity for electrostatic interactions with charged amine groups 

relative to a carboxylate.44,45 Additionally, because PFASs are typically found at concentrations 

from single-digit ng/L to hundreds of µg/L in the environment,5,6,46 we calculated distribution 

coefficients (KD, L/g), which characterize the affinity of adsorbates for an adsorbent and estimate 

the magnitude of adsorption that will occur at low PFAS concentrations, using the isotherm 

data.47,48,49 KD were determined using the linear portion of the adsorption isotherms (Figure A2.16), 

and resulted in a log KD of 3.93 and 3.09 for PFOS and PFOA, respectively, which are comparable 

to other adsorbents. 

 

Figure 3.4. Plots of equilibrium adsorption capacities (qe) versus equilibrium concentrations (Ce) 
for PFOS (A) and PFOA (B), fit with the Langmuir (solid black line) and Freundlich (dashed red 
line) models. ([QWP1.5] = 10.0 mg/L, [PFOA]0 = ~920–8300 µg/L, [PFOS]0 = ~750–8000 
µg/L. Some error bars are not visible due to their small size.) 

 

 In nature, water contains other contaminants as well as a mixture of different PFASs at low 

concentrations (i.e., single-digit ng/L to hundreds of µg/L).5,6,46 To determine whether QWP1.5 

was effective for removing multiple types of PFASs, we monitored PFAS adsorption after the 
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cationic WP was mixed simultaneously with PFOS, PFOA, PFBS, PFBA, GenX, and 6:2 FTS. 

After just 30 s of contact time, we observed >80% adsorption of PFOS, PFOA, and 6:2 FTS (Figure 

3.5). On the other hand, we found less efficient adsorption of PFBS, PFBA, and GenX, with 

adsorption between 13–29%. These differences in adsorption % correspond to approximately half 

as many moles of short chain PFASs (i.e., PFBS and PFBA) being adsorbed relative to long chain 

PFASs (i.e., PFOS, PFOA, and 6:2 FTS), despite adding approximately twice as many moles of 

short chain PFASs initially compared to long chain PFASs (Table 3.1).  

Table 3.1. Initial and adsorbed moles of PFASs on QWP1.5. 

 PFBA PFBS GenX 6:2 FTS PFOA PFOS 
average initial mol added (pmol) 161 ± 8 91 ± 5 90 ± 20 47.6 ± 0.5 71 ± 1 48 ± 2 

average adsorbed mol (pmol) 20 ± 10 27 ± 2 20 ± 10 44 ± 1 57 ± 2 48* 
*Indicates that the measured PFAS concentration was below the limit of quantification (0.02 
µg/L). Therefore, the limit of quantification was assumed to be the PFAS concentration. Accurate 
standard deviations could not be calculated for these entries because of this estimation. 
 

 After 60 min of contact time, only small increases in PFAS adsorption were observed, with 

PFBS having the largest change from 29 to 39%. Combined, these data reveal the impact of PFAS 

chain length on adsorption because the PFAS with longer chain lengths are adsorbed more 

efficiently than those with shorter chain lengths. To explain this phenomenon, we examined the 

PFASs’ octanol/water partition coefficients (Kow), which reflect a molecule’s hydrophobicity. We 

found that longer PFASs had larger Kow meaning they were more hydrophobic, likely due to their 

longer hydrophobic tails.50,51 This finding suggests that hydrophobic interactions are likely 

complementing the electrostatic interactions during adsorption. More specifically, we propose that 

cellulose’s hydrophobic backbone is enhancing QWP1.5’s ability to efficiently adsorb the more 

hydrophobic (i.e., longer chain) PFASs. However, the effect of hydrophobicity should be explored 

in greater detail in future studies considering that QWP0.0, with no cationic groups, adsorbed 
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negligible amounts of PFASs. In addition, we observed that the PFAS functional group plays a 

role in adsorption wherein the PFASs with sulfate groups were more effectively adsorbed than the 

PFASs with carboxyl groups. We again attribute the increased adsorption to the sulfate group’s 

known increased affinity for electrostatic interactions with charged amine groups.44,45 The 

adsorption trends found in this study are consistent with other reports in literature.31,52,53  

 

Figure 3.5. PFAS adsorption (%) on QWP1.5 with 30 s (white) and 60 min (gray) of contact 
time. ([QWP1.5] = 10.0 mg/L, [PFAS]0 = ~2.5 µg/L.) Note: PFOS was removed below the limit 
of quantification (20 ng/L), so this limit was used in the adsorption % calculations) 

 

 Natural organic matter (NOM) refers to organic compounds naturally present in freshwater 

sources, and it has previously been shown to inhibit PFAS adsorption on conventional 

adsorbents.54 To evaluate whether NOM inhibits adsorption with our cationic wood pulp fibers, 

we measured PFAS adsorption in the presence of humic acid (HA), a common type of NOM. We 

observed that HA significantly reduced PFAS adsorption, with ≤ 24% of each PFAS being 

adsorbed (Table 3.2).  
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Table 3.2. QWP1.5 adsorption % and capacity for PFASs after 30 s of contact time between 
QWP1.5 and PFASs. 

PFAS adsorption (%) 
without HA 

adsorption capacity (mg/g) 
without HA 

adsorption (%) 
with HA 

adsorption capacity 
(mg/g) with HA 

PFBA 13 ± 6 0.04 ± 0.02 3 ± 2 0.010 ± 0.007 
PFBS 29 ± 2 0.08 ± 0.01 8 ± 3 0.021 ± 0.007 
GenX 20 ± 20 0.06 ± 0.04 24 ± 3 0.07 ± 0.01 

6:2 
FTS 

92 ± 2 0.187 ±0.004 8 ± 5 0.02 ± 0.01 

PFOA 81 ± 3 0.237 ± 0.008 8 ± 4 0.02 ± 0.01 
PFOS 98 ± 0* 0.238* 20 ± 5 0.05 ± 0.01 

*Indicates that the measured PFAS concentration was below the limit of quantification (0.02 
µg/L). Therefore, the limit of quantification was assumed to be the PFAS concentration. Accurate 
standard deviations could not be calculated for these entries because of this estimation. 
 

 Because HA is a complex mixture of charged and uncharged species, and the 

hydrophobicity/hydrophilicity can vary based on the source, we measured the specific UV 

absorbance at 254 nm (SUVA254) to characterize our HA (Figure A2.19).55 The SUVA254 was 4.1, 

which suggests that the HA mainly consists of high molecular weight hydrophobic and aromatic 

materials.56 Because the cellulose backbone is also hydrophobic, HA is likely adsorbing to the 

wood pulp via hydrophobic interactions, and blocking PFAS access to the cationic sites. Further 

research is needed to understand and then attenuate the detrimental impact of NOM on these 

cationic WP-based adsorbents.  

 Water pH often adversely impacts PFAS adsorption because some adsorbents lose their 

cationic charge at environmentally relevant pHs of 5–9.22,57 The QWPs synthesized herein, on the 

other hand, should not be impacted by pH because the quaternary amine has a pH-insensitive 

permanent charge. Moreover, the PFOS/PFOA studied herein have pKa values below 3,58,59 

meaning the sulfonyl and carboxyl groups will remain charged at pHs 5–9. As expected, after 30 

s of contact time, we observed that pH had no effect on PFOS or PFOA adsorption (Figure 3.6A). 
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Moreover, the leftover PFOS concentration in solution was below the limit of quantification (< 20 

ng/L), which is much lower than the EPA guidelines for PFOS in water.  

 

Figure 3.6. PFOS (black) and PFOA (red) adsorption (%) as a function of pH (A) and NaCl 
concentration (B). ([QWP1.5] = 10.0 mg/L, [PFAS]initial < 2.8 µg/L.) Note: PFOS was removed 
below the limit of quantification (20 ng/L), so this limit was used for adsorption % calculations. 
Some error bars are not visible due to their small size. 

 

 The influence of salt concentration on PFAS adsorption was also studied because water tends 

to have low concentrations of inorganic ions.19,20  After 30 s of contact time, we observed that salt 

concentration had no impact on PFOS adsorption, similar to the pH experiment, with leftover 

PFOS concentrations below the limit of quantification (Figure 3.6B).19,20  In contrast, PFOA 

adsorption decreased from >75% to nearly 30% as the NaCl concentration increased from 0 to 100 

mg/L, likely due to electrostatic shielding between PFOA and the wood pulp’s cationic sites. The 

difference in PFOS and PFOA adsorption is attributed, again, to the increased sulfate affinity for 

cationic amines, as Schlenoff and coworkers showed that sulfate/amine interactions are less 

affected by NaCl concentrations than carboxylate/amine interactions.44 Despite the reduction in 

PFOA adsorption, it remains high (> 50%) for salt concentrations below 25 mg/L, which is the 

value usually observed in freshwater samples.28,60  
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 To demonstrate QWP1.5’s effectiveness for adsorbing PFASs, we compared PFAS adsorption 

capacities from this study with other adsorbents. We found that after 30 s of contact time in 

deionized water, PFOS and PFOA adsorption capacities were 238 ± 5 and 80 ± 10 mg/g on 

QWP1.5, which is better than the adsorption capacities for some ACs and IX resins that utilized 

similar adsorption conditions and longer contact times.19,20 For example, Zhang et al. showed that 

AC adsorbs less than 20 mg/g of PFOS and PFOA after 40 h while Yu et al. revealed that an 

anionic exchange resin adsorbs ~125 and 300 mg/g of PFOS and PFOA, respectively, after 10 

h.22,61 Our result for PFOA after 30 s of contact time is also significantly larger than the PFOA 

capacity reported by Ateia et al. for poly(ethylenimine)-functionalized cellulose microcrystals 

after 24 h of contact time (2.32 mg/g).31 Furthermore, the maximum adsorption capacities (qmax) 

for PFOS and PFOA in this study were calculated to be 763 and 605 mg/g, respectively, making 

QWP1.5 competitive with or better than the capacities of comparable adsorbents. For instance, 

ACs typically have qmax below 600 mg/g and IX resins have qmax ranging from ~200–2600 

mg/g.19,20 Dichtel and Helbling report qmax for PFOA of 457 and 33 mg/g for an amine- and 

unfunctionalized cyclodextrin-based adsorbent, respectively.62,63 On the other hand, QWP1.5 has 

lower qmax than Deng et al.’s amine-grafted cotton, which has qmax values of 1600 mg/g for PFOS 

and 1300 mg/g for PFOA.32  

 The log KD, which characterize the affinity of adsorbates for an adsorbent, were calculated as 

3.93 for PFOS and 3.09 for PFOA adsorption on QWP1.5. These values were compared to AC 

and IX resins, which revealed that AC and IX resins have a log KD less than 2.31.21,28,64 As a 

consequence, the QWP1.5 synthesized herein has a better affinity for adsorbing PFOS and PFOA 

than conventional adsorbents. The amine-functionalized cyclodextrins reported by Dichtel and 

Helbling have log KD values of 3.0 and 4.0 for PFOS and PFOA,28 respectively, revealing that 
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cationic WP is also competitive with similar adsorbents that depend on ionic interactions to adsorb 

PFASs.  

 At environmentally relevant concentrations (~2.5 µg/L), QWP1.5 adsorbed >80% of PFOS, 

PFOA, and 6:2 FTS in deionized water within 30 s of contact time. Similar adsorption percents 

were achieved for Dichtel and Helbling’s amine-functionalized cyclodextrins and Ateia’s PEI-

CMCs, but the amine-functionalized cyclodextrins and PEI-CMCs required more than 30 and 15 

min, respectively, to achieve these efficiencies, highlighting QWP1.5’s ability to rapidly adsorb 

long chain PFASs.28,31 With respect to short chain PFASs, QWP1.5 adsorbed less than 29% of 

PFBS and PFBA, which is inferior to amine-functionalized cyclodextrins, which adsorbed greater 

than 75% of PFBS and PFBA after 30 min of contact time.28 Additionally, when HA was present, 

PFAS adsorption on QWP1.5 was below 20%, which is worse than Dichtel and Helbling’s 

cyclodextrins and Ateia’s PEI-CMCs. However, PFAS adsorption by AC and IX resins is known 

to be similarly impacted by NOM.52,29 Further research will be needed to attenuate the impact of 

HA on PFAS adsorption for these wood pulp-based adsorbents. On the other hand, PFAS 

adsorption on cationic WP was not affected by solution pH, even with short contact times, whereas 

adsorbents like AC and IX resins lose efficiency at pHs greater than 7 and 8, respectively,22,57,65 

and other adsorbents require long time periods (≥ 24 h) to reach similar adsorption 

efficiencies.27,28,31,32 Elevated salt concentrations were found to decrease PFOA adsorption on 

QWP1.5 and have no effect on PFOS adsorption. These findings are in line with PFAS adsorption 

on AC, IX resins, and other adsorbents, showing that background ions inhibit PFAS 

adsorption.28,60,66,67 Like the pH studies, however, the advantage of QWP1.5 in salt solutions is the 

rapid adsorption time whereas other adsorbents require long time periods (i.e., hours to days) to 

reach efficient adsorption. To summarize all these comparisons, the advantages of cationic WP are 



 47 

the high adsorption capacities and distribution coefficients for PFOS and PFOA, and the rapid 

adsorption of long chain PFASs under most environmentally relevant conditions.  

 While beyond the scope of this article, the fate of spent QWP adsorbent eventually needs to be 

considered. Regeneration is often explored so that adsorbents can be reused; however, the 

processes involved in regeneration can potentially outweigh the benefits of using new adsorbent. 

For example, regenerating AC requires frequent costly and energy-intensive methods while 

regenerating IX resins entails harsh solvent combinations that are not financially feasible for large-

scale operations.19,23,52,68 One potential advantage of these cellulose-based adsorbents is the 

potential for environmental biodegradation after PFAS removal via emerging technologies such 

as irradiation69 or microbial digestion.70  

Conclusions 

 In summary, we demonstrated herein that cationic wood pulp is a promising adsorbent for 

removing PFASs from water. Accessing QWP involves a straightforward, one-step reaction, 

wherein the resulting charge density can be tailored by varying the reactant concentrations. At 

environmentally relevant concentrations (~2.5 µg/L), PFOS and PFOA were adsorbed in under 30 

s, making QWPs advantageous compared to other adsorbents which require long adsorption times 

(>15 min). The maximum adsorption capacity for PFOS and PFOA on QWP1.5 outperforms 

similar adsorbents and activated carbon. Although adsorption was impacted by natural organic 

matter, it was unaffected by solution pH and low salt concentrations. Further research is necessary 

to advance these materials, especially with respect to the competitive adsorption with hydrophobic 

organic matter. Nevertheless, these materials are promising based on their performance and 

because wood pulp is bio-sourced, biodegradable, and inexpensive (~$0.90 per metric ton in 
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2021).71 For these reasons, we remain optimistic that functionalized wood pulp will become a 

competitive, renewable alternative adsorbents to activated carbon for PFAS removal. 
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Chapter 4 Wood Pulp Adsorbents that Adsorb Methyl Orange Dye 

Introduction 

 Clean water is essential for human survival, but pollution makes acquiring water challenging 

for many communities.1 One source of pollution is organic dyes as the textile industry generates 

approximately 20% of industrial water pollution,2,3 stemming from textile dyeing and treatment.4,5 

Considering that dyes are linked to a variety of health issues in humans and damaging to the 

environment,6,7 the textile industry needs to develop strategies to limit exposure to dyes. These 

strategies include minimizing dye release and removal of dyes from contaminated water. 

 Among several technologies that exist for removing dyes from water, adsorption is most 

commonly used.8,9,10,11 The leading adsorbent is activated carbon (AC) due to its high adsorption 

capacity and broad affinity for different pollutants.12 However, producing and regenerating AC is 

expensive and energy intensive,12,13 making AC unsustainable and demonstrating the need for 

alternative adsorbents. 

 Cellulose, a renewable and biodegradable biopolymer, is a promising adsorbent for purifying 

water,14,15 with researchers already employing it to adsorb dyes.16,17 A major limitation of these 

cellulose-based materials, however, is the long contact times (i.e., min to h) required for effective 

adsorption.18,19,20 To overcome this limitation, we designed rapidly forming, localized (i.e., not 

sample-spanning) hydrogels in Chapter 2, made by mixing anionic sulfated cellulose nanofibers 

(SCNFs) and cationic quaternized hydroxyethyl cellulose ethoxylate, which were effective for 

removing methylene blue (MB), a cationic dye, from water in only 30 s.21 Because the dyeing 
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industry also discharges anionic dyes into the environment,6 we were motivated to modify the 

hydrogel materials to rapidly adsorb other dyes. 

 In Chapter 3, we showed that cationic quaternized wood pulp (QWP) was an effective 

adsorbent for removing anionic perfluoroalkyl substances from water in under 30 s via electrostatic 

interactions.22 Thus, we hypothesized that QWP-based adsorbents would rapidly adsorb anionic 

dyes, like the commonly used methyl orange (MO) dye, via electrostatic interactions. For this 

work, we were interested in using both localized hydrogels, similar to flocculating agents,23 and 

QWP fibers alone, for future use in flow systems, to adsorb the anionic dye. WP was used to make 

the charged cellulose polyions in this chapter because WP is inexpensive relative to CNFs, which 

are derived from WP and require more energy-intensive production methods.24,25 We report herein 

our initial efforts optimizing localized hydrogels, made from mixing anionic sulfated WP (SWP) 

and cationic QWP, for removing MO from water (Scheme 4.1). We also present preliminary 

findings using QWP fibers alone to adsorb MO. Lastly, we describe initial experiments 

synthesizing WP with primary amine groups for future use as an adsorbent, motivated by literature 

work showing that starches with primary and secondary amines have higher adsorption capacities 

for some dyes than quaternary amines.26 
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Scheme 4.1. A localized hydrogel forms via electrostatic interactions and adsorbs methyl orange 
when anionic SWPs and cationic QWPs are combined. 

Experimental 

 Materials. Bleached hardwood pulp was generously donated by Cellulose Lab. Chlorosulfonic 

acid (CSA), anhydrous N,N-dimethylformamide (DMF), hydrochloric acid, sodium hydroxide 

(NaOH), 2-propanol (IPA), ethylene diamine (EDA), glycidyl trimethyl ammonium chloride 

(GMAC), methyl orange (MO), sodium nitrate, Whatman polyamide membrane filters (0.2 μm, 

47 mm), and Whatman 1 filter paper (55 mm) were purchased from Aldrich and used without 

further purification. Absolute ethanol (EtOH), anhydrous dimethyl acetamide (DMA), 

triethylamine (TEA), toluenesulfonyl chloride (TsCl, Alfa Aesar), sodium chloride (NaCl), silver 

nitrate (NaNO3), methanol, 20 mL vials, UV grade PMMA cuvettes (Globe Scientific), and 

disposable polypropylene 50 mL centrifuge tubes were purchased from Fisher and used without 

further purification. Deionized (DI) water (referred to as “Millipore water”) was purified by a 

Millipore Synergy water purification system and used as the water source, unless otherwise noted. 

VWR grade 413 qualitative filter paper (5.5 cm) was purchased from VWR. 
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 SWP synthesis. DI water from our house DI water system was used as the water source during 

synthesis and purification of SWP0.0, SWP0.53, and SWP1.7. Water purified by a Millipore 

Synergy water purification system was used as the water source during synthesis and purification 

of SWP0.83 and SWP1.1 and is referred to as “Millipore water.” 

 The synthesis of SWPs was carried out similar to previous methods.21 A 50 mL Schlenk flask 

with stir bar and 20 mL addition funnel were removed from the oven and assembled while hot. 

The addition funnel was capped with a septum, and the system was cooled to rt under N2. 

Anhydrous DMF (26 mL) was added to the Schlenk flask, and the solvent was cooled in an ice-

water bath for 10 min. Then, CSA (4 mL) was loaded into the addition funnel and added slowly 

over 5 min to the stirring DMF, with some HCl evolving. Once all the CSA was added, the addition 

funnel was removed and the Schlenk flask was capped, removed from the ice-water bath, and 

warmed to rt to provide a 2.0 M solution of CSA in DMF. 

 WPs (Table A3.1) were placed in an oven-dried round-bottom flask (note: a 100 mL flask was 

used when making SWP0.0, SWP0.53, and SWP1.7, but a 250 mL flask was used when making 

SWP0.83 and SWP1.1) with anhydrous DMF (Table A3.1), and the flask was capped with a 

septum. The mixture was soaked for 30–40 min under N2 without stirring to wet the fibers. The 

septum was removed, and the mixture was then homogenized at a specified speed and time with 

an IKA T25 digital Ultra-Turrax (Table A3.1). The septum was added, and the WP was soaked for 

10 min under N2. The septum was removed, and the mixture was homogenized a second time at a 

specified speed and time (Table A3.1). Then, a stir bar was added, the septum was added, and the 

mixture was stirred for 30–40 min under N2. A specified amount of the 2.0 M CSA in DMF was 

added to the WP mixture dropwise over 2 min. The mixture was stirred for 20 min once all the 
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CSA was added. Then, the reaction was quenched with methanol (~5–20 mL), and the mixture 

was stirred for 5 min. 

 SWP0.0, SWP0.53, and SWP1.7 purification. The mixture was poured into a 250 mL centrifuge 

bottle, and the bottle was filled to ~90% capacity with DI water. The mixture was centrifuged at 

~34,000 × g for ~25 min using a Sorvall RC5C Plus centrifuge. The supernatant was discarded via 

pouring, and fresh DI water was added to fill the bottle to ~90% capacity. Then a ~0.1 M NaOH 

solution was used to increase the pH to 7, as measured with pH paper. The mixture was centrifuged 

again at ~34,000 × g for ~25 min. The supernatant was discarded via pouring, and fresh DI water 

was added to fill the bottle to ~90% capacity. The mixture was shaken by hand and then centrifuged 

a third time at ~34,000 × g for 25 min.  

 SWP0.83 and SWP1.1 purification. The mixture was filtered over Whatman 1 filter paper, and 

the fibers were rinsed with Millipore water (1 × 30 mL). The fibers were then divided into two 50 

mL polypropylene centrifuge tubes. Millipore water was added to fill the tubes (~45 mL in each 

tube), the tubes were centrifuged at 3260 × g for 5 min using a Thermo Scientific Sorvall ST8 

centrifuge, and then the supernatant was discarded via pouring. This process is defined as 1 

centrifuge cycle, and the process was repeated once more. After the 2nd cycle, the pH of the 

supernatant was examined using pH paper and found to be ~3. The supernatant was discarded, and 

fresh Millipore water was added to each tube (~45 mL in each tube). Then, a ~0.1 M NaOH 

solution was used to increase the pH to 7, as measured with pH paper. The tubes were centrifuged 

at 3260 × g for 5 min, the supernatant was discarded via pouring, and fresh Millipore was added 

to each tube (~45 mL in each tube). The pH of the supernatant was found to be ~4 using pH paper, 

and the ~0.1 M NaOH solution was used to increase the pH to 7, as measured with pH paper. Then, 

two additional centrifuge cycles were performed. 
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 Isolation of fibers. The fibers were then isolated using one of the following two procedures. (i) 

If a white, gel-like mass remained in the centrifuge bottle/tube, the supernatant was discarded via 

pouring, and the material was transferred to 20 mL glass vials, frozen in liquid N2, and dried under 

vacuum on a Schlenk line to remove excess water. (This procedure was used for SWP0.83, 

SWP1.1, and SWP1.7.) (ii) If the fibers did not form a gel-like mass in the centrifuge bottle/tube, 

~90% of supernatant was discarded via pouring, and the remaining mixture was vacuum filtered 

using a Whatman polyamide membrane filter (0.2 μm, 47 mm). The fibers on the filter were then 

rinsed once with DI water (5 mL), and placed in 20 mL glass vials, frozen in liquid N2, and dried 

under vacuum on a Schlenk line to remove excess water. (This procedure was used for SWPs 0.0 

and 0.53.) 

 QWP synthesis. Millipore water was used in the synthesis and purification of QWPs. 

 The synthesis of QWPs was carried out similar to previous methods.22 WP (Table A3.2) was 

combined with Millipore water (Table A3.2) in either a 20 mL vial (for QWP1.6) or 100 mL round-

bottom flask (for QWP0.77, QWP1.2, and QWP1.3). The fibers were soaked for 10–15 min 

without stirring to wet the fibers, and then, the mixture was homogenized at 18k rpm for 2 min. 

For all samples besides QWP1.6, the fibers went through a second homogenization cycle because 

they were not uniformly distributed in the mixture like the QWP1.6 fibers. To perform this 2nd 

cycle, the fibers were first soaked without stirring for 5 min while the homogenizer was 

disassembled, cleaned with water and acetone to remove any clogged fibers, and reassembled. 

Then, the mixture was homogenized again at 18k rpm for 2 min.  

 The mixture was divided into two 50 mL polypropylene centrifuge tubes (note: for QWP1.6, 

only one tube was used) and water was added to fill the tubes (~45 mL in each tube). The tubes 

were centrifuged at 2580 × g for 4 min, and the supernatant was discarded via pouring. The WP 
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from each tube was combined into a round-bottom flask (note: a 50 mL round-bottom flask was 

used when making QWP1.6, but 100 mL round-bottom flasks were used when making QWP0.77, 

QWP1.2, and QWP1.3). 2-Propanol (IPA, Table A3.2) was added to the flask along with NaOH 

(Table A3.2) and a stir bar. The flask was then heated to 50 °C on a heating block and stirred for 

45 min. After this time, a known volume of glycidyl trimethyl ammonium chloride (GMAC, Table 

A3.2) was added with a micropipette over 4 min to the reaction, and the mixture was stirred for 

2.25 h. Then, the round-bottom flask was removed from the heating block and cooled with stirring 

in ice-water for 5 min. The reaction was quenched with aq. HCl (5 M, ~3 mL) and stirred for 5 

min. The mixture was vacuum filtered using VWR grade 413 filter paper and rinsed with Millipore 

water (1×50 mL). 

 QWP purification. The fibers were then divided into two 50 mL polypropylene centrifuge tubes 

(note: only 1 tube for QWP1.6). Millipore water was added to fill the tubes (~45 mL in each tube), 

and then, the tubes were centrifuged at 3260 × g for ~10 min. The supernatant was discarded via 

pouring. This process was defined as 1 centrifuge cycle, and this centrifuging process was repeated 

2–3 more times to remove excess acid and ions from the fibers. After the 3rd cycle, the pH of the 

supernatant was examined using pH paper and found to be ~7. In addition, after the 3rd cycle 

(QWP0.77 and QWP1.2) or 4th cycle (QWP1.3 and QWP1.6), the supernatant from one of the 

tubes was vacuum filtered, and the conductivity of the solution was measured. If the conductivity 

was less than or equal to 25 μS/cm, the fiber purification was considered done. If the conductivity 

was above 25 μS/cm, the centrifuge cycling was repeated until the supernatant could be filtered 

and measured to have a conductivity less than or equal to 25 μS/cm. See Table A3.2 for the number 

of centrifuge cycles used to purify each QWP sample. After the fibers were purified, the fibers 
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were removed from the centrifuge tubes with a spatula, placed in 20 mL vials, frozen in liquid N2, 

and dried under vacuum on a Schlenk line to remove excess water. 

 PWP Synthesis. Millipore water was used in the synthesis of PWPs. 

 The synthesis of PWPs was carried out similar to literature.27 WP (300.0 mg) was combined 

with anhydrous DMA (40.0 mL) in a 100 mL round-bottom flask (labelled as “rxn 1”), and the 

flask was capped with a septum. The mixture was placed under N2 for 10 min without stirring to 

wet the fibers. Then, the septum was removed, and the mixture was homogenized at 20k rpm for 

3–5 min. A stir bar was added to the flask, the flask was recapped with a septum, and the flask was 

placed under N2 atmosphere. For all samples except PWP6, TEA (Table A3.3) was added dropwise 

over 1 min to the mixture with stirring at rt. The mixture was then cooled with an ice-water bath 

for 5 min. For PWP6, the flask was placed in an IPA bath cooled to 0 °C with a Thermo Scientific 

Neslab CC100 Immersion cooler (because the reaction would be cooled overnight). After 5 min, 

TEA (Table A3.3) was added dropwise over 1 min with stirring to the mixture. 

 Meanwhile, TsCl (Table A3.3) was dissolved in anhydrous DMA (5.0 mL) in a 20 mL vial. 

The TsCl/DMA solution was then added dropwise with pipette over 1 min to the cooled flask 

containing WP and TEA. For all samples except PWP6, the reaction flask was then removed from 

the ice-water bath and stirred at rt for ~16–18 h under N2. For PWP6, the reaction flask was left in 

the 0 °C bath and stirred for ~16 h under N2. 

 To quench the reaction, the mixture was poured into ice water (~50 mL). Then, the mixture 

was vacuum filtered with Whatman 1 filter paper (55 mm), followed by washing the fibers with 

Millipore water (3×50 mL), acetone (1×50 mL), ethanol (2×50 mL), and diethyl ether (2×50 mL).  

 Next, the fibers were placed in a new 100 mL round-bottom flask (labelled as “rxn 2”) with a 

stir bar and anhydrous DMA (40.0 mL). The mixture was stirred for 2 min to disperse the fibers. 



 62 

The flask was heated to 85 °C with stirring. EDA (Table A3.3) was then added dropwise to the 

mixture over 1 min. A reflux condenser was attached to the flask, capped with septum, and the 

mixture was placed under N2. For all samples except PWP7, the mixture was refluxed at 85 ºC for 

5–6 h. For PWP7, the mixture was refluxed at 85 ºC for 23 h. After the reflux time, the mixture 

was cooled to rt and vacuum filtered on Whatman 1 filter paper. The fibers were washed with 

EtOH (3×50 mL) and diethyl ether (50 mL). 

 SWP conductometric titrations. Conductometric titrations were carried out according to the 

charge density measurements in Appendix 1. A known amount of SWPs (typically about 35 mg) 

was placed in a 20 mL vial with 0.1 M aq. HCl (15 mL) and a stir bar. The vial was capped and 

stirred for 90 min to protonate the SWPs. The mixture was then filtered over a polyamide 

membrane using vacuum filtration. The solids were rinsed with Millipore water (~20 mL), and the 

conductivity of the filtrate was measured by a Thermo Scientific Orion Star A215 pH/conductivity 

meter. If the conductivity was >10 μS/cm, the filtrate was discarded via pouring, and the solids 

were rinsed with additional 20 mL portions of Millipore water until the conductivity of the filtrate 

was <10 µS/cm. The resulting solids were added to a tared 150 mL beaker, followed by DI water 

(~20 mL) and a stir bar. The mixture was covered with weigh paper (of known mass), stirred for 

at least 5 min to uniformly disperse the solids, and then the stir bar was removed. The mixture was 

weighed to determine the total mass of the protonated SWP mixture. Then, two aliquots of the 

mixture were removed, placed in separate tared 20 mL vials, accurately weighed (~2.5 g), and 

dried in a 110 °C oven. For all samples (except SWP0.0), the mass of solids in each aliquot was 

used to determine the concentration of solids in the protonated SWP mixture. For SWP0.0, the 

mass of solids in each aliquot overestimated the amount of fibers that were present (likely because 
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the fibers were non-uniformly clumped together in the mixture), so the aliquot masses were 

subtracted from the initial amount of SWP0.0 used to give a total amount of titrated SWP0.0 fibers. 

 A stir bar and recorded volume (~100 mL) of 1 mM NaCl were then added to the beaker 

containing the protonated SWP mixture. The mixture was titrated, with stirring, by adding a 

volume with known concentration of NaOH solution (~0.01 M) to the protonated SWP mixture 

and measuring the conductivity of the mixture 40 s after each addition of titrant. (The concentration 

of the NaOH solution was determined using the calibrated pH meter prior to the titration.) The 

volume-corrected conductivity28 was plotted as a function of the volume of NaOH added, and the 

equivalence point was determined by the intersection of the linear least-squares regression lines 

from the positively and negatively sloped regions of the curve (Figure A3.1). Based on the mmol 

of NaOH added, the mmol of SO3– were calculated. The charge density was found by dividing the 

mmol SO3– by the mass of SWP that was titrated. This procedure was repeated, and the average is 

reported as the sample’s charge density (Table A3.4). Throughout Chapter 4 and Appendix 3, SWP 

samples will be identified by material type followed by the charge density (e.g., SWP0.53 is a 

SWP with a charge density of 0.53 mmol SO3–/g). 

 QWP conductometric titrations. Conductometric titrations were carried out according to the 

charge density measurements in Appendix 2. First, a 10.0 mM AgNO3 solution was made by 

dissolving AgNO3 (34.0 mg, 0.200 mmol) in Millipore water (20.0 mL). A 100 mM NaNO3 

solution was prepared by dissolving NaNO3 (170.0 mg, 2.000 mmol) in Millipore water (20.0 mL). 

 Next, a known amount of QWPs (typically about 50 mg) were combined with Millipore water 

(50.0 mL) in a 150 mL beaker and soaked for 10 min. The fibers were homogenized at 18k rpm 

for 2 min to disperse the fibers, and then additional Millipore water (50.0 mL) and a stir bar were 

added to the beaker. Note: water was added in 2 × 50 mL portions to the beaker because 1 × 100 
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mL sprays water when homogenized. The beaker was placed on a stir plate, a conductivity meter 

was inserted into the mixture, and the mixture was stirred. Then, 100 mM NaNO3 solution (1.0 

mL) was added to the beaker to increase the conductivity of the mixture to a stable, non-fluctuating 

level, and the mixture was equilibrated for ~5 min. The mixture was then titrated using the 10.0 

mM AgNO3 solution by adding aliquots (~100–400 μL) to the mixture over 10 s every 40 s. The 

conductivity was recorded as a function of the volume of 10.0 mM AgNO3 added. Then, the 

volume-corrected conductivity was plotted as a function of the volume of 10.0 mM AgNO3 added, 

and the equivalence point was determined by the intersection of the linear least-squares regression 

lines from the flat and positively sloped regions of the curve (Figure A3.2). Based on the mmol of 

AgNO3 added, the mmol of R3N+ present were calculated assuming a one-to-one ratio between 

Ag+ and Cl– (note: adding NaNO3 did not affect the titration results because Na+ and NO3– ions 

are not involved in the titration reaction between Ag+ and Cl–, which form the precipitate AgCl). 

The charge density was found by dividing the mmol AgNO3 by the mass of QWP that was titrated. 

This procedure was repeated two times for each QWP sample, and the average is reported as the 

sample’s charge density (Table A3.5). Throughout Chapter 4 and Appendix 3, QWP samples are 

identified by their charge density (e.g., QWP1.6 is a sample with a charge density of 1.6 mmol -

NR3+/g). 

 PWP conductometric titrations. PWP titrations were carried out similar to literature.29 A 

known amount of PWP (typically about 100 mg) was added to a 150 mL beaker with Millipore 

water (100 mL) and a stir bar. The mixture was stirred, and a previously calibrated pH meter was 

inserted into the mixture. Using ~0.1 M HCl, the pH of the mixture was adjusted to ~3, and the 

mixture was stirred for 25 min. The pH meter was removed (because drift was observed during 

titrations when the pH meter was left in the beaker), and the conductivity meter was inserted. The 
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mixture was titrated, with stirring, by adding a volume with known concentration of NaOH 

solution (~0.01 M) to the PWP mixture over 5 s and measuring the conductivity of the mixture 35 

s after each addition of titrant. (The concentration of the NaOH solution was determined using the 

calibrated pH meter prior to the titration.) The volume-corrected conductivity28 was plotted as a 

function of the volume of NaOH added, and 2 equivalence points were found: the first represents 

titration of excess acid and the second represents titration of primary amines (Figure A3.3). The 

first equivalence point was determined by the intersection of the linear least-squares regression 

lines from the negatively and flat sloped regions of the curve, and the second equivalence point 

was ascertained from the intersection of the linear least-squares regression lines from the positively 

and flat sloped regions of the curve. The first equivalence point was subtracted from the second 

equivalence point to obtain the volume of ~0.01 M NaOH required to titrate the primary amines. 

Based on the mmols of NaOH added, the mmol of -NH3+ were calculated. The charge density was 

found by dividing the mmol -NH3+ by the mass of PWP that was titrated. This procedure was 

repeated for PWP2 only, and the average is reported as the sample’s charge density (Table A3.6).  

 General preparation of MO solutions and SWP and QWP mixtures. MO solutions (3.1 

mM) were made by dissolving either 12.5 mg MO (38.2 µmol) in 12.5 mL of Millipore water or 

8.0 mg MO (24.4 µmol) in 8.0 mL of Millipore water in a 50 mL polypropylene centrifuge tube. 

Bath sonication (~2 min) was used to dissolve the MO. 

 SWP and QWP mixtures were made by first soaking a known mass of SWP or QWP in a 

known volume of Millipore water in a 20 mL vial for 5 min. Then, the mixture was homogenized 

at 18k rpm for 1 min to generate SWP or QWP mixtures with known concentrations. 

 General procedure for adsorbing MO with SWP/QWP gels. A 75.0 µL portion of 3.1 mM 

MO solution was added to a 50 mL polypropylene centrifuge tube with 1.925 mL of Millipore 
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water. Then, 4.0 mL of a SWP mixture and 4.0 mL of a QWP mixture, both with known 

concentrations, were added simultaneously via syringe to the centrifuge tube over a recorded time 

while vortex mixing at a speed setting of 1.5. The centrifuge tube was vortex mixed for an 

“additional” mixing time using a speed setting of 1.5. The centrifuge tube was then removed from 

the vortex mixer, and a gel was formed if the following criteria were met: (1) There was one 

cohesive hydrogel with minimal amounts of small polyionic complexes that were not connected 

to the gel. (2) The centrifuge tube could be rotated 90° from a vertical to horizontal position without 

the localized gel breaking into smaller complexes. An aliquot of leftover solution was removed 

from the centrifuge tube, placed in a disposable PMMA cuvette, and the absorbance spectrum of 

the solution from 400–750 nm was obtained. The UV-vis measurement was performed within 2 

min of the gel being formed. 

 A baseline correction was performed on all MO absorbance spectra to account for non-zero 

baselines. More specifically, the absorbance values for wavelengths 740–750 nm were averaged 

(because 740–750 nm was a region where the spectrum’s absorbance was closest to 0), and this 

average absorbance was then subtracted from the entire spectrum. The corrected absorbance at 464 

nm was then recorded for each MO solution. The concentration (C, µM) of MO that was not 

adsorbed by a gel was determined using the MO calibration curve (Figure A3.4).  

 The MO adsorption % was then determined using the following equation: 

MO adsorption % = C0!C
C0

 x 100 

Equation 4.1. Calculating MO adsorption %. 

where C0 was the initial MO concentration (23 µM) in the centrifuge tube. The initial MO 

concentration was determined by calculating the mols of MO initially added to the centrifuge tube 

and using a total volume of 10 mL. 
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 All MO adsorption experiments were performed in triplicate, unless noted, and average MO 

adsorption % values from the 3 trials are reported for each set of experimental conditions. 

Results and Discussion 

 To test the hypothesis that WP-based hydrogels would rapidly adsorb MO, we first synthesized 

SWPs and QWPs by separately reacting WP with varying amounts of chlorosulfonic acid (CSA) 

and glycidyl trimethyl ammonium chloride (GMAC), respectively, according to previously 

developed methods (Scheme 4.2).21,22 SWPs with charge densities (CDs) of 0.0–1.7 mmol SO3–/g 

and QWPs with CDs of 0.77–1.6 mmol NR3+/g were generated, as determined by conductometric 

titrations (samples are denoted by material type followed by charge density: e.g., SWP0.53 is a 

SWP sample with CD of 0.53 mmol SO3–/g). Previous reports on cellulose and WP 

functionalization suggest that sulfate and quaternary amine groups are located primarily on the C2 

and C6 positions of the glucose repeat unit.30,31,32 

 

Scheme 4.2. Synthesis conditions for generating sulfated wood pulp (SWP) and quaternized 
wood pulp (QWP). 
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 When anionic WP mixtures were mixed simultaneously with cationic QWP mixtures and MO 

solutions, localized hydrogels that adsorbed MO were formed within 30 s (Figure 4.1A). We 

hypothesized that hydrogels utilizing high charge density QWPs would remove the most MO from 

water because more cationic sites would be available for electrostatic interactions with MO. To 

test this hypothesis, MO adsorption was monitored on hydrogels made with SWP0.83 and either 

QWP0.77 or QWP1.6 (Figure 4.1B). Unexpectedly, we observed that 64 ± 3% and 61 ± 2% of 

MO was adsorbed in hydrogels made with QWP0.77 or QWP1.6, respectively, indicating that 

QWP charge density plays a negligible role in determining adsorption efficiency. Therefore, we 

hypothesized that hydrogels utilizing high charge density SWPs would remove less MO because 

SWPs are competing with MO for cationic sites on QWPs and more SWP-QWP electrostatic 

crosslinking causes fewer MO-QWP electrostatic interactions. By monitoring MO adsorption on 

hydrogels made with SWP1.7 and either QWP0.77 or QWP1.6, we found that 54 ± 3% of MO was 

adsorbed regardless of which QWP was used. Contrary to our hypothesis, this result demonstrates 

that SWP charge density plays a negligible role in removing MO because adsorption % remained 

approximately constant despite doubling the SWP CD.  
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Figure 4.1. (A) Adding SWP and QWP mixtures to a MO solution results in a hydrogel that 
adsorbs MO. ([MO] = 23 µM; [SWP0.83] = 0.60 mg/mL; [QWP1.6] = 0.80 mg/mL). (B) MO 
adsorption (%) as a function of SWP and QWP charge density. 

 

 To increase the MO % adsorbed by hydrogels in short time frames, the QWP concentration 

was increased in hydrogels while keeping the mass ratio between SWP0.83:QWP0.77 constant at 

0.75 (Figure 4.2A). We observed that small QWP0.77 concentrations of 0.2 mg/mL exhibited 29% 

MO adsorption and increasing the QWP concentration to 1.6 mg/mL resulted in 75% MO 

adsorption. Adsorption plateaued near 80% above QWP concentrations of 1.6 mg/mL. These 

results indicate that more dye can be adsorbed in hydrogels with higher QWP concentrations, but 

a maximum amount of dye can be adsorbed for a given mass ratio, likely because many SWPs are 

competing with MO for accessible binding sites on a single QWP. Thus, we hypothesized that 

decreasing the SWP:QWP mass ratio in hydrogels would result in higher MO adsorption %. To 

test this hypothesis, MO adsorption was monitored on hydrogels made with varying SWP0.83 

amounts and a QWP0.77 concentration of 1.6 mg/mL (Figure 4.2B). We observed that 70% of 

MO was adsorbed when a SWP0.83:QWP0.77 mass ratio of 1 was used to make a hydrogel. 

Decreasing the mass ratio to 0.25 and 0.063 resulted in 85 and 81% of MO adsorbed, respectively. 
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As expected, these initial results demonstrated that higher MO adsorption occurred in hydrogels 

when fewer SWPs were present for crosslinking with QWPs and a greater number of cationic sites 

were available for interaction with dye. However, further experiments are necessary to determine 

if the differences in adsorption %, stemming from different mass ratios, are significant. 

Additionally, we propose that longer contact times, allowing dye diffusion into the hydrogel, may 

result in higher removal efficiencies. 

 

Figure 4.2. (A) MO adsorption (%) as a function of QWP concentration (mg/mL). The mass 
ratio of SWP0.83:QWP0.77 was constant at 0.75. (B) MO adsorption (%) as function of 
SWP0.83:QWP0.77 mass ratio. The QWP concentration was fixed at 1.6 mg/mL. 

 

 To further evaluate the influence of electrostatic crosslinking on MO adsorption with hydrogels 

and begin examining dye removal with QWP fibers alone, we investigated MO adsorption on 

unfunctionalized WP, SWP, and QWP fibers individually (Table A3.11). We observed that 

cationic QWP1.6 and QWP0.77 adsorbed 73 ± 1% and 82 ± 1% of MO, respectively. We speculate 

that QWP1.6 adsorbed less MO than QWP0.77 because the dye molecular size is greater than the 

distance between neighboring cationic groups, leading to steric blocking of cationic sites.26 Further 
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studies are needed to support this explanation. On the other hand, unfunctionalized WP and anionic 

SWP1.1 adsorbed negligible amounts of MO. Together, these results indicated that MO adsorption 

is electrostatically driven because cationic WP adsorbed more dye than unfunctionalized and 

anionic WP. Finally, because individual cationic WPs adsorbed more MO than gels formed with 

SWPs (~64%, Figure 4.1B), SWP-QWP electrostatic crosslinking is likely reducing MO 

adsorption in hydrogels. This observation also suggests that cationic WP fibers alone may be more 

effective than hydrogels for adsorbing anionic dyes. Future studies examining properties such as 

adsorption capacity, which describes the amount of dye adsorbed per mass of cellulose, are 

necessary to understand the advantages of hydrogels and cationic WP fibers. 

 In a previous report, Khalil et al. showed that starches with charged primary and secondary 

amines have higher adsorption capacities for some dyes than quaternary amines due to reduced 

steric hindrance between the charged amines and dyes.26 Thus, we were interested in installing 

various amounts of primary amine groups on WP to enhance dye adsorption in rapidly forming 

hydrogels. Here, we describe initial attempts at synthesizing primary amine WPs (PWPs) with a 

range of charge densities (mmol NH3+/g). In the first reaction performed, we generated a baseline 

for synthesizing PWPs by first reacting unfunctionalized WP with triethylamine (TEA) and p-

toluenesulfonyl chloride (TsCl) in anhydrous dimethylacetamide (DMA) to generate tosylated 

WPs (TWPs). In the second step, TWPs were reacted with ethylene diamine (EDA), resulting in a 

PWP with a charge density of 0.15 mmol NH3+/g (PWP1, Table 4.1).33 We then hypothesized that 

PWPs with higher charge densities could be synthesized using larger reagent concentrations, 

assuming bimolecular reactions were occurring. We observed that performing the reaction with 

larger concentrations of TEA and TsCl, separately, resulted in WP with more amines installed, as 

demonstrated by the higher CDs for these samples (PWP2 and PWP4). On the other hand, 
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increasing the concentration of EDA did not increase the amine content on WP (PWP3), suggesting 

that the reaction with TEA and TsCl is the limiting step. Performing a reaction with increased 

concentrations of both TEA and TsCl provided a PWP with the highest charge density of 0.20 

mmol NH3+/g (PWP4). These results indicated that TEA and TsCl influence PWP synthesis more 

than EDA, likely because EDA only reacts with TWP at tosylated sites. Future studies using higher 

concentrations of TEA and TsCl should be performed to determine if PWPs with higher charge 

densities can be synthesized. To further optimize PWP synthesis, we examined the role of 

temperature during the tosylation reaction and time for the EDA reaction. Because McCormick 

and coworkers demonstrated that low temperatures (0–10 ºC) suppress chlorodeoxycellulose 

formation during cellulose tosylation,34 we hypothesized that using a lower reaction temperature 

would lead to more efficient tosylation and higher charge density PWPs. We found that performing 

the tosylation reaction at 0 ºC resulted in no increase in amines installed on WP relative to the 

baseline reaction (PWP6). Additionally, increasing the EDA reaction time from ~5–6 to 23 h 

provided no additional amines on the WP (PWP7). These results suggest other factors such as 

lower tosylation reaction temperatures (<0 ºC) and longer tosylation reaction times (>17 h) need 

to be explored to increase the range of primary amines functionalized on WP. Finally, because 

PWPs with a limited range of charge densities were accessed (0.14–0.20 mmol NH3+/g), the roles 

of various reaction conditions are inconclusive. 
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Table 4.1. Reaction conditions for optimizing PWP synthesis. 

 

sample [TEA] 
(mM) 

[TsCl] 
(mM) 

TsCl rxn 
temp (ºC) 

[EDA] 
(mM) 

EDA rxn 
time (h) 

charge 
density 
(mmol 

NH3+/g) 
PWP1 137 68.6 25 221 ~5–6 0.15 
PWP2 137 137 25 221 ~5–6 0.18 ± 0.01 
PWP3 137 68.6 25 436 ~5–6 0.15 
PWP4 269 67.3 25 221 ~5–6 0.17 
PWP5 269 135 25 221 ~5–6 0.20 
PWP6 269 135 0 221 ~5–6 0.14 
PWP7 269 135 25 221 23 0.17 

 

Conclusions 

 In conclusion, we demonstrated that QWP-based hydrogels and fibers rapidly adsorb methyl 

orange, an anionic dye, within seconds. We discovered that MO adsorption is driven by 

electrostatic interactions with QWPs, and crosslinking between the anionic and cationic WP leads 

to reduced MO adsorption in hydrogels. QWP fibers alone adsorbed more MO than gels, indicating 

that cationic cellulose fibers are promising adsorbents for anionic dye. Future work will optimize 

MO adsorption on QWP-based hydrogels and fibers to demonstrate that cationic WP is a viable 

alternative to current adsorbents. Furthermore, we anticipate that the hydrogels described here may 

be useful flocculating agents for water purification.23 Additionally, we described initial attempts 

installing primary amine groups on WPs but the roles of various reaction conditions were 

inconclusive because PWPs were produced with a small range of charge densities. Future work 
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will identify optimized reaction conditions for generating PWPs and determine if PWPs effectively 

adsorb dyes.  
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Chapter 5 Conclusions and Future Directions 

 Despite the United Nation’s plan to “ensure availability and sustainable management of water 

and sanitation for all,”1 communities struggle with water pollution, especially in Michigan.2 For 

example, a recent water crisis in Flint, Michigan exposed thousands of people to harmful levels of 

poisonous lead.3 Additionally, toxic poly-/perfluoroalkyl substances (PFASs) have been 

discovered in water across Michigan,4,5 despite the state adopting strict maximum contaminant 

levels for two prevalent PFASs, perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid 

(PFOA).6  

 Thus, it is imperative we develop adsorbents to prevent waste from contaminating the 

environment and adversely impacting human and ecological health.7 This thesis describes our 

efforts to develop renewable and biodegradable cellulose-based adsorbents to advance water 

remediation technology. More specifically, we showed that functionalized cellulose materials were 

effective for rapidly removing two prevalent pollutants, dyes and PFASs, from water (Figure 5.1). 

 

Figure 5.1. Images of cellulose-based hydrogels used for adsorbing methylene blue (MB) and 
methyl orange (MO) dyes (left and middle), and an image of cationic wood pulp (WP) used for 
adsorbing PFASs (right). 
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 Cellulose-based hydrogels are promising adsorbents,8 but they often require long times (i.e., 

min to h) to effectively adsorb dyes.9,10,11,12 To overcome this limitation, we hypothesized in 

Chapter 2 that localized hydrogels, made from polyionic complexes, might rapidly adsorb charged 

dyes if gelation and dye adsorption happen concomitantly.13 Thus, we first demonstrated that 

localized gels formed when anionic sulfated cellulose nanofibers (SCNFs) and cationic 

quaternized hydroxyethyl cellulose ethoxylate (QHECE) were mixed for less than 30 s. The 

localized gels were then generated in solutions containing methylene blue (MB), an anionic dye, 

and >90% adsorption was observed within seconds, an advantage compared to common adsorbents 

like activated carbon which require h to d to achieve high removal efficiencies.14,15,16,17 The 

maximum adsorption capacity for MB was greater than other cellulose-based hydrogels and 

similar to activated carbon.9,10,16 We showed that electrostatics drive dye adsorption and that using 

solutions with salt concentrations and pHs similar to environmental conditions did not inhibit 

adsorption. As a result, these hydrogels may be useful as flocculating agents18 for adsorbing other 

charged contaminants. One current shortcoming, however, is that the charged pollutant disrupts 

gelation by competing with QHECE for accessible sites on SCNFs. To overcome this limitation, 

we propose making hydrogels with SCNFs that have increased amounts of anionic groups and 

with QHECE that has fewer cationic groups to increase the number of negatively charged locations 

available for binding the pollutant. More specifically, SCNFs with a higher charge density and 

QHECE with a lower charge density could be synthesized and utilized for making hydrogels. 

Additionally, using smaller QHECE:SCNF mass ratios may lead to hydrogels that have fewer 

adsorption sites consumed by crosslinking and more anionic sites available for pollutant binding. 

 Toxic PFASs are prevalent in freshwater sources,19,20 especially in Michigan,4 but adsorbents 

require long times (i.e., min to h) to effectively extract PFASs from water.21,22,23,24 Thus, in Chapter 
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3, we hypothesized, based on results from Chapter 2, that cationic cellulose fibers may be effective 

for rapidly removing PFASs from water via electrostatics.25 For this work, however, we were 

interested in using only cellulose fibers, as opposed to hydrogels, to be competitive with currently 

utilized flow-based adsorbents. To evaluate the hypothesis that cationic cellulose could rapidly 

adsorb PFASs, quaternized wood pulps (QWPs) were synthesized and utilized for adsorbing PFOS 

and PFOA. We found that at environmentally relevant concentrations, more than 90% of PFOS 

and 80% of PFOA were adsorbed within seconds, and adsorption capacities comparable to 

conventional adsorbents were achieved.26,27 We also found that adsorption was inhibited with 

humic acid present, but environmentally relevant solution pHs and salt concentrations had no 

effects on adsorption. Overall, cationic cellulose was promising for rapidly removing PFASs from 

water, and we plan on tailoring WP to improve adsorption when humic acid is present and to 

adsorb cationic, nonionic, and zwitterionic PFASs. This future work is described in more detail 

below. 

 In Chapter 4, we combined the idea of localized gels from Chapter 2 and the use of cationic 

WP in Chapter 3 to begin developing QWP-based adsorbents that rapidly adsorb anionic dyes via 

electrostatic interactions. Specifically, we were interested in using both localized hydrogels, like 

flocculating agents, and QWP fibers alone, for future use in flow systems, to adsorb anionic dye. 

We demonstrated that methyl orange (MO), an anionic dye, is adsorbed within seconds when 

cationic QWPs (Chart 5.1) are mixed with anionic sulfated WPs (SWPs) to form localized gels. 

Adsorption was driven by electrostatic interactions, and SWP-QWP electrostatic crosslinking 

reduced adsorption. We also observed in preliminary studies that QWP fibers adsorbed more MO 

than hydrogels, suggesting that cationic fibers alone are promising for capturing anionic dyes. 

Future work optimizing SWP:QWP mass ratios in hydrogels and QWP fiber charge densities is 
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needed before determining whether gels or fibers are more effective for adsorbing MO. 

Additionally, studies evaluating adsorbent properties such as adsorption capacity will demonstrate 

the advantages of hydrogels and cationic WP fibers. Finally, because Khalil et al. demonstrated 

that adsorbents with charged primary and secondary amines have higher adsorption capacities for 

dyes than quaternary amines,28 we preliminarily explored synthesizing primary amine WPs 

(PWPs) (Chart 5.1). Future work is required to synthesize PWPs with larger charge densities and 

to examine dye adsorption on these fibers. 

 

Chart 5.1. Charged PWPs and QWPs studied in Chapter 4. 

 

 Moving forward, we are interested in functionalizing cellulose fibers with different groups to 

adsorb emerging contaminants.7,29,30 Because these contaminants have diverse functionalities, we 

anticipate that functionalizing cellulose with complementary groups specific to a pollutant will be 

an effective strategy. For example, because we plan on tailoring WP to improve anionic PFAS 

adsorption % in the presence of HA, WPs with bulky cationic groups will be synthesized to 

electrostatically interact with PFASs and prevent HA adsorption. More specifically, we envision 

installing different amine groups (i.e., secondary, tertiary, and quaternary) and organic cations 

(e.g., phosphonium) with bulky substituents (e.g., phenyl groups) on the WP. We anticipate that 

the bulky cations will sterically block HA from interacting with the hydrophobic cellulose 

backbone while adsorbing PFASs through electrostatic interactions. To adsorb nonionic and 
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zwitterionic PFASs, which are being discovered in water,31,32 cellulose will be functionalized with 

hydrocarbon and fluorocarbon groups to increase hydrophobic interactions with the PFAS 

fluorocarbon chain (Scheme 5.1). Finally, we expect effective adsorption of multiple PFAS species 

can be achieved by incorporating cationic, anionic, and hydrocarbon/fluorocarbon moieties on one 

WP batch (Scheme 5.1). Towards these goals, literature reports describing cellulose functionalized 

with phosphonium33 and hydrocarbon/fluorocarbon34,35 groups have been identified, and we will 

adapt these reports and others to functionalize WPs and adsorb PFASs.  

 

Scheme 5.1. Proposed syntheses to functionalize WP with hydrocarbon/fluorocarbon groups 
(top) and a variety of functional groups (bottom). 

 

 To expand the utility of functionalized cellulose fibers beyond use as flocculating agents, we 

intend to evaluate them in packed-bed filtration systems. While batch methods, which were used 

in this thesis, are useful for evaluating the feasibility of adsorbate-adsorbent systems, they are 
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typically only used for cleaning smaller quantities of water.36 Packed-bed systems, on the other 

hand, are widely used because they purify larger water volumes in flow.36 To evaluate 

functionalized cellulose in packed-bed systems, we intend to follow rapid small scale column test 

(RSSCT) protocols,37,38 which predict a material’s performance in large scale settings using small 

columns and quantities of materials (Figure 5.2). By optimizing variables such as cellulose size, 

flow rate, and column diameter, we anticipate achieving effective adsorption of targeted pollutants. 

In the long term, this work will demonstrate whether functionalized cellulose is a practical 

alternative to activated carbon for adsorbing pollutants in large scale operations. 

 

Figure 5.2. Incorporating cellulose in a column for adsorption in flow. 

 

 In conclusion, this work aimed to advance water remediation technologies. More specifically, 

we reported that cellulose-based materials adsorb pollutants within seconds via electrostatic 

interactions, making them advantageous compared to conventional adsorbents which require long 

contact times. Additionally, because cellulose-based adsorbents are renewable, biodegradable, and 

derived from inexpensive starting materials, they are a promising platform for improving 

adsorption. We optimistically anticipate that this work will motivate researchers to develop 

additional adsorbents based on renewable materials.  
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I. Materials 

 Cellulose nanocrystals (spray-dried, Cellulose Lab Catalog Number CNC-SD) and cellulose 

nanofibrils (freeze-dried, Cellulose Lab Catalog Number CNF-FD) were purchased from Cellulose 

Lab. Bleached hardwood pulp was generously donated by Cellulose Lab. Chlorosulfonic acid, 

anhydrous N,N-dimethylformamide (DMF), hydrochloric acid, sodium hydroxide, Whatman 

polyamide membrane filters (0.2 μm, 47 mm), and quaternized hydroxyethylcellulose ethoxylate 

(QHECE) were purchased from Aldrich and used without further purification. Absolute ethanol 

(EtOH), sodium chloride, silver nitrate, methylene blue (MB) (Alfa Aesar), UV grade PMMA 

cuvettes (Globe Scientific), and disposable polypropylene 50 mL centrifuge tubes were purchased 

from Fisher and used without further purification. Deionized (DI) water purified by a Millipore 

Synergy water purification system was used as the water source, unless otherwise noted, and is 

referred to as “Millipore water.” 

 

II. General Experimental 

 A Thermo Scientific Orion Star A215 pH/conductivity meter was used for the conductometric 

titrations. Before use each day, the pH and conductivity meters were calibrated. The pH meter was 

calibrated using Orion 4.01 (catalog number 910104), 7.00 (catalog number 910107), and 10.01 

(catalog number 910110) pH buffers. The conductivity meter was calibrated using Orion 1413 

μS/cm (catalog number 011007) conductivity standards. 
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 An IKA T25 digital Ultra-Turrax homogenizer equipped with a S25N-10G-ST dispersing tool 

was utilized for homogenizing cellulose nanofiber (CNF) and wood pulp (WP) mixtures.  

 All UV-vis spectra were collected using a Thermo Scientific Evolution 220 UV-visible 

Spectrophotometer. 

 Scanning electron microscopy (SEM) images were obtained on a JEOL JSM-7800F scanning 

electron microscope, housed in the University of Michigan’s Robert B. Mitchell Electron 

Microbeam Analysis Lab, using a 10-kV accelerating voltage. Samples were gold-coated prior to 

imaging using a Denton Vacuum Desk II Sputter Coater. Carbon conductive tabs (PECLO Tabs, 

6 mm OD, product number 16084-6) and JEOL Aluminum Specimen Mounts (product number 

16231) from Ted Pella, Inc. were utilized for making SEM samples. 

 During S-CNF and S-WP synthesis, a Sorvall RC5C Plus centrifuge equipped with a Thermo 

Scientific SLA-1500 rotor was used along with 250 mL Thermo Scientific Nalgene PPCO 

centrifuge bottles (catalog number 3141-0250). 

 In dye adsorption studies, when gels were not made, a Thermo Scientific Sorvall ST8 

centrifuge was used along with disposable polypropylene 50 mL centrifuge tubes. 

 A Fisher Scientific standard microplate vortex mixer (catalog number 02-216-100) was used 

for making S-CNF- and S-WP-based hydrogels. 

 Elemental analysis was performed by Midwest Microlab. 

 S-CNF and S-WP samples are identified by material type followed by the charge density (e.g., 

S-CNF1.1 is a S-CNF sample with a charge density of 1.1 mmol SO3– g-1). 
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III. S-CNC-based Hydrogel Formation with QHECE Using a Hand-Shaker 

 According to the information provided by Cellulose Lab, the S-CNCs had a sulfur content of 

0.29 mmol g-1. First, S-CNC suspensions with concentrations of 1.00 and 2.00% w/v were prepared 

by combining S-CNCs (100.0 mg) with Millipore water (10.0 mL or 5.0 mL) and vortex mixing 

at a speed setting of 10.0 until the S-CNCs were uniformly dispersed in solution (~10 min). S-

CNC mixtures with lower concentrations were prepared through serial dilutions using the 1.00% 

w/v S-CNC mixture and Millipore water. Then, a mass of QHECE was placed in a 4 mL vial, and 

1 mL of a S-CNC mixture was added to the vial. The vial was then placed on a Scinics Corporation 

Cocktail Shaker for a recorded time using the fastest speed setting. After the shaking time, the 

shaker was turned off and the vial was rested on the shaker for a designated time. The vial was 

then removed from the shaker and inverted. A gel was formed if the material in the bottom of the 

vial did not move before 5 s (see Figure A1.1).  

 

 

Figure A1.1. Images of S-CNC-based hydrogels. 
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IV. Synthesis and Characterization of Sulfated CNFs (S-CNFs) and Wood Pulps (S-WPs) 

 Note: DI water from our house DI water system was used as the water source in “Synthesis of 

S-CNFs and S-WPs” and “Preparation of unsulfated CNFs and WPs”. 

 

A. Synthesis of S-CNFs and S-WPs 

 See Chapter 2 experimental section for the procedure. 

B. Preparation of unsulfated CNFs and WPs 

 Samples of unsulfated CNFs (S-CNF0.0) and WPs (S-WP0.0) were subjected to the same 

reaction conditions as S-CNFs and S-WPs to ensure that CSA is the only reactant imparting 

functionality to the fibers. 

 A sample of unsulfated CNFs was made in the following way: unsulfated CNFs (300 mg) were 

placed in an oven-dried 100 mL flask with anhydrous DMF (50 mL), and the flask was capped 

with a septum. The mixture was soaked for 40 min under N2. The mixture was then homogenized 

with an IKA T25 digital Ultra-Turrax for 4 min at 11k rpm. The flask was re-capped and soaked 

for 10 min under N2. The mixture was homogenized again for 4 min at 11k rpm, and then the flask 

was re-capped while adding a stir bar. The mixture was stirred for 40 min under N2. Then, the 

mixture was poured into a 250 mL centrifuge bottle, and the bottle was filled to ~90% capacity 

with DI water. The mixture was then centrifuged at ~34,000 × g for 25 min, the supernatant was 

discarded, and fresh DI water was added. The mixture was shaken by hand to disperse the fibers 

in the mixture, and a ~0.1 M NaOH solution was then used to increase the pH of the mixture to 7, 

as measured with pH paper. The mixture was centrifuged again at ~34,000 × g for 25 min. The 

supernatant was discarded, and fresh DI water was added. The mixture was shaken by hand to 

disperse the fibers in the mixture, and then centrifuged a third time at ~34,000 × g for 25 min. The 
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supernatant was discarded, and the material was placed in smaller glass tubes, frozen in liquid 

nitrogen, and dried under vacuum on a Schlenk line to remove excess water. This procedure 

generated S-CNF0.0. 

 The above procedure was repeated using WPs (300 mg) to access S-WP0.0. However, to 

isolate the S-WP after the third centrifuge cycle, most of the supernatant was carefully discarded, 

and the mixture was vacuum filtered using a polyamide membrane filter. The remaining fibers 

were then rinsed once with Millipore water (5 mL), and placed in smaller glass tubes, frozen in 

liquid nitrogen, and dried under vacuum on a Schlenk line to remove excess water. 

Table A1.1. S-CNF/S-WP experimental conditions and results. 

sample first 
homogenization 

second 
homogenization 

volume of 2.0 M 
CSA added (mL) 

CSA concentration in 
reaction mixture (mM) 

S-CNF0.0 4 min @11k rpm 4 min @ 11k rpm 0.0 0.0 
S-CNF0.77 4 min @12k rpm 4 min @12k rpm 1.0 39 
S-CNF1.1 4 min @12k rpm 4 min @12k rpm 1.7 66 
S-CNF1.5 4 min @12k rpm 4 min @12k rpm 2.1 81 

S-CNF1.8Aa 4 min @12k rpm 4 min @12k rpm 2.6 99 

S-CNF1.8Ba 
1 min @15k rpm 
3 min @11k rpm 

1 min @15k rpm 
3 min @11k rpm 

3.3 120 

S-CNF1.8Ca 
1 min @15k rpm 
3 min @11k rpm 

1 min @15k rpm 
3 min @11k rpm 

3.3 120 

S-CNF1.9 4 min @11k rpm 4 min @11k rpm 3.0 110 
S-WP0.0 4 min @11k rpm 4 min @ 11k rpm 0.0 0.0 

S-WP0.53 
1 min @15k rpm 
3 min @11k rpm 

1 min @15k rpm 
3 min @11k rpm 

1.1 43 

S-WP1.0 
1 min @15k rpm 
3 min @11k rpm 

1 min @15k rpm 
3 min @11k rpm 

1.8 69 

S-WP1.3 
1 min @15k rpm 
3 min @11k rpm 

1 min @15k rpm 
3 min @11k rpm 

2.5 95 

S-WP1.8Ab 
1 min @15k rpm 
3 min @11k rpm 

1 min @15k rpm 
3 min @11k rpm 

3.2 120 

S-WP1.8Bb 
1 min @15k rpm 
3 min @11k rpm 

1 min @15k rpm 
3 min @11k rpm 

3.4 127 

aThree S-CNF1.8 samples were made for this work, and since they have the same charge density, 
they are referred to as the same sample. 
bTwo S-WP1.8 samples were made for this work, and since they have the same charge density, 
they are referred to as the same sample. 
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C. Conductometric Titrations for S-CNFs and S-WPs 

 See Chapter 2 experimental section for the procedure. 

Table A1.2. S-CNF/S-WP conductometric titration results. 

sample first charge density 
(mmol/g)a 

second charge density 
(mmol/g)a 

average charge density 
(mmol/g) 

S-CNF0.0 0.0427 0.0393 0.041 ± 0.002 
S-CNF0.77 0.775 0.758 0.77 ± 0.01 
S-CNF1.1 1.11 1.15 1.1 ± 0.0 
S-CNF1.5 1.55 1.46 1.5 ± 0.1 

S-CNF1.8A 1.79 1.78 1.8 ± 0.0 
S-CNF1.8B 1.70 1.84 1.8 ± 0.1 
S-CNF1.8C 1.85 1.71 1.8 ± 0.1 
S-CNF1.9 1.94 1.87 1.9 ± 0.0 
S-WP0.0 0.0439 0.0471 0.046 ± 0.002 
S-WP0.53 0.529 0.530 0.53 ± 0.00 
S-WP1.0 1.02 0.944 1.0 ± 0.1 
S-WP1.3 1.33 1.28 1.3 ± 0.0 

S-WP1.8A 1.72 1.86 1.8 ± 0.1 
S-WP1.8B 1.75 1.76 1.8 ± 0.0 

aThe data in this column contain one extra significant figure to show how the average charge 
density was calculated for each sample. 
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Figure A1.2. Calculating the charge density of a S-CNF1.1 sample. 
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D. Elemental analysis (EA) 

 A was performed on 6 S-CNF and 2 S-WP samples to determine the sulfur content (wt% S) in 

each sample. The results from EA were then compared to sulfur contents found using 

conductometric titrations, assuming a 1:1 ratio of sulfur:sulfate groups. The S-CNFs and S-WPs 

used for EA were prepared and characterized similar to the above procedures, but are not reported 

in Table A1.1 and Table A1.2 because they were not used for making gels. 

 

Table A1.3. Comparing S-CNF and S-WP sulfur contents (wt% S) as determined with 
conductometric titrations and elemental analysis (EA). 

samplea wt% S by titration wt% S by EA 
S-CNF0.21 0.67 0.62 
S-CNF0.61 1.95 2.09 
S-CNF1.1a 3.52 3.20 
S-CNF1.1b 3.52 3.48 
S-CNF1.6 5.12 5.09 
S-CNF2.0 6.40 6.15 
S-WP0.8 2.56 2.55 
S-WP1.3 4.16 4.14 

aNote: These samples are not the same as in Table A1.1 and Table A1.2. 
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V. QHECE Conductometric Titration 

 The titration of QHECE was carried out similar to literature.1 First, a 12.0 mM AgNO3 solution 

was made by dissolving AgNO3 (40.8 mg, 0.240 mmol) in deionized water (20.0 mL). Then, a 

known amount of QHECE was dissolved in deionized water (10.0 mL) and added to a 150 mL 

beaker with stir bar. An additional amount of deionized water (100.0 mL) was added to the beaker 

along with a previously calibrated Thermo Scientific Orion Star A215 pH/conductivity meter. The 

mixture was titrated by adding a specific volume (~100–200 μL) of 12.0 mM AgNO3 solution to 

the QHECE solution over 5 s and measuring the conductivity of the mixture 40 s after each addition 

of titrant.  The volume-corrected conductivity was plotted as a function of the volume of 12.0 mM 

AgNO3 added, and the equivalence point was determined by the intersection of the linear least-

squares regression lines from the positively and negatively sloped regions of the curve. Based on 

the mmols of AgNO3 added, the mmol of R4N+ present were calculated assuming a one-to-one 

ratio between Ag+ and Cl-. The charge density was found by dividing the mmol AgNO3 by the 

mass of QHECE that was titrated. This procedure was repeated to give a total of 2 charge density 

measurements, and the conductometric titration curves for both experiments can be seen in Figure 

A1.3 along with the calculations for both charge density measurements. The average of these 2 

measurements is reported as QHECE’s charge density. The experimental charge density of 1.23 ± 

0.04 mmol g-1 is in good agreement with the mass % N (1.5–2.2%) that is given by Sigma. 
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Figure A1.3. Calculating the charge density of 2 QHECE samples. 
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VI. SEM Characterization of S-CNFs and S-WPs 

A. General procedure for preparing SEM samples 

 A sample of S-CNF or S-WP fibers (25.0 mg) was soaked in Millipore water (12.5 mL) for 5 

min. The mixture was then homogenized at 10k rpm for 1 min to make a 0.200% w/v S-CNF or 

S-WP mixture.  

 To dilute S-CNF samples, the 0.200% w/v S-CNF mixture (0.5 mL) was combined with 

Millipore water (19.5 mL) in a new 20 mL vial to make a 0.005% w/v S-CNF mixture. This 

procedure was utilized to access 0.005% w/v mixtures of S-CNF0.0, S-CNF0.77, S-CNF1.1, S-

CNF1.5, and S-CNF1.9 

 To dilute S-WP samples, the 0.200% w/v S-WP mixture (1 mL) was combined with Millipore 

water (3 mL) in a new 20 mL vial to make a 0.05% w/v S-WP mixture. The 0.05% w/v S-WP 

mixture (0.1 mL) was combined with Millipore water (0.9 mL) in a new 4 mL vial to make a 

0.005% w/v S-WP mixture. This procedure was used to access 0.005% w/v mixture of S-WP0.0, 

S-WP0.53, and S-WP1.8. 

 A carbon conductive tab (Ted Pella, Inc., PELCO Tabs, 6 mm OD, product number 16084-6) 

was placed on top of a JEOL aluminum specimen SEM mount (Ted Pella, Inc., product number 

16231). A S-CNF or S-WP mixture (~5 drops, 0.005% w/v) was then drop-cast onto the carbon-

coated SEM mount, and the water was allowed to evaporate at room temperature overnight. The 

fibers were then sputter-coated with Au for 60 s to reduce charge build-up during imaging. All 

samples were imaged on a JEOL JSM-7800F scanning electron microscope using a 10-kV 

accelerating voltage. The images were recorded digitally. 
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Figure A1.4. SEM images of S-WP0.0. 

 

Figure A1.5. SEM image of S-WP0.53. 
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Figure A1.6. SEM images of S-WP1.8. 

 

Figure A1.7. SEM images of S-CNF0.0. 
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Figure A1.8. SEM images of S-CNF0.77. 

 

 

Figure A1.9. SEM images of S-CNF1.1. 
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Figure A1.10. SEM images of S-CNF1.5. 

 

 

Figure A1.11. SEM images of S-CNF1.9. 
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VII. Determining the Minimum Amount of Material Needed for S-CNF- and S-WP-based 

Hydrogels 

A. S-CNF-based hydrogels 

 S-CNF fibers (25.0 mg) were soaked in Millipore water (12.5 mL) for 5 min in a 20 mL vial. 

The sample was then homogenized at 10k rpm for 1 min. This method made a 0.200% w/v S-CNF 

mixture, and the process was repeated to make 0.200% w/v mixtures of S-CNF0.0, S-CNF0.77, S-

CNF1.1, S-CNF1.5, and S-CNF1.9. To obtain lower concentration mixtures, serial dilutions were 

performed with each sample and Millipore water. 

 Three QHECE solutions with concentrations of 0.200, 0.100, and 0.0500% w/v were prepared 

by dissolving 40.0, 20.0, or 10.0 mg QHECE, respectively, in Millipore water (20.0 mL) in a 20 

mL vial. Lower concentration QHECE solutions were prepared via serial dilutions using the 

0.0500% w/v QHECE solution and Millipore water. 

 To make gels, a volume (4.0 mL) with a known concentration of S-CNF mixture was placed 

in a new 20 mL vial. The vial was then handheld on the vortex at a mixing speed of 1.0. A volume 

(4.0 mL) with a known concentration of QHECE solution was added to the S-CNF vial, while 

vortex mixing at a speed of 1.0, over the course of a recorded time. The vial was vortexed for an 

additional mixing time using a vortex mixing speed of 1.0. See Figure A1.12 for images of 

hydrogels, QHECE addition/mixing times, and final S-CNF/QHECE concentrations. From here, a 

localized gel was determined to be made if: (1) There was one cohesive hydrogel with minimal 

amounts of small polyionic complexes that were not connected to the gel. (2) The vial could be 

rotated 90° from a vertical to horizontal position without the localized gel breaking into smaller 

complexes. 
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 Additionally, rheology performed on hydrogels suggested that gels made with this procedure 

are elastic, crosslinked networks. Rheological measurements can be found in the “rheological 

characterization of hydrogels” section. Hydrogels for rheology were made such that the final S-

CNF and QHECE concentrations were both 0.100% w/v.  

 To understand the charge balance, between S-CNFs and QHECE, required to make hydrogels, 

a molar charge ratio2 (f–) was calculated according to: 

f– = [–]
[+]+[–]

 

Equation A1.1. Calculating molar charge ratio in hydrogels. 

which is the ratio between the concentration of negative charges added to the system, [–], and the 

total concentration of charged groups added to the system, [+] + [–]. f– was calculated for each S-

CNF sample according to the example in Figure A1.13. f– values of 0.00, 0.39, 0.47, 0.55, and 0.61 

were calculated for gels made using S-CNF0.0, S-CNF0.77, S-CNF1.1, S-CNF1.5, and S-CNF1.9, 

respectively.  
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Figure A1.12. Determining the minimum amount of material needed to make S-CNF-based 
hydrogels. 
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Figure A1.13. Calculating f– for S-CNF0.77-based hydrogels. 

 

B. S-WP-based hydrogels 

 S-WP fibers (25.0 mg) were soaked in Millipore water (12.5 mL) for 5 min in a 20 mL vial. 

The sample was then homogenized at 10k rpm for 1 min. This method made a 0.200% w/v S-WP 

mixture, and the process was repeated to make 0.200% w/v mixtures of S-WP0.0, S-WP0.53, S-

WP1.0, S-WP1.3, and S-WP1.8. To obtain lower concentration mixtures, serial dilutions were 

performed with each sample and Millipore water. 

 Three QHECE solutions with concentrations of 0.200, 0.100, and 0.0500% w/v were prepared 

by dissolving 40.0, 20.0, or 10.0 mg QHECE, respectively, in Millipore water (20.0 mL) in a 20 

mL vial. Lower concentration QHECE solutions were prepared via serial dilutions using the 

0.0500% w/v QHECE solution and Millipore water. 

 To make gels, a volume (4.0 mL) with a known concentration of S-WP mixture was placed in 

a new 20 mL vial. The vial was then handheld on the vortex at a speed setting of 1.0. A volume 
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(4.0 mL) with a known concentration of QHECE solution was added to the S-WP vial, while vortex 

mixing at a speed of 1.0, over the course of a recorded time. The vial was vortexed for an additional 

mixing time at a speed setting of 1.0. See Figure A1.14 for images of hydrogels, QHECE 

addition/mixing times, and final S-WP/QHECE concentrations. From here, a localized gel was 

determined to be made if: (1) There was one cohesive hydrogel with minimal amounts of small 

polyionic complexes that were not connected to the gel. (2) The vial could be rotated 90° from a 

vertical to horizontal position without the localized gel breaking into smaller complexes. 

 Additionally, rheology performed on hydrogels suggested that gels made with this procedure 

are elastic, crosslinked networks. Rheological measurements can be found in the “rheological 

characterization of hydrogels” section. Hydrogels for rheology were made such that the final S-

WP and QHECE concentrations were both 0.200% w/v.  

 To understand the charge balance, between S-WPs and QHECE, required to make hydrogels, 

a molar charge ratio6 (f–) was calculated according to Equation A1.1. f– was calculated for each S-

WP sample according to the example in Figure A1.15. f– values of 0.00, 0.30, 0.45, 0.51, and 0.59 

were calculated for gels made using S-WP0.0, S-WP0.53, S-WP1.0, S-WP1.3, and S-WP18, 

respectively.  
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Figure A1.14. Determining the minimum amount of material needed to make S-WP-based 
hydrogels. 
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Figure A1.15. Calculating f– for S-WP0.53-based hydrogels. 

 

 

VIII. Evaluating Hydrogel Swelling 

A. General procedure for making gels during swelling studies 

 A S-CNF or S-WP mixture (4.0 mL), with known concentration, was placed in a new 20 mL 

vial. The vial was then handheld on the vortex mixer at a predetermined speed. A QHECE solution 

(4.0 mL), with known concentration, was carefully added to the S-CNF or S-WP mixture over the 

course of a recorded time while vortex mixing at the predetermined speed. The vial was vortexed 

for an additional “mixing” time using the predetermined speed, removed from the vortex, and a 

gel was observed. To remove the gel from the vial, excess water was first removed via pipette. 

After that, the gel was scooped out with a spatula, placed in a pre-weighed vial, and dried at 110 

°C. The leftover dry mass was measured, and the swell ratio was calculated according to the 

following equation: 
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swell ratio = mass wet gel-mass dry gel
mass dry gel

 

Equation A1.2. Calculating swell ratio. 

 Three gels were made for each set of S-CNF or S-WP and QHECE conditions, and the average 

swell ratio was determined by averaging these samples. 

 

B. Procedure for measuring S-CNF-based hydrogel swelling as a function of charge density 

 S-CNF fibers (25.0 mg) were placed in a 20 mL vial and soaked in Millipore water (12.5 mL) 

for 5 min. The mixture was then homogenized at 10k rpm for 1 min. This procedure was repeated 

to give three 0.200% w/v S-CNF mixtures of S-CNF0.77, S-CNF1.1, S-CNF1.5, and S-CNF1.9. 

A 0.200% w/v QHECE solution was prepared by dissolving QHECE (40.0 mg) in Millipore water 

(20.0 mL) in a 20 mL vial. This procedure was repeated to generate 3 0.200% w/v QHECE 

solutions. 

 To make gels, an aliquot of 0.200% w/v QHECE solution was added to a 0.200% w/v S-CNF 

mixture according to the general procedure. Vortex mixing speeds are given in Table A1.4. 

 To understand the polyelectrolyte complex stoichiometry between S-CNFs and QHECE in 

gels, the cellulose (S-CNF+QHECE) mass incorporated into the gels was examined with respect 

to the total mass added. The percentage (%) of cellulose in each gel was calculated by dividing the 

mass of the dry gel by the total mass of cellulose added: 

% cellulose in gel = mass dry gel
total cellulose mass added

 

Equation A1.3. Calculating % cellulose in gels. 

 The total cellulose mass added in each of these experiments was 16 mg. An average % cellulose 

in gel was then calculated as a function of S-CNF charge density (Table A1.5). Consistently, we 

observed that ~60% of the added cellulose was incorporated into the gels. 
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Table A1.4. Swelling of hydrogels prepared with various S-CNFs. 

S-CNF 
sample 

QHECE addition/ mixing time 
(s) 

vortex 
setting 

swell 
ratio 

avg swell 
ratio 

S-CNF0.77 20/20 1 77.0 
75 ± 3 S-CNF0.77 20/20 1 76.8 

S-CNF0.77 20/20 1 71.2 
S-CNF1.1 18/20 1 82.8 

80 ± 8 S-CNF1.1 20/20 1 71.3 
S-CNF1.1 20/20 1 86.5 
S-CNF1.5 20/20 1 101.6 

92 ± 10 S-CNF1.5 18/20 1 92.9 
S-CNF1.5 20/20 1 82.6 
S-CNF1.9 20/15 1.5 101.5 

105 ± 7 S-CNF1.9 20/15 1.5 101.2 
S-CNF1.9 24/15 1.5 112.9 

 

Figure A1.16. Hydrogel swell ratio as a function of S-CNF charge density. The line is present 
only to guide the eye. 
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Table A1.5. Percentage of cellulose mass incorporated into gels using various S-CNFs. 

S-CNF sample mass dry gel (mg) % cellulose in gel avg % cellulose in gel 
S-CNF0.77 8.5 53 

54 ± 1 S-CNF0.77 8.9 56 
S-CNF0.77 8.5 53 
S-CNF1.1 9.4 59 

57 ± 5 S-CNF1.1 9.6 60 
S-CNF1.1 8.2 51 
S-CNF1.5 9.4 59 

58 ± 3 S-CNF1.5 8.8 55 
S-CNF1.5 9.7 61 
S-CNF1.9 10.7 67 

64 ± 3 S-CNF1.9 10.5 66 
S-CNF1.9 9.7 61 

 

C. Procedure for measuring S-WP-based hydrogel swelling as a function of charge density 

 S-WP fibers (50.0 mg) were placed in a 20 mL vial and soaked in Millipore water (12.5 mL) 

for 5 min. The mixture was then homogenized at 10k rpm for 1 min. This procedure was repeated 

to give three 0.400% w/v S-WP mixtures of S-WP0.53, S-WP1.0, S-WP1.3, and S-WP1.8. For S-

WP1.8 only, the mixtures were made instead using 37.5 mg to make three 0.300% w/v mixtures. 

A 0.400% w/v QHECE solution was prepared by dissolving QHECE (80.0 mg) in Millipore water 

(20.0 mL) in a 20 mL vial. A 0.300% w/v QHECE solution was prepared by dissolving QHECE 

(60.0 mg) in Millipore water (20.0 mL) in a 20 mL vial. 

 To make S-WP0.53, S-WP1.0, and S-WP1.3 gels, an aliquot of 0.400% w/v QHECE solution 

was added to a S-WP0.53, S-WP1.0, or S-WP1.3 mixture according to the general procedure. To 

make S-WP1.8 gels, an aliquot of 0.300% w/v QHECE solution was added to a S-WP1.8 mixture 

according to the general procedure (Table A1.6). A vortex mixing speed of 1.0 was utilized at all 

times in these experiments. 

 To understand the polyelectrolyte complex stoichiometry between S-WPs and QHECE in gels, 

the cellulose (S-WP+QHECE) mass incorporated into the gels was examined with respect to the 
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total mass added. The percentage (%) of cellulose in each gel was calculated by dividing the mass 

of the dry gel by the total mass of cellulose added (Equation A1.3). 

 The total cellulose mass added was 32 mg when using S-WP0.53, S-WP1.0, and S-WP1.3, and 

24 mg when using S-WP1.8. An average % cellulose in gel was then calculated as a function of S-

WP charge density (Table A1.7). Consistently, we observed that ~50% of the added cellulose was 

incorporated into the gels. 

Table A1.6. Swelling of hydrogels prepared with various S-WPs. 

S-WP sample QHECE addition/mixing time (s) swell ratio avg swell ratio 
S-WP0.53 20/15 24.2 

25 ± 2 S-WP0.53 20/20 26.9 
S-WP0.53 18/20 24.0 
S-WP1.0 20/20 39.9 

38 ± 2 S-WP1.0 20/20 37.3 
S-WP1.0 20/20 36.4 
S-WP1.3 17/20 35.1 

35 ± 2 S-WP1.3 20/15 36.9 
S-WP1.3 16/22 32.9 
S-WP1.8 18/20 54.2 

53 ± 2 S-WP1.8 20/15 54.5 
S-WP1.8 20/20 51.7 
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Figure A1.17. Hydrogel swell ratio as a function of S-WP charge density. The line is present 
only to guide the eye. 

 

Table A1.7. Percentage of cellulose mass incorporated into gels using various S-WPs. 

S-CNF sample mass dry gel (mg) % cellulose in gel avg % cellulose in gel 
S-WP0.53 13.4 42 

43 ± 2 S-WP0.53 13.1 41 
S-WP0.53 14.3 45 
S-WP1.0 16.8 53 

53 ± 1 S-WP1.0 16.6 52 
S-WP1.0 17.3 54 
S-WP1.3 15.7 49 

46 ± 3 S-WP1.3 14.6 46 
S-WP1.3 14.0 44 
S-WP1.8 13.1 55 

54 ± 1 S-WP1.8 13.0 54 
S-WP1.8 12.8 53 
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D. Procedure for measuring S-CNF-based hydrogel swelling as a function of mass ratio 

 S-CNF1.8 fibers (25.0 mg) were soaked in a 20 mL vial with Millipore water (12.5 mL) for 5 

min. The mixture was homogenized at 10k rpm for 1 min. This method made a 0.200% w/v S-

CNF1.8 mixture, and the procedure was repeated to generate 6 samples. 

 Five QHECE solutions with concentrations of 0.600, 0.400, 0.300, 0.200, and 0.150% w/v 

were made by dissolving 120.0, 80.0, 60.0, 40.0, and 30.0 mg of QHECE, respectively, in 

Millipore water (20.0 mL) in a 20 mL vial.  

 To make gels, an aliquot of one of the QHECE solutions, with known concentration, was added 

to a S-CNF1.8 mixture according to the general procedure (Table A1.8). A vortex mixing speed 

of 1.5 was used at all times in these experiments.  

 To understand the polyelectrolyte complex stoichiometry between S-CNFs and QHECE in 

gels, the cellulose (S-CNF+QHECE) mass incorporated into the gels was examined with respect 

to the total mass added. The percentage (%) of cellulose in each gel was calculated by dividing the 

mass of the dry gel by the total mass of cellulose added (Equation A1.3). 

 An average % cellulose in gel was then calculated as a function of S-CNF:QHECE mass ratio 

(mg S-CNF/mg QHECE) (Table A1.9).  
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Table A1.8. Swelling of S-CNF-based hydrogels with various mass ratios. 

mass ratio (mg S-
CNF/mg QHECE) 

initial QHECE 
concentration (% w/v) 

QHECE addition/ 
mixing time (s) 

swell 
ratio 

avg swell 
ratio 

1.33 0.150 
15/10 109.3 

113 ± 4 15/15 113.6 
17/17 117.1 

1.00 0.200 
13/5 103.8 

103 ± 6 18/13 96.7 
20/10 107.6 

0.67 0.300 
16/10 89.9 

87 ± 3 16/8 83.6 
15/7 86.6 

0.50 0.400 
15/5 81.3 

77 ± 7 17/5 68.9 
15/8 81.9 

0.33 0.600 
16/10 73.0 

66 ± 6 17/5 60.8 
18/10 65.1 

 

Figure A1.18. Hydrogel swell ratio as a function of mass ratio between S-CNFs and QHECE. 
The line is present only to guide the eye. 
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Table A1.9. Percentage of cellulose mass incorporated into gels at various S-CNF:QHECE mass 
ratios. 

mass ratio (mg S-
CNF/mg QHECE)  mass dry 

gel (mg) 
total cellulose 

added (mg) 
% cellulose 

in gel 
avg % 

cellulose in gel 

1.33 
 10.3 14.0 74 

71 ± 3  9.6 14.0 69 
 10.0 14.0 71 

1.00 
 10.2 16.0 64 

64 ± 1  10.3 16.0 64 
 10.4 16.0 65 

0.67 
 10.5 20.0 53 

55 ± 2  11.0 20.0 55 
 11.2 20.0 56 

0.50 
 11.5 24.0 48 

46 ± 1  10.8 24.0 45 
 11.1 24.0 46 

0.33 
 11.9 32.0 37  
 12.1 32.0 38 38 ± 1 
 12.8 32.0 40  

 

E. Procedure for measuring S-WP-based hydrogel swelling as a function of mass ratio 

 S-WP1.8 fibers (37.5 mg) were soaked in a 20 mL vial with Millipore water (12.5 mL) for 5 

min. The mixture was homogenized at 10k rpm for 1 min. This method made a 0.300% w/v S-

WP1.8 mixture, and the procedure was repeated to generate 6 samples. 

 Five QHECE solutions with concentrations of 0.900, 0.600, 0.450, 0.300, and 0.225% w/v 

were made by dissolving 180.0, 120.0, 90.0, 60.0, and 45.0 mg of QHECE, respectively, in 

Millipore water (20.0 mL) in a 20 mL vial.  

 To make gels, an aliquot of one of the QHECE solutions, with known concentration, was added 

to a S-WP1.8 mixture according to the general procedure (Table A1.10). A vortex mixing speed 

of 1.0 was used at all times in these experiments.  

 To understand the polyelectrolyte complex stoichiometry between S-WPs and QHECE in gels, 

the cellulose (S-WP+QHECE) mass incorporated into the gels was examined with respect to the 
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total mass added. The percentage (%) of cellulose in each gel was calculated by dividing the mass 

of the dry gel by the total mass of cellulose added (Equation A1.3). 

 An average % cellulose in gel was then calculated as a function of S-WP:QHECE mass ratio 

(mg S-WP/mg QHECE) (Table A1.11).  

 

Table A1.10. Swelling of S-WP-based hydrogels with various mass ratios. 

mass ratio (mg S-
WP/mg QHECE) 

initial QHECE 
concentration (% w/v) 

 QHECE addition/ 
mixing time (s) 

swell 
ratio 

avg swell 
ratio 

1.33 0.225 
 20/20 61.9 

62 ± 1  20/20 62.4 
 20/20 60.4 

1.00 0.300 
 18/20 54.2 

53 ± 2  20/15 54.5 
 20/20 51.7 

0.67 0.450 
 20/20 60.2 

58 ± 3  20/20 57.9 
 17/20 54.5 

0.50 0.600 
 23/20 51.6 

53 ± 2  20/20 55.0 
 20/20 50.9 

0.33 0.900 
 20/25 49.1 

52 ± 3  20/25 55.2 
 20/20 52.3 
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Figure A1.19. Hydrogel swell ratio as a function of mass ratio between S-WPs and QHECE. The 
line is present only to guide the eye. 

 

Table A1.11. Percentage of cellulose mass incorporated into gels at various S-WP:QHECE mass 
ratios. 

mass ratio (mg S-
WP/mg QHECE)  mass dry 

gel (mg) 
total cellulose 

added (mg) 
% cellulose 

in gel 
avg % 

cellulose in gel 

1.33 
 11.6 21.0 55 

54 ± 6  10.2 21.0 49 
 12.5 21.0 60 

1.00 
 13.1 24.0 55 

54 ± 1  13.0 24.0 54 
 12.8 24.0 53 

0.67 
 11.2 30.0 37 

40 ± 2  12.0 30.0 40 
 12.5 30.0 42 

0.50 
 12.5 36.0 35 

36 ± 2  13.9 36.0 39 
 12.8 36.0 36 

0.33 
 13.1 48.0 27  
 11.1 48.0 23 26 ± 3 
 13.7 48.0 29  
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IX. Rheological Characterization of Hydrogels 

A. Procedure for characterizing S-CNF- and S-WP-based gels 

 An AR2000ex rheometer (TA Instruments) equipped with a stainless steel 20 mm crosshatch 

parallel plate was used to perform rheological measurements. S-CNF-based hydrogels were made 

using the same procedure as in the “Procedure for measuring S-CNF-based hydrogel swelling as 

a function of charge density” subsection (Appendix 1 section VIII). S-CNF-based hydrogels were 

made using final S-CNF and QHECE concentrations of 0.100% w/v (~16 mg of total dry material). 

S-WP-based hydrogels were made using the same procedure as in the “Procedure for measuring 

S-WP-based hydrogel swelling as a function of charge density” subsection (Appendix 1 section 

VIII). S-WP-based hydrogels made with S-WP1.8 were made using final S-WP and QHECE 

concentrations of 0.150% w/v (~24 mg of total dry material). S-WP-based hydrogels made with 

S-WP0.53, S-WP1.0, and S-WP1.3 were made using final S-WP and QHECE concentrations of 

0.200% w/v (~32 mg of total dry material) because more hydrogel sample was needed to fill the 

gap. Within 5 min of a gel being made, it was loaded on the rheometer using a spatula. The gap 

was then fixed at either 500 or 1000 μm, and a solvent trap filled with water was utilized to limit 

solvent evaporation. All measurements were performed at 25 °C. Each sample was pre-sheared 

using a stress of 0.064 Pa for 30 s and then equilibrated for 5 min before performing either a 

frequency or oscillating stress sweep experiment. Frequency sweep experiments were performed 

from 0.1–100 rad/s using a stress of 1 Pa. Oscillating stress sweep experiments were performed 

from 0.1–1000 Pa using a frequency of 1 rad/s.  

 Rheology of S-CNF0.77- and S-WP0.53-based gels were performed using a gap of 500 μm, 

because of their small volume, while all other gels were tested with a gap of 1000 μm. 
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 To ensure that gap height does not affect rheological properties, frequency sweeps were 

performed on S-CNF1.5-based gels at 500 and 1000 μm. We observed no significant difference in 

Gʹ or Gʹʹ when the gap size was changed (Figure A1.23). 

 

Figure A1.20. (A) Frequency and (B) oscillating stress sweep of S-CNF0.77 gels. 

 

 

Figure A1.21. (A) Frequency and (B) oscillating stress sweep of S-CNF1.1 gels. 
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Figure A1.22. (A) Frequency and (B) oscillating stress sweep of S-CNF1.5 gels. 

 

 

Figure A1.23. Frequency sweeps of S-CNF1.5 gels using gap heights of (A) 500 and (B) 1000 
μm. 
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Figure A1.24. (A) Frequency and (B) oscillating stress sweep of S-CNF1.9 gels. 

 

 

Figure A1.25. (A) Frequency and (B) oscillating stress sweep of S-WP0.53 gels. 
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Figure A1.26. (A) Frequency and (B) oscillating stress sweep of S-WP1.0 gels. 

 

 

Figure A1.27. (A) Frequency and (B) oscillating stress sweep of S-WP1.3 gels. 
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Figure A1.28. (A) Frequency and (B) oscillating stress sweep of S-WP1.8 gels. 

 

B. Procedure for characterizing MB-loaded gels and flocs 

 An AR2000ex rheometer (TA Instruments) equipped with a stainless steel 20 mm crosshatch 

parallel plate was used to perform rheological measurements. The hydrogels/flocs were made 

using the procedures given in Section XF and Section XL. A pair of hydrogels were also prepared 

without adding MB. S-CNF-based hydrogels and flocs were made using final S-CNF and QHECE 

concentrations of 0.0800% w/v and 0.0600% w/v, respectively (~14 mg of total dry material).  

 Within 10 min of being made, gels/flocs were removed from their polypropylene tubes. First, 

excess water was removed via pipette (for gels) or by decanting the supernatant (for flocs). 

Gels/flocs were then loaded on the rheometer using a spatula. The gap was fixed at 1000 μm, and 

a solvent trap filled with water was utilized to limit solvent evaporation. All measurements were 

performed at 25 °C. Each sample was pre-sheared using a stress of 0.064 Pa for 30 s and then 

equilibrated for 5 min before performing a frequency sweep experiment from 0.1–100 rad/s using 

a stress of 1 Pa.  
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 The rheological properties of MB-loaded gels/flocs were compared by averaging the frequency 

sweep spectra from either 2 or 3 gel/floc samples. For gels made with initial MB concentrations 

of either 0 μM or 313 μM, 2 samples were averaged. For flocs made with initial MB concentrations 

of 814 μM, 1628 μM, or 3130 μM, 3 samples were averaged. 

 

Figure A1.29. Frequency sweeps for SCNF1.8 gels made with a 0 μM initial MB concentration: 
(A) sample 1 and (B) sample 2. (C) Average frequency sweep from samples 1 and 2. 
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Figure A1.30. Frequency sweeps for SCNF1.8 gels made with a 313 μM initial MB 
concentration: (A) sample 1 and (B) sample 2. (C) Average frequency sweep from samples 1 and 
2. 
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Figure A1.31. Frequency sweeps for SCNF1.8 flocs made with an 814 μM initial MB 
concentration: (A) sample 1, (B) sample 2, and (C) sample 3. (D) Average frequency sweep from 
samples 1, 2, and 3. 
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Figure A1.32. Frequency sweeps for SCNF1.8 flocs made with a 1628 μM initial MB 
concentration: (A) sample 1, (B) sample 2, and (C) sample 3. (D) Average frequency sweep from 
samples 1, 2, and 3. 
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Figure A1.33. Frequency sweeps for SCNF1.8 flocs made with a 3130 μM initial MB 
concentration: (A) sample 1, (B) sample 2, and (C) sample 3. (D) Average frequency sweep from 
samples 1, 2, and 3. 
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X. Dye Adsorption Experiments 

 Note: 50 mL polypropylene centrifuge tubes were used when working with MB because we 

observed significant MB adsorption on glass vials during preliminary experiments. 

A. General preparation of S-CNF mixtures 

 See Chapter 2 experimental section for details. 

B. General preparation of QHECE solutions 

 See Chapter 2 experimental section for details. 

C. General preparation of MB solutions 

 63 mM MB solutions were made by dissolving MB (100.0 mg, 312.6 μmol) in Millipore water 

(5.0 mL) in a 50 mL centrifuge tube. 31 mM MB solutions were made by dissolving MB (60.0 

mg, 188 μmol) in Millipore water (6.0 mL) in a 50 mL centrifuge tube. MB solutions with lower 

concentrations were made by performing serial dilutions with either the 63 mM or 31 mM MB 

solutions and Millipore water. 

D. General procedure for calculating MB adsorption in gels and flocs 

 To make gels or flocs, a volume of MB solution, with known concentration, was added to a 50 

mL centrifuge tube followed by Millipore water to give a total volume of 2.0 mL. Then, an aliquot 

(4.0 mL) of S-CNF1.8 mixture and an aliquot (4.0 mL) of QHECE solution were added 

simultaneously, over a recorded time, directly to the bottom of the centrifuge tube with vortex 

mixing at a speed setting of 1.5. The centrifuge tube was then vortex mixed using a speed setting 

of 1.5 for an additional recorded “mixing” time. The centrifuge tube was then removed from the 

vortex mixer, and it was determined if a gel was formed. A gel was considered formed if: (1) There 

was one cohesive hydrogel with minimal amounts of small polyionic complexes that were not 
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connected to the gel. (2) The vial could be rotated 90° from a vertical to horizontal position without 

the localized gel breaking into smaller complexes. 

 If a gel formed, an aliquot of leftover solution was removed from the centrifuge tube, placed 

in a cuvette, and its UV-vis absorbance from 400–750 nm was measured. The UV-vis 

measurement was performed within 1 min of the gel being formed. 

 If a gel did not form, the mixtures were centrifuged for 2 min at ~1,500 × g, and then an aliquot 

of the supernatant was removed and placed in a cuvette. The absorbance spectrum of the solution 

was then collected from 400–750 nm within 4 min of the gel being formed. 

 A baseline correction was performed on all MB absorbance spectra to account for non-zero 

baselines. More specifically, the absorbance values for wavelengths 740–750 nm were averaged 

(because 740–750 nm was a region where the spectrum’s absorbance was closest to 0), and this 

average absorbance was then subtracted from the entire spectrum. The corrected absorbance at 661 

nm was then recorded for each MB solution. The concentration (C) of MB that was not adsorbed 

by a gel or floc was determined using the MB calibration curve (Figure A1.34). 

 The MB adsorption % was then determined using the following equation: 

MB adsorption % = C0-C
C0

 x 100 

Equation A1.4. Calculating MB adsorption %. 

where C0 is the initial dye concentration in the centrifuge tube. The initial dye concentration (in 

μM) was determined by calculating the mols of MB that were originally added to the centrifuge 

tube and using a total volume of 10 mL. 

 All MB adsorption experiments were performed in triplicate, unless noted, and average MB 

adsorption % values from the 3 trials are reported for each set of experimental conditions. 
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E. Generating a calibration curve for MB dissolved in Millipore water 

 MB (10.0 mg, 31.3 μmol, λmax = 661 nm) was dissolved in Millipore water (10.0 mL) in a 50 

mL centrifuge tube to make a 3.13 mM MB solution. Then, using Millipore water, serial dilutions 

were performed to make 0.313, 0.625, 1.56, 2.50, 3.13, 6.25, 15.6, 25.0, and 31.3 μM solutions in 

50 mL centrifuge tubes. The UV-vis spectrum from 400–750 nm of each MB solution was acquired 

and corrected according to the baseline correction procedure in “general procedure for calculating 

MB adsorption in gels and flocs.” This procedure was repeated to generate a second set of MB 

solutions and absorbance values. The absorbances of each MB concentration were averaged, and 

a plot of average absorbance versus MB concentration was generated (Figure A1.34 and Table 

A1.12). 

 

Table A1.12. Absorbance (661 nm) of MB solutions with various concentrations. 

MB concentration 
(μM) trial 1 absorbance trial 2 absorbance avg absorbance 

0.313 0.02 0.02 0.02 ± 0.00 
0.625 0.04 0.04 0.04 ± 0.00 
1.56 0.10 0.09 0.09 ± 0.01 
2.50 0.15 0.15 0.15 ± 0.01 
3.13 0.22 0.22 0.22 ± 0.00 
6.25 0.43 0.40 0.41 ± 0.02 
15.6 1.05 1.03 1.04 ± 0.01 
25.0 1.59 1.56 1.58 ± 0.02 
31.3 1.90 1.90 1.90 ± 0.00 
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Figure A1.34. (A) Plot of absorbance (661 nm) versus concentration for MB in Millipore water. 
(B) Sample UV-vis spectrum of MB using the 31.3 μM solution. 

 

F. Procedure for quantifying MB adsorption in S-CNF-based hydrogels for dye concentration 

versus MB adsorption % plot 

 0.200% w/v S-CNF1.8 mixtures, 0.150% w/v QHECE solutions, and a 31 mM MB solution 

were prepared according to the general procedures. Gel formation and MB adsorption calculations 

were performed according to the general procedure using the mixtures/solutions described in this 

section (Table A1.13). Only gels were formed in these experiments (no flocs). When larger initial 

MB concentrations were used (i.e., 406 μM), small pieces of the gel broke from the main gel during 

gelation, and these pieces were avoided when removing aliquots. 

 The following figure (Figure A1.35) is an example of a MB UV-vis spectrum following dye 

adsorption in a S-CNF-based gel (trial 4, Table A1.13). The spectrum is overlaid with a 31.3 μM 

MB spectrum that was used to make the calibration curve.  
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Figure A1.35. UV-vis spectra of a 31.3 μM MB solution used in the MB calibration curve (■), 
and a MB solution after hydrogel dye adsorption using an initial MB concentration of 94 μM (○). 

 

 

Table A1.13. MB adsorption % by S-CNF-based hydrogels as a function of initial MB 
concentration. 

trial 
S-CNF and QHECE 

addition/mixing time (s) 
volume of 31 
mM MB (μL) 

initial MB 
concentration (μM) 

MB 
adsorption 

(%) 

avg MB 
adsorption (%) 

1 22/4 10.0 31 91 
92 ± 1 2 20/6 10.0 31 93 

3 20/5 10.0 31 93 
4 20/8 30.0 94 82 

84 ± 2 5 20/6 30.0 94 86 
6 20/8 30.0 94 86 
7 20/3 100.0 313 90 

88 ± 1 8 20/3 100.0 313 87 
9 20/5 100.0 313 89 
10 20/1 130.0 406 96 

91 ± 4 11 20/1 130.0 406 89 
12 20/2 130.0 406 89 
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G. Procedure for quantifying MB adsorption in S-WP-based hydrogels for dye concentration vs 

MB adsorption % plot 

 S-WP1.8 fibers (50.0 mg) were soaked in Millipore water (12.5 mL) for 5 min. The mixture 

was then homogenized at 10k rpm for 1 min to make a 0.400% w/v S-WP1.8 mixture. This 

procedure was repeated to make 5 identical mixtures. QHECE (60.0 mg) was dissolved in 

Millipore water (20.0 mL) to make a 0.300% w/v QHECE solution. A 31 mM MB solution was 

prepared according to the general procedure. A 3.1 mM MB solution was also made by diluting 

the 31 mM MB solution (1.0 mL) with Millipore water (9.0 mL). 

 To make gels, a volume of either 31 or 3.1 mM MB stock solution was added to a 50 mL 

centrifuge tube followed by Millipore water to give a total volume of 2 mL. Then, gels were made, 

and MB adsorption calculations were performed according to the procedure using the 0.400% w/v 

S-WP1.8 mixtures and 0.300% w/v QHECE solutions described in this section (Table A1.14). 

Only gels were formed in these experiments (no flocs). When larger initial MB concentrations 

were used (i.e., 94 μM), small pieces of the gel broke from the main gel during gelation, and these 

pieces were avoided when removing aliquots. 

 The following figure (Figure A1.36) is an example of a MB UV-vis spectrum following dye 

adsorption in a S-WP-based gel (trial 7, Table A1.14). The spectrum is overlaid with a 31.3 μM 

MB spectrum that was used to make the calibration curve. 
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Figure A1.36. UV-vis spectra of a 31.3 μM MB solution used in the MB calibration curve (■), 
and a MB solution after hydrogel dye adsorption using an initial MB concentration of 31 μM (○). 

 

Table A1.14. MB adsorption % by S-WP-based hydrogels as a function of initial MB 
concentration. 

trial 
S-WP and QHECE 
addition/ mixing 

time (s) 

volume of MB 
stock sol’n 

(μL) 

MB stock 
sol’n 
(mM) 

initial MB 
concentration 

(μM) 

MB 
adsorption 

(%) 

avg MB 
adsorption 

(%) 
1 20/3 10.0 3.1 3.1 55 

56 ± 1 2 20/3 10.0 3.1 3.1 55 
3 20/2 10.0 3.1 3.1 57 
4 20/3 50.0 3.1 16 60 

59 ± 1 5 20/3 50.0 3.1 16 58 
6 22/3 50.0 3.1 16 58 
7 20/10 10.0 31 31 52 

58 ± 6 8 20/8 10.0 31 31 58 
9 20/7 10.0 31 31 64 
10 20/2 30.0 31 94 68 

66 ± 2 11 20/3 30.0 31 94 63 
12 20/3 30.0 31 94 65 
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Figure A1.37. Dye adsorption % as a function of the initial dye concentration for gels made with 
S-CNF1.8 (●) and S-WP1.8 (○), respectively. The lines are present only as guides for the eye. 

 

H. Procedure for measuring MB adsorption % as a function of S-CNF concentration 

 S-CNF1.8 fibers (37.5 mg) were soaked in Millipore water (12.5 mL) for 5 min. The mixture 

was then homogenized at 10k rpm for 1 min to make a 0.300% w/v S-CNF1.8 mixture. This 

procedure was repeated to make 3 identical mixtures. Using these mixtures, serial dilutions were 

performed to make 0.0500, 0.100, and 0.200% w/v S-CNF1.8 mixtures. Four QHECE solutions 

with concentrations of 0.0500, 0.100, 0.200, and 0.300% w/v were prepared by dissolving known 

amounts of QHECE in Millipore water (20.0 mL) in a 20 mL vial. A 63 mM MB solution was 

prepared according to the general procedure. 

 The procedure for making gels and adsorbing MB in this experiment is slightly different than 

the general procedure. To make gels, 4.0 mL of a known concentration S-CNF mixture was placed 

in a 50 mL polypropylene centrifuge tube. An aliquot of 63 mM MB solution (40.0 μL, 2.5 μmol) 

was directly added to the S-CNF mixture. The mixture was then vortex mixed using a 
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predetermined speed setting for 15 s, followed by addition of QHECE solution (4.0 mL), with a 

specific concentration, over a recorded time while vortex mixing at the predetermined speed (Table 

A1.15). The centrifuge tube was then vortex mixed for an additional recorded “mixing” time 

(Table A1.15) using the predetermined speed. The general procedure was then used to determine 

if gels were made and to calculate MB adsorption amounts. The initial dye concentration was 

determined to be 311 μM in these experiments by calculating the mols of MB that were originally 

added to the centrifuge tube and using a total volume of 8.04 mL. 

 The following figure (Figure A1.38) is an example of a MB UV-vis spectrum following dye 

adsorption in a S-CNF-based gel (trial 4, Table A1.15). The spectrum is overlaid with a 31.3 μM 

MB spectrum that was used to make the calibration curve.  

 

Figure A1.38. UV-vis spectra of a 31.3 μM MB solution used in the MB calibration curve (■), 
and a MB solution after hydrogel dye adsorption using an initial MB concentration of 311 μM 
(○). 
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Table A1.15. MB adsorption % by S-CNF-based hydrogels as a function of S-CNF 
concentration. 

trial 
final S-CNF 

conc.       
(% w/v) 

final QHECE 
conc.            

(% w/v) 

QHECE 
addition/ 

mixing time (s) 

vortex 
speed 
setting 

MB 
adsorption 

(%) 

avg MB 
adsorption 

(%) 
1 0.15 0.15 15/5 2 96.3 

94 ± 2 2 0.15 0.15 18/4 2 93.1 
3 0.15 0.15 16/4 2 92.5 
4 0.10 0.10 18/5 1.5 93.7 

94.4 ± 0.6 5 0.10 0.10 16/4 1.5 94.8 
6 0.10 0.10 17/4 1.5 94.6 
7 0.050 0.050 15/3 1.5 94.4 

94.6 ± 0.2 8 0.050 0.050 15/1 1.5 94.5 
9 0.050 0.050 15/1 1.5 94.7 
10 0.025 0.025 15/1 1.5 87.5 

87.7 ± 0.5 11 0.025 0.025 18/1 1.5 87.3 
12 0.025 0.025 15/1 1.5 88.2 

 

 Using trials 7–9, the average adsorption capacity of S-CNF-based hydrogels was calculated to 

be 94.5 ± 0.2 mg MB/g hydrogel. The average adsorption capacity was determined by first using 

the MB calibration curve to find the mass of MB leftover in solution. This amount was subtracted 

from the initial mass of MB in solution to give a mass of MB adsorbed. The adsorption capacity 

for each trial was then calculated using the equation: 

adsorption capacity = MB adsorbed (mg)
0.0080 g

 

Equation A1.5. Calculating MB adsorption capacity in gels. 

where the denominator is the total mass of hydrogel material (i.e., S-CNFs + QHECE). The 

adsorption capacities for the 3 trials were then averaged and reported above.  
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Figure A1.39. Dye adsorption % as a function of the final S-CNF1.8 concentration for samples 
where gels were (■) and were not (□) observed, respectively. The line is present only to guide the 
eye. 

 

I. Determining the maximum ratios of dye/negative sites where gelation occurs 

 Three ratios were calculated to describe when the initial concentration of MB inhibits gelation 

for the hydrogels. The maximum ratio of dye/negative sites where hydrogels are formed (max 

ratio) is defined as the ratio between the maximum initial MB moles in solution to the moles of 

negative sites (i.e., sulfate groups) in the hydrogel:  

max ratio of dye/negative sites = maximum initial MB moles
moles of negative sites

 

Equation A1.6. Calculating the max ratio of MB/negative sites. 

 The ratios were determined using the data from Table A1.13, Table A1.14, and Table A1.15. 

Note: these ratios were not calculated based on the moles of MB adsorbed. 

 For S-CNF-based hydrogels where MB adsorption % is monitored as a function of initial MB 

concentration, the max ratio was calculated using the hydrogels that were made in the presence of 

4.06 μmol of MB (Table A1.13, trials 10–12). In each of these hydrogels, 8.0 mg S-CNF1.8 was 
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utilized, which corresponds to 14.4 μmol of negative sites. Accordingly, the max ratio is computed 

to be 0.28. For S-WP-based hydrogels, the max ratio was calculated using hydrogels made in the 

presence of 0.94 μmol of MB (Table A1.14, trials 10–12). In these hydrogels, 16 mg S-WP1.8 was 

used, which corresponds to 28.8 μmol of negative sites. The max ratio is then calculated to be 

0.033. 

 For S-CNF-based hydrogels where MB adsorption % is monitored as a function of S-CNF 

concentration, the max ratio was calculated using the hydrogels made with 0.05% w/v S-CNFs 

(Table A1.15, trials 7–9). In these hydrogels, 4 mg S-CNF1.8, or 7.2 μmol of negative sites, was 

used along with 2.5 μmol of MB, giving a max ratio of 0.35. 

 

J. Monitoring MB adsorption in S-CNF-based hydrogels over time 

 To study the MB adsorption process, we followed the decrease of MB in solution over time in 

the presence of hydrogels. It was found that the MB concentration decreases more over time when 

in the presence of S-CNF-based gels compared to a control MB solution. We attribute this decrease 

in MB concentration to intraparticle MB diffusion within the hydrogels.3,4  

 S-CNF1.8 mixtures, 0.200% w/v QHECE solutions, and a 63 mM MB solution were prepared 

according to the general procedure. 

 To make gels and monitor MB adsorption over time, 4.0 mL of 0.200% w/v S-CNF mixture 

was placed in a 50 mL polypropylene centrifuge tube. MB solution (40.0 μL, 63 mM, 2.5 μmol) 

was directly added to the S-CNF mixture. The mixture was then vortex mixed using a speed setting 

of 1.5 for 15 s, followed by addition of 0.200% w/v QHECE solution (4.0 mL) over a recorded 

time (QHECE addition) while vortex mixing with a speed setting of 1.5 (Table A1.16). The 

centrifuge tube was then vortex mixed for an additional recorded “mixing” time (Table A1.16) 
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using a speed setting of 1.5. The centrifuge tube was removed from the vortex mixer, and a gel 

was observed. An aliquot of solution was removed from the centrifuge tube, placed in a cuvette, 

and the absorbance spectrum of the solution from 400–750 nm was obtained. Then, the aliquot 

was returned to the centrifuge tube with the gel, and the centrifuge tube was wrapped in aluminum 

foil and placed in a closed, dark drawer to prevent light from degrading the MB. Then, at recorded 

time intervals, the centrifuge tube was removed from the drawer, an aliquot of solution was placed 

in a cuvette, the absorbance spectrum of the solution from 400–750 nm was obtained, the aliquot 

was returned to the centrifuge tube, and the centrifuge tube was placed back in a closed drawer. 

This procedure was performed for 3 hydrogel samples (Table A1.17 and Figure A1.41) to monitor 

the decrease of MB in solution with time. 

 

Table A1.16. Gelation conditions for monitoring MB adsorption over time. 

gel sample QHECE addition/ mixing time (s) 
1 20/5 
2 18/5 
3 19/4 

 

 A control MB solution was also monitored to determine the decrease of MB in solution over 

time. MB solution (40.0 μL, 63 mM, 2.5 μmol) was added to a centrifuge tube with Millipore water 

(8.0 mL) to make a 310 μM MB solution. Then, the 310 μM MB solution (500 μL) was combined 

with Millipore water (9.5 mL) in a centrifuge tube to make a 16 μM MB solution, which is called 

“the control” sample. The control sample was wrapped in aluminum foil and placed in a closed, 

dark drawer. Then, at recorded time intervals, the centrifuge tube was removed from the drawer, 

an aliquot of solution was placed in a cuvette, the absorbance spectrum of the solution from 400–
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750 nm was obtained, the aliquot was returned to the centrifuge tube, and the centrifuge tube was 

placed back in a closed drawer.  

 The absorbance spectra at each time interval for the gel and control samples were obtained and 

baseline corrected according to the general procedure with one exception: for gel sample 2, the 20 

min spectrum was corrected instead using the average absorbance for wavelengths 400–410 nm 

because this was the region where the spectrum’s absorbance was closest to 0. 

 The following figure (Figure A1.40) contains examples of MB UV-vis spectra following dye 

adsorption in a S-CNF-based gel (using the spectra from gel sample 1 at 3 and 3000 min). The 

spectra are overlaid with a 31.3 μM MB spectrum that was used to make the calibration curve. 

 

Figure A1.40. UV-vis spectra of a 31.3 μM MB solution used in the MB calibration curve (■), a 
MB solution after hydrogel dye adsorption for 3 min (○), and a MB solution after hydrogel dye 
adsorption for 3000 min (●). 
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Table A1.17. Decrease in MB concentration (conc.) over time in control and hydrogel-
containing solutions. 

time 
(min) 

MB 
conc. in 

gel 
sample 1 

(μM) 

time 
(min) 

MB 
conc. in 

gel 
sample 2 

(μM) 

time 
(min) 

MB 
conc. in 

gel 
sample 3 

(μM) 

time 
(min) 

MB 
conc. in 
control 
solution 

(μM) 
3 11 2 9.1 2 9.8 2 17 
17 7.9 20 8.9 15 8.9 15 16 
34 6.6 33 6.3 31 7.3 30 16 
60 5.6 60 5.2 60 5.4 60 16 
120 4.1 120 4.0 120 4.1 120 16 
241 3.1 240 3.2 240 3.2 240 15 
480 2.6 480 2.5 480 2.7 420 15 
1380 2.1 1380 2.3 1380 2.3 1380 15 
3000 1.9 3000 1.8 3000 2.3 3000 15 

 

 

Figure A1.41. MB concentration over time in a control solution (■) and solutions containing gel 
sample 1 (●), gel sample 2 (▽), and gel sample 3 (○). 
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K. Procedure for quantifying MB adsorption in S-CNF-based flocs for dye concentration versus 

MB adsorption % plot 

 S-CNF1.8 mixtures, 0.150% w/v QHECE solutions, and a 31 mM MB solution were prepared 

according to the general procedure. 

 Flocs were formed according to the general procedure using the mixtures/solutions described 

in this section (Table A1.18). Gels were not formed, and only flocs were observed. Additionally, 

dilutions were performed to quantify the MB leftover in solution: after centrifuging, an aliquot (1 

mL) of the supernatant was removed and diluted with Millipore water in a fresh polypropylene 

tube. An aliquot of the diluted MB sample was placed in a cuvette, and the absorbance spectrum 

of the solution from 400–750 nm was obtained and corrected according to the procedure in 

“general procedure for calculating MB adsorption in gels and flocs.” The concentration (CD) of 

MB in the diluted sample was determined using the MB calibration curve in “generating a 

calibration curve for MB dissolved in Millipore water.” The concentration (C) of MB that was not 

adsorbed by the floc was determined by multiplying CD by the dilution factor (D) used to prepare 

the diluted MB sample (Table A1.18). MB adsorption calculations were then performed according 

to the procedure. 
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Figure A1.42. UV-vis spectra of a 31.3 μM MB solution used in the MB calibration curve (■), 
and a MB solution after floc dye adsorption using an initial MB concentration of 814 μM (○). 

 

Table A1.18. MB adsorption % by S-CNF-based flocs as a function of initial MB concentration. 

trial 
S-CNF and QHECE 

addition/mixing time 
(s) 

volume of 
31 mM MB 

(μL) 

initial MB 
concentration 

(μM) 

dilution 
factor 

MB 
adsorption 

(%) 

avg MB 
adsorption 

(%) 
1 21/4 260 814 10 93 

92 ± 1 2 18/5 260 814 10 93 
3 21/5 260 814 10 91 
4 20/5 520 1628 15 71 

70 ± 1 5 21/5 520 1628 15 69 
6 20/5 520 1628 15 69 
7 18/5 1000 3130 500 42 

48 ± 5 8 20/5 1000 3130 500 52 
9 18/5 1000 3130 500 50 
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L. Calculating MB adsorption capacity for S-CNF-based hydrogels and flocs 

 Average adsorption capacities of S-CNF-based gels and flocs were calculated as a function of 

initial MB concentration. Adsorption capacities were determined using the trials given in Table 

A1.13 and Table A1.18. The average adsorption capacity for each initial MB concentration was 

determined by first using the MB calibration curve to find the mass of MB leftover in solution 

after each adsorption trial. This amount was subtracted from the initial mass of MB in solution to 

give a mass of MB adsorbed. The adsorption capacity for each trial was then calculated using the 

equation: 

adsorption capacity = MB adsorbed (mg)
0.0140 g

 

Equation A1.7. Calculating adsorption capacity for flocs. 

where the denominator is the total mass of the cellulose material (i.e., S-CNFs + QHECE). The 

adsorption capacities for the 3 trials were then averaged and reported below. 

 

Table A1.19. S-CNF-based hydrogel (white) and floc (gray) adsorption capacity as a function of 
initial MB concentration. 

initial MB concentration (μM) adsorption capacity (mg dye adsorbed/g cellulose) 
31 6.6 ± 0.1 
94 18.1 ± 0.5 
313 63 ± 1 
406 85 ± 4 
814 172 ± 2 
1628 259 ± 5 
3130 343 ± 36 
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M. Procedure for quantifying MB adsorption in S-CNF0.77-based flocs 

A 0.200% w/v S-CNF0.77 mixture, 0.150% w/v QHECE solution, and 31 mM MB solution 

were prepared according to the general procedure. 

 Experiments were started by combining an aliquot of 31 mM MB solution (1.0 mL) with 

Millipore water (1.0 mL) in a 50 mL centrifuge tube to give a total volume of 2.0 mL. Flocs were 

then formed according to the general procedure using the mixtures/solutions described in this 

section (Table A1.20). Gels were not formed, and only flocs were observed. Additionally, dilutions 

were performed to quantify the MB leftover in solution: after centrifuging, an aliquot (1 mL) of 

the supernatant was removed and diluted 500x with Millipore water in new polypropylene tubes. 

An aliquot of the diluted MB sample was placed in a cuvette, and the absorbance spectrum of the 

solution from 400–750 nm was obtained and corrected according to the general procedure. The 

concentration (CD) of MB in the diluted sample was determined using the MB calibration curve. 

The concentration (C) of MB that was not adsorbed by the floc was determined by multiplying CD 

by the dilution factor (500) used to prepare the diluted MB sample. MB adsorption calculations 

were then performed according to the procedure. The initial dye concentration, C0, in the centrifuge 

tube before adding S-CNFs and QHECE was 3130 μM. 

 

Table A1.20. MB adsorption % by S-CNF0.77-based flocs. 

trial S-CNF and QHECE addition/mixing time (s) MB adsorption (%) avg MB adsorption (%) 
1 20/12 17 

22 ± 4 2 20/13 25 
3 22/10 23 

 

 The average adsorption capacity of S-CNF0.77-based flocs was also calculated, and the 

adsorption capacity were determined using the trials given in Table A1.20. The average adsorption 
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capacity was determined by first using the MB calibration curve to find the mass of MB leftover 

in solution after each adsorption trial. This amount was subtracted from the initial mass of MB in 

solution to give a mass of MB adsorbed. The adsorption capacity for each trial was then calculated 

using Equation A1.7. The adsorption capacities for the 3 trials were then averaged to give 160 ± 

30 mg MB adsorbed/g cellulose. 

 

N. Influence of solution pH on dye adsorption 

 0.200% w/v S-CNF1.8 mixtures, 0.150% w/v QHECE solutions, and a 31 mM MB solution 

were prepared according to the general procedure. 

 Three solutions with different pHs were then prepared so that the final solution pH, when 

mixed with the S-CNF and QHECE mixtures, would be ~2.5, ~7, and ~11.5. The solution with a 

pH of ~7 was prepared with NaCl to ensure that this experiment probed the effects of pH and not 

ion concentration. 

 1) pH~7 solution: NaCl (23.1 mg, 0.395 mmol) was dissolved with Millipore water in a 25.0 

mL volumetric flask to make a 15.8 mM NaCl solution. The pH of the solution was measured with 

a calibrated pH meter, but an accurate pH could not be measured due to large fluctuations in the 

observed pH, presumably because there were not enough H3O+ or OH– ions present to obtain a 

stable reading. Thus, the NaCl solution was assumed to have a pH of 7 according to Millipore’s 

website.5 

 2) pH~2.5 solution: concentrated HCl (2.6 mL, 12.1 M) was diluted with Millipore water in a 

200 mL volumetric flask to make a 0.157 M HCl solution. Then, the 0.157 M solution (2.0 mL) 

was transferred to a 20 mL vial and diluted with Millipore water (18.0 mL) to give a 15.7 mM HCl 
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solution. The pH of the solution was measured with a calibrated pH meter and the solution pH was 

found to be 1.87, which corresponds to a true concentration of 13.5 mM HCl. 

 3) pH~11.5 solution: NaOH (15.8 mg, 0.395 mmol) was dissolved with Millipore water in a 

25.0 mL volumetric flask to make a 15.8 mM NaOH solution. The pH of the solution was measured 

with a calibrated pH meter and the solution pH was found to be 12.22, which corresponds to a true 

concentration of 16.6 mM NaOH. 

 To make gels, one of the solutions with a known pH (1.97 mL) was placed in the bottom of a 

polypropylene centrifuge tube with 31 mM MB solution (30.0 μL) to give a total volume of 2.0 

mL. Next, gels were formed, and MB adsorption was calculated according to the general procedure 

using the S-CNF and QHECE mixtures/solutions described in this section (Table A1.21). Only 

gels were formed in these experiments, and no flocs were observed. The initial dye concentration 

was determined to be 94 μM by calculating the mols of MB that were originally added to the 

centrifuge tube and using a total volume of 10 mL. 

 The following figure (Figure A1.43) shows examples of MB UV-vis spectra following dye 

adsorption in solutions with pH 11.51 and 2.58 (trials 1 and 7, Table A1.21). The spectra are 

overlaid with a 31.3 μM MB spectrum that was used to make the calibration curve. 
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Figure A1.43. (A) UV-vis spectra of a 31.3 μM MB solution used in the MB calibration curve 
(■), and a MB solution after hydrogel dye adsorption in a pH 11.51 solution (○). (B) UV-vis 
spectra of a 31.3 μM MB solution used in the MB calibration curve (■), and a MB solution after 
hydrogel dye adsorption in a pH 2.58 solution (○). 

 

Table A1.21. MB adsorption % by S-CNF-based hydrogels in solutions with various pH values. 

trial final 
solution pH 

S-CNF and QHECE addition/ 
mixing time (s) 

MB adsorption 
(%) 

avg MB 
adsorption (%) 

1 11.51 17/4 81 
80 ± 4 2 11.51 20/4 84 

3 11.51 16/5 76 
4 7.00 17/5 78 

79 ± 2 5 7.00 15/5 82 
6 7.00 20/5 78 
7 2.58 20/8 86 

84 ± 3 8 2.58 20/5 87 
9 2.58 18/5 81 
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O. Influence of salt concentration on dye adsorption 

 0.200% w/v S-CNF1.8 mixtures, 0.150% w/v QHECE solutions, and a 31 mM MB solution 

were prepared according to the general procedure. 

 Three solutions with different [NaCl] were then prepared so that the final [NaCl], when mixed 

with the S-CNF and QHECE mixtures, would be 31.1, 98.5, and 311 mM: 

1) NaCl (230.8 mg, 3.949 mmol) was dissolved with Millipore water in a 25.0 mL volumetric flask 

to make a 158 mM NaCl solution.  

2) NaCl (730.5 mg, 12.50 mmol) was dissolved with Millipore water in a 25.0 mL volumetric flask 

to make a 500 mM NaCl solution.  

3) NaCl (2.308 g, 39.49 mmol) was dissolved with Millipore water in a 25.0 mL volumetric flask 

to make a 1.58 M NaCl solution. 

 

 To make gels, one of the NaCl solutions (1.97 mL) was placed in the bottom of a polypropylene 

centrifuge tube with 31 mM MB solution (30.0 μL) to give a total volume of 2.0 mL. Next, gels 

were formed, and MB adsorption was calculated according to the general procedure using the S-

CNF and QHECE mixtures/solutions described in this section (Table A1.22). Gels were formed 

for all trials except when a final [NaCl] of 311 mM was utilized; thus, no MB adsorption % is 

reported for the 311 mM NaCl trials. The initial dye concentration was determined to be 94 μM 

by calculating the mols of MB that were originally added to the centrifuge tube and using a total 

volume of 10 mL. 

 The following figure (Figure A1.44) is an example of a MB UV-vis spectrum following dye 

adsorption in a 98.5 mM NaCl solution (trial 12, Table A1.22). The spectrum is overlaid with a 

31.3 μM MB spectrum that was used to make the calibration curve.  
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Figure A1.44. UV-vis spectra of a 31.3 μM MB solution used in the MB calibration curve (■), 
and a MB solution after hydrogel dye adsorption in a 98.5 mM NaCl solution (○). 

 

Table A1.22. MB adsorption % with S-CNF-based hydrogels in various NaCl solutions. 

trial final [NaCl] 
(mM) 

S-CNF and QHECE addition/ 
mixing time (s) 

MB adsorption 
(%) 

avg MB 
adsorption (%) 

1 0 20/8 82 
84 ± 2 2 0 20/6 86 

3 0 20/8 86 
4 3.11 17/5 78 

79 ± 2 5 3.11 15/5 82 
6 3.11 20/5 78 
7 31.1 18/4 80 

80 ± 2 8 31.1 20/4 78 
9 31.1 19/4 81 
10 98.5 20/3 78 

78 ± 0.5 11 98.5 20/3 77 
12 98.5 18/3 78 
13 311 20/2 N/Aa  
14 311 20/3 N/Aa N/Aa 

15 311 20/2 N/Aa  
aMB adsorption % is not available because gels were not made in these samples. 
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P. Generating a calibration curve for MB dissolved in acidic ethanol 

 Note: “acidic ethanol” is used as shorthand to denote a 1:1 (v:v) ethanol:0.10 M aq. HCl 

solution. This calibration curve was generated because we wanted to measure MB desorption from 

hydrogels using acidic ethanol. In preliminary trials, it was noticed that the intensity of MB spectra 

in acidic ethanol was different than in Millipore water, so a new curve was generated to quantify 

MB as it desorbs. 

 First, 12.1 M aq. HCl (8.3 mL) was placed in a 1 L bottle with Millipore water (992.0 mL) to 

make a 0.10 M aq. HCl solution. MB (10.0 mg, 31.3 μmol, λmax = 661 nm) was dissolved in acidic 

ethanol (10.0 mL) in a 50 mL centrifuge tube to make a 3.13 mM MB solution. Then, using acidic 

ethanol, serial dilutions were performed to make 0.313, 0.625, 1.56, 2.50, 3.13, 6.25, 15.6, 25.0, 

and 31.3 μM MB solutions in 50 mL centrifuge tubes. The UV-vis spectrum from 400–750 nm of 

each MB solution was acquired, and the spectra were adjusted to account for the non-zero baseline. 

More specifically, the absorbance values for wavelengths 740–750 nm were averaged (because 

740–750 nm was a region where the spectrum’s absorbance was closest to 0, and the protonated 

MB peak (~745 nm)6 was not observed), and this average absorbance was then subtracted from 

the entire spectrum. The corrected absorbance at 661 nm was then recorded for each MB solution. 

This procedure was repeated to generate a second set of MB solutions and absorbance values. The 

absorbances of each MB concentration were averaged, and a plot of average absorbance versus 

MB concentration was generated (Figure A1.45 and Table A1.23). 
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Table A1.23. Absorbance (661 nm) of MB in acidic ethanol solutions with various 
concentrations. 

MB concentration 
(μM) trial 1 absorbance trial 2 absorbance avg absorbance 

0.313 0.03 0.02 0.03 ± 0.00 
0.625 0.05 0.04 0.04 ± 0.00 
1.56 0.11 0.10 0.10 ± 0.00 
2.50 0.17 0.17 0.17 ± 0.00 
3.13 0.22 0.22 0.22 ± 0.00 
6.25 0.47 0.39 0.43 ± 0.06 
15.6 1.22 1.24 1.23 ± 0.02 
25.0 2.07 2.10 2.08 ± 0.02 
31.3 2.51 2.63 2.57 ± 0.08 

 

Figure A1.45. (A) Plot of absorbance (661 nm) versus concentration for MB in acidic ethanol. 
(B) Sample UV-vis spectrum of MB in acidic ethanol using the 31.3 μM solution. 

 

Q. Monitoring MB desorption from S-CNF-based hydrogels over time 

 The reusability of S-CNF-based hydrogels was evaluated by monitoring the desorption of MB 

from gels in acidic ethanol. Acidic ethanol was chosen as the solvent because acid can disrupt the 

electrostatic interactions between S-CNFs and MB and enable MB desorption. The procedure for 

this experiment was carried out similar to Tam and coworkers.7 
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 Note: “acidic ethanol” is used as shorthand to denote a 1:1 (v:v) ethanol:0.10 M aq. HCl 

solution, and the 0.10 M aq HCl solution employed here was also used to prepare the calibration 

curve for MB in acidic ethanol. 0.200% w/v S-CNF1.8 mixtures, 0.150% w/v QHECE solutions, 

and a 31 mM MB solution were prepared according to the general procedure. 

 Before monitoring MB desorption, an acidic ethanol solution (50.0 mL) was prepared in a 50 

mL polypropylene centrifuge tube (“tube 1”). The tube was wrapped in aluminum foil to prevent 

light from hitting the solution, and the tube was set aside for later use.  

 Millipore water (1.92 mL) was combined with an aliquot of 31 mM MB solution (80.0 μL) in 

a 50 mL polypropylene centrifuge tube (“tube 2”), and the solution was vortex mixed using a speed 

setting of 1.5 for 15 s. Then, S-CNF1.8-based gels were produced according to the general 

procedure using the S-CNF and QHECE mixtures/solutions described in this section (Table 

A1.24). After a gel was formed, the gel was removed from tube 2 using a spatula and placed in 

tube 1. Tube 1 was capped and placed in a closed, dark drawer. Then, an aliquot of leftover solution 

from tube 2 was placed in a cuvette, and an absorbance spectrum from 400–750 nm was obtained 

and corrected according to the general procedure. Using the corrected absorbance value at 661 nm 

and the calibration curve, the mass of MB adsorbed in the gel was determined. 

 Then, at recorded time intervals, tube 1 was removed from the closed drawer and inverted to 

mix the contents of the tube. An aliquot of solution was then placed in a cuvette, and the absorbance 

spectrum of the solution was obtained and corrected according to the procedure. The aliquot was 

returned to tube 1, and the tube was placed back in a closed drawer. For the aliquots removed from 

tube 1, the concentration of MB in solution at each time point was determined using the MB 

calibration curve in “generating a calibration curve for MB dissolved in acidic ethanol” and the 

corrected absorbance of the solutions at 661 nm. 
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 The initial dye concentration in tube 2 was determined to be 250 μM by calculating the mols 

of MB that were originally added to the centrifuge tube and using a total volume of 10 mL. The 

mass of adsorbed MB (MAMB) was determined by subtracting the mass of MB leftover in solution 

from the initial MB mass in solution (800 μg). 

 The mass of desorbed MB (MDMB) in solution was calculated assuming a total volume of 

50.0 mL. The MB desorption % was calculated at each time point using the following equation: 

MB desorption % = MDMB
MAMB

 x 100 

Equation A1.8. Calculating MB desorption %. 

 This procedure was performed for 3 hydrogel samples (Table A1.25 and Figure 2.5) to monitor 

the desorption of MB with time. The MB desorption % at 24 h (1440 min) was found to be 55 ± 2 

% by averaging the MB desorption % at 24 h for the 3 hydrogel samples.  

 

Table A1.24. S-CNF1.8-based hydrogels for MB desorption. 

gel sample S-CNF and QHECE addition/ mixing time (s) MB adsorption (%) 
1 20/8 89 
2 20/5 89 
3 19/5 91 

 

 The following figure (Figure A1.46) contains examples of MB UV-vis spectra following dye 

desorption from a S-CNF-based gel (gel sample 1 at 1440 min). The spectrum is overlaid with a 

31.3 μM MB spectrum that was used to make the MB calibration curve in acidic ethanol. 
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Figure A1.46. UV-vis spectra of a 31.3 μM MB in acidic ethanol (■), and a MB solution 1440 
min after desorption from a hydrogel (○). 

 

Table A1.25. MB desorption % over time from S-CNF1.8-based hydrogels. 

time 
(min) 

MB desorption (%) 
from gel sample 1 

time 
(min) 

MB desorption (%) 
from gel sample 2 

time 
(min) 

MB desorption (%) 
from gel sample 3 

6 1.1 6 1.1 5 1.1 
67 9.5 60 6.6 61 10 
120 22 120 21 120 23 
240 30 240 28 240 33 
1140 49 1140 46 1140 53 
1440 55 1440 53 1440 57 
1680 59 1680 56 1680 61 
2880 67 2880 65 2880 68 
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R. Determining the pH of acidic ethanol solutions 

 Note: “acidic ethanol” is used as shorthand to denote a 1:1 (v:v) ethanol:0.10 M aq. HCl 

solution. First, 12.1 M aq. HCl (8.3 mL) was placed in a 1 L bottle with Millipore water (992.0 

mL) to make a 0.10 M aq. HCl solution. Then, an acidic ethanol solution (50.0 mL) was prepared 

by combining 0.1 M aq. HCl solution (25.0 mL) and ethanol (25.0 mL) in a 50 mL polypropylene 

centrifuge tube. A pH meter was inserted into the acidic ethanol solution and equilibrated for 10 

min. The pH of the acidic ethanol was found to be 1.55. 

‘ 

S. Comparing MB adsorption on S-CNF fibers and in S-CNF-based gels 

 Control experiments were performed in this section and section “MB adsorption in premade 

S-CNF gels” (below) to assess the efficiency of S-CNF-based gels made in the presence of MB. 

Here, S-CNF fibers were added to MB solutions without QHECE, and MB adsorption was 

quantified.  

 For these experiments, a S-CNF1.9 sample was synthesized and characterized according to the 

procedure with one exception. After quenching the reaction mixture with methanol, the mixture 

was vacuum filtered using a polyamide filter and buchner funnel. The remaining fibers were rinsed 

on the filter with Millipore water (~10 mL) and then 0.1 M NaOH (~15 mL) to ensure that any 

leftover acid was quenched and to introduce Na counterions to sulfate groups on the fibers. The 

pH of the filtrate was found to be ~12. The fibers were then rinsed on the filter with Millipore 

water (~140 mL) until the pH of the filtrate was ~6/7 and the conductivity was ~400 μS/cm. The 

fibers were then placed in smaller glass vials, frozen in liquid N2, and dried under vacuum on a 

Schlenk line to remove excess water. 
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 0.200% w/v S-CNF1.9 mixtures, 0.200% w/v QHECE solutions were prepared according to 

the general procedure. A 31 mM MB solution were prepared by dissolving MB (70.0 mg, 0.219 

mmol) in Millipore water (7.0 mL) in a 50 mL polypropylene tube. A 0.10 M HCl solution was 

prepared. 

 First, gel formation experiments and MB adsorption calculations were performed according to 

the general procedure, using the mixtures/solutions described in this section, to serve as a direct 

comparison for the control experiments. The results from these experiments are trials 1–3 in Table 

A1.26. Only gels were formed in these experiments (no flocs). 

 Next, S-CNFs only were used to adsorb MB. These experiments were carried out according to 

the general procedure except that Millipore water (4 mL) was added with the S-CNFs to the MB 

solution instead of QHECE. After the water/S-CNFs/MB were combined, the centrifuge tube was 

removed from the vortex mixer, and no gel was formed. The tube was centrifuged at ~3200 × g 

for 2 min, and an aliquot of clear, violet-colored supernatant (1 mL) was removed from the tube 

and diluted with 0.1 M HCl (9 mL) in a fresh polypropylene tube.8 This caused the color of the 

diluted supernatant sample to change from violet to blue. An aliquot of the diluted solution was 

then placed in a cuvette, and its UV-vis absorbance from 400–750 nm was measured. MB 

adsorption calculations were performed according to the general procedure except that the 

sample’s spectrum was corrected instead using the average absorbance for wavelengths 415-425 

nm because this was the region where the spectrum’s absorbance was closest to 0. No significant 

peak at ~745 nm, corresponding to protonated MB,6 was observed. The S-CNF only experiments 

were performed in triplicate (trials 4–6 in Table A1.26), and an average MB adsorption % values 

from the 3 trials is reported. 
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Table A1.26. Comparing MB adsorption in S-CNF fibers and S-CNF-based gels. 

trial S-CNF and QHECE/water addition/ 
mixing time (s) 

MB adsorption 
(%) 

avg MB adsorption 
(%)  

1 20/17 91 
92 ± 1 2 20/15 94 

3 20/17 92 
4 17/13 85 

85.4 ± 0.3 5 17/12 86 
6 18/12 85 

 

T. MB adsorption in premade S-CNF gels 

 A second control experiment was performed by monitoring MB adsorption over time when 

premade S-CNF-based gels were added to MB solutions. The results from these control 

experiments show that S-CNF based gels made in MB solutions adsorb more MB in 2 min than 

when premade gels are added to MB solutions. Additionally, it was observed that when gels are 

premade and added to MB solutions, the gels completely break down into flocs after 120 min, 

likely because MB is preferentially interacting with anionic sites on the S-CNFs and disrupting 

electrostatic crosslinking with QHECE. This behavior suggests that MB adsorption occurs 

primarily through charge driven complexation as opposed to osmotically driven adsorption within 

the gel matrix. 

 The S-CNF1.9 fibers made in section “Comparing MB adsorption on S-CNF fibers and in S-

CNF-based gels”, above, were used for these experiments. 0.200% w/v S-CNF1.9 mixtures, 

0.200% w/v QHECE solutions were prepared according to the general procedure. A 31 mM MB 

solution were prepared by dissolving MB (70.0 mg, 0.219 mmol) in Millipore water (7.0 mL) in a 

50 mL polypropylene tube. 
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 Millipore water (9.9 mL) and 31 mM MB solution (100.0 μL, 3.1 μmol) were combined in a 

50 mL polypropylene centrifuge tube. The tube was wrapped in aluminum foil and designated as 

“tube 1”. 

 Next, Millipore water (2.0 mL) was added to a different 50 mL polypropylene centrifuge tube 

(“tube 2”). Then, aliquots of 0.200% w/v S-CNF1.9 mixture and 0.200% w/v QHECE solution 

were combined in tube 2 according to the general procedure except that no MB was present (see 

Table A1.27 for details). A gel was produced, removed from tube 2 using a spatula, and placed in 

tube 1. Tube 1 was then placed in a closed, dark drawer. At specific time points, tube 1 was 

removed from the drawer, and an aliquot of solution (0.5 mL) was removed and diluted with 

Millipore water (4.5 mL) in a fresh 50 mL polypropylene centrifuge tube. Tube 1 was then placed 

back in the closed, dark drawer. The diluted sample was placed in a cuvette, and its UV-vis 

absorbance from 400–750 nm was measured. Aliquots from tube 1 were measured like this for the 

first 30 min of the gel soaking in tube 1. For a 60-min time point, tube 1 was removed from the 

drawer, an undiluted aliquot of solution was placed in a cuvette, the absorbance spectrum of the 

solution from 400–750 nm was obtained, the aliquot was returned to the centrifuge tube, and the 

centrifuge tube was placed back in a closed, dark drawer. The MB adsorption % at each time point 

was calculated according to the general procedure. The initial dye concentration was determined 

to be 310 μM by calculating the mols of MB that were originally added to the centrifuge tube and 

using a total volume of 10 mL. This procedure was repeated for 3 samples, and the MB adsorption 

% values were averaged for each time point (Table A1.28). Qualitatively, in all 3 samples, the gels 

began to break down into flocs after soaking in MB for ~30 min. After 120 min of soaking, the 

gels were completely dissociated into flocs. 
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Table A1.27. Mixing conditions for making the S-CNF1.9-based hydrogels that were added to 
310 μM MB solutions. 

gel sample S-CNF and QHECE addition/ mixing time (s) 
1 18/14 
2 20/15 
3 18/13 

 

Table A1.28. MB adsorption % over time when S-CNF1.9-based hydrogels are added to 310 μM 
MB solutions. 

time 
(min) 

MB 
adsorption 
(%) in gel 
sample 1 

time 
(min) 

MB 
adsorption 
(%) in gel 
sample 2 

time 
(min) 

MB 
adsorption 
(%) in gel 
sample 3 

time 
(min) 

avg MB 
adsorption 

(%) 

2 12 2 32 2 13 2 20 ± 10 
15 46 15 68 15 60 15 40 ±10 
30 73 30 89 30 86 30 83 ± 8 
60 91 60 97 60 97 60 95 ± 4 
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I. Materials 

 Bleached hardwood pulp was generously donated by Cellulose Lab. Hydrochloric acid (ACS 

reagent, 37%), acetone, sodium hydroxide (NaOH), 2-propanol (IPA), glycidyl trimethyl 

ammonium chloride (GMAC), sodium nitrate, humic acid (HA), perfluorooctanoic acid (PFOA, 

CAS# 335-67-1), heptadecafluorooctane sulfonic acid potassium salt (PFOS, CAS# 2795-39-3), 

potassium nonafluoro-1-butanesulfonate (PFBS, CAS# 29420-49-3), and heptafluorobutyric acid 

(PFBA, CAS# 375-22-4) were purchased from Aldrich and used without further purification. 

Undecafluoro-2-methyl-3-oxahexanoic acid (GenX, CAS# 13252-12-6) was purchased from 

Synquest Laboratories and used without further purification. Sodium 1H,1H,2H,2H-

perfluorooctane sulfonate (6:2 FTS, CAS# 27619-94-9, 50 μg/mL in methanol) was purchased 

from Wellington Laboratories and used without further purification. Perfluorooctane sulfonamide 

(PFOSA, Acros, CAS# 754-91-6), sodium chloride (NaCl), silver nitrate (NaNO3), methanol 

(certified ACS), methanol (purge and trap suitable for volatile organic residue analysis), 20 mL 

vials, plain glass microscope slides, Thermo Scientific 11 mm glass crimp top vials (2 mL), 

Thermo Scientific national target Kim-Snap 2 mL caps, 3 mL air-tite all-plastic Henke-Ject 

syringes, and disposable polypropylene 50 mL centrifuge tubes were purchased from Fisher and 
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used without further purification. Parafilm was purchased from Pechiney Plastic Packaging. 

Medline disposable polypropylene 15 mL centrifuge tubes (MLAB15012) were generously 

donated by Eurofins Eaton Analytical (Eurofins). Cellulose acetate (CA) syringe filters (0.2 μm, 

catalog #729226) were purchased from Machery-Nagel. VWR grade 413 qualitative filter paper 

(5.5 cm) was purchased from VWR. 

 Deionized (DI) water purified by a Millipore Synergy water purification system was used as a 

water source and is referred to as “Millipore water” where appropriate. DI water purified by a 

Millipore Milli-Q Academic system was obtained from Eurofins Eaton Analytical and used as 

another water source during experiments where samples would be sent to Eurofins for analysis. 

This water is referred to as “Eurofins water”. The pH of both water sources was assumed to be 

7.00 according to Millipore’s website.1 The conductivity of both water sources was measured with 

a calibrated conductivity meter and found to be ~1 µS/cm. 

 

II. General Experimental 

 A Thermo Scientific Orion Star A215 pH/conductivity meter was used for the conductometric 

titrations. Before use each day, the pH and conductivity meters were calibrated. The pH meter was 

calibrated using Orion 4.01 (fisher catalog # 910104), 7.00 (fisher catalog # 910107), and 10.01 

(fisher catalog # 910110) pH buffers. The conductivity meter was calibrated using Orion 1413 

μS/cm (fisher catalog # 011007) conductivity standards. 

 An IKA T25 digital Ultra-Turrax homogenizer equipped with a S25N-10G-ST dispersing tool 

was utilized for homogenizing wood pulp (WP) mixtures.  

 A Thermo Scientific Sorvall ST8 centrifuge was used along with disposable polypropylene 50 

mL centrifuge tubes during QWP synthesis and PFAS adsorption experiments. 
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 A Fisher Scientific standard microplate vortex mixer (catalog number 02-216-100) was used 

during adsorption experiments. 

 Elemental analysis was performed by Midwest Microlab. 

 Eurofins Eaton Analytical (South Bend, IN) analyzed solutions containing PFAS when the 

initial [PFAS] was less than or equal to 2.5 mg/L. 

 Quaternized Wood Pulp (QWP) samples are identified by material type followed by the charge 

density (e.g., QWP0.65 is a QWP sample with a charge density of 0.65 mmol NR3+/g). 

III. Synthesis and Characterization of Quaternized Wood Pulps (QWPs) 

A. Synthesis of QWPs 

 See Chapter 3 experimental section. 

Table A2.1. QWP experimental conditions. 

sample volume of GMAC added 
(mL) 

[GMAC] in reaction mixture 
(M) 

number of centrifuge cycles for 
purification 

QWP0.0 0.00 0.00 2 
QWP0.65 3.00 0.422 3 
QWP0.97 5.50 0.739 4 
QWP0.99 5.50 0.739 4 
QWP1.5 12.48 1.49 7 

 

B. Conductometric titrations for QWPs 

 See Chapter 3 experimental section. 

Table A2.2. QWP conductometric titration results. 

sample first charge density 
(mmol/g)a 

second charge density 
(mmol/g)a 

average charge density 
(mmol/g) 

QWP0.0 0.00 0.00 0.00 ± 0.00 

QWP0.65 0.640 0.663 0.65 ± 0.02 
QWP0.97 0.976 0.968 0.97 ± 0.01 
QWP0.99 0.983 0.991 0.99 ± 0.01 
QWP1.5 1.50 1.52 1.51 ± 0.01 

aThe data in this column contain one extra significant figure to show how the average charge 
density was calculated for each sample. 
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Figure A2.1. Calculating the charge density of a QWP1.5 sample. Points were included in the 
linear regression lines based on linearity and inclusion of extra points near the equivalence point 
did not significantly affect charge density calculations.  

 

 

C. Elemental analysis (EA) 

 EA was performed on 5 QWP samples to determine the nitrogen content (wt% N) in each 

sample. The results from EA were then compared to nitrogen contents found using conductometric 

titrations, assuming that all N are from the -NR3+ groups. Table A2.3 shows that nitrogen contents 

from EA are in good agreement with the nitrogen contents from conductometric titrations. 

Table A2.3. Comparing QWP nitrogen contents (wt% N) as determined with conductometric 
titrations and elemental analysis. 

sample wt% N by titration wt% N by EA 
QWP0.0 0.00 0.00 
QWP0.65 0.91 0.87 
QWP0.97 1.37 1.19 
QWP0.99 1.39 1.33 
QWP1.5 2.10 2.00 
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D. Raman spectroscopy of QWPs 

 See Chapter 3 experimental section for details. 

 

Figure A2.2. An image of a QWP1.5 fiber cross section overlayed with a Raman intensity ratio 
map using the intensity ratio between the peak at 724–810 cm–1 to the peak at 924–1183 cm–1. The 
peak at 724–810 cm–1 corresponds to the symmetric (CH3)3-N+ stretching from the quaternary 
amine group,2 and the peaks at 924–1183 cm–1 are C-C and C-O stretching in cellulose.3 The 
uniform color on the Raman intensity ratio map indicates that uniform amine functionalization 
occurred across the fiber cross section. The intensity ratio map was created using the Renishaw 
WiRE 5.3 software package. 
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Figure A2.3. Raman spectra of (A) QWP1.5 and (B) QWP0.0 fibers at various depths in the 
fibers. The arrow in (A) indicates the symmetric (CH3)3-N+ stretching at 764 cm–1 from the 
quaternary amine group.2  

 

Figure A2.4. (A) QWP1.5 fiber image along with (B) Raman spectra acquired at various 
positions on the fiber’s surface. The colors of the dots in the fiber image correspond with the 
Raman spectra of similar color. The arrow in (B) indicates the symmetric (CH3)3-N+ stretching at 
764 cm–1 from the quaternary amine group.2  
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Figure A2.5. (A) Cross section microscope image of a QWP0.0 fiber. (B) Raman spectra 
acquired at various positions on the fiber’s cross section. The Raman spectra were normalized to 
the peak at 1096 cm–1. 

 

Figure A2.6. (A) QWP0.0 fiber image along with (B) Raman spectra acquired at various 
positions on the fiber’s surface. The colors of the dots in the fiber image correspond with the 
Raman spectra of similar color. 
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IV. PFAS adsorption experiments 

 Note: When performing experiments that would be analyzed in-house, Millipore water was 

used to prepare the PFAS solutions, the QWP mixtures, and the mixtures probing PFAS 

adsorption. When performing experiments with samples that were sent to Eurofins Eaton 

Analytical for analysis, Eurofins water was used instead of Millipore water for all of the above. 

 

A. General preparation of QWP mixtures 

 QWP mixtures with concentrations of 0.100 and 0.125 mg/mL were used for adsorption 

experiments. To make a 0.125 mg/mL mixture, QWPs (12.5 mg) were first soaked with water 

(10.0 mL) for 5 min in a 20 mL vial. The mixture was homogenized at 18k rpm for 1 min to 

generate a 1.25 mg/mL QWP mixture. The 0.125 mg/mL mixture was then made by combining 

the 1.25 mg/mL QWP mixture (2.0 mL) and water (18.0 mL) in a new 20 mL vial. A similar 

procedure was followed to make the 0.100 mg/mL QWP mixtures except that 12.5 mL water was 

used in the first step instead of 10.0 mL. 

 

B. General preparation of 20.0 mg/L PFOS and PFOA solutions 

 PFOS or PFOA (10.0 mg) was added to a 500 mL glass container with water (500.0 mL). The 

container was sonicated (~2–3 min) to get all the PFOS or PFOA to dissolve. 

 

C. Preparation of PFOS and PFOA standards for HPLC-MS 

 Every time a new 20.0 mg/L PFOS or PFOA solution was prepared, 6 new PFOS or PFOA 

standard solutions were also prepared for use as in-house HPLC-MS standards. PFOS standards 

with concentrations of 5.0, 1.0, 0.50, 0.10, 0.050, and 0.010 mg/L were made in 50 mL 
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polypropylene tubes via serial dilution using the 20.0 mg/L PFOS solution and water. PFOA 

standards with concentrations of 5.0, 1.0, 0.50, 0.10, 0.050, and 0.010 mg/L were made in 50 mL 

polypropylene tubes via serial dilution using the 20.0 mg/L PFOA solution and water. After 

preparing each solution, an aliquot (~1.5 mL) was removed via syringe, filtered through a cellulose 

acetate (CA) syringe filter, placed in a 2 mL vial, and the vial was capped. The standard solutions 

were stored in a fridge when not in use to minimize evaporation. Every time after using a standard, 

the cap was replaced with a new cap, so that the standards could be repeatedly used and provide 

consistency between experiments. Each standard was used for ~2 weeks. 

 

D. General procedure for adsorption experiments 

 See Chapter 3 experimental section for details. 

 

E. General procedure for analyzing PFOS/PFOA solutions in-house 

 Note: Water (Optima LC/MS grade, Fisher), acetonitrile (Optima LC/MS grade, Fisher), and 

formic acid (Optima LC/MS grade, Fisher) were used as the solvents when performing HPLC-

MS. The software used to operate the HPLC was Agilent MassHunter Workstation LC/MS Data 

Acquisition for 6500 Series TOF, and the software used to analyze sample chromatograms was 

Agilent MassHunter Qualitative Analysis 10.0. 

 When large initial [PFAS] (>2.5 mg/L) were used during adsorption experiments, PFOS and 

PFOA samples were analyzed in-house with an Agilent Technologies 1200 Series high 

performance liquid chromatography instrument coupled to an Agilent Technologies 6520 Accurate 

Mass Q-TOF LC/MS spectrometer. The mobile phase contained (A) water and (B) 

acetonitrile:water = 95:5, and each contained 0.1% formic acid. Samples were injected at 20 μL 
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volumes and loaded onto a ZORBAX Eclipse Plus C-18 column (Agilent, Rapid Resolution HD, 

2.1 x 50 mm, particle size 1.8 μm) which was kept at 25 °C. Solvent was passed through the 

column with a loading pump operated at 400 μL/min. The total sample run time was 4 min, and 

the solvent composition was changed over this run time. From 0–1 min, the mobile phase was 

linearly changed from 1:1 A:B to 3:7 A:B. From 1–2 min, the mobile phase was linearly changed 

from 3:7 A:B to 1:9 A:B. From 2–4 min, the mobile phase was held constant at 1:9 A:B. The Q-

TOF LC/MS was operated with electrospray ionization in negative polarity mode, and reference 

masses of 112.98 and 1033.99 were used to calibrate the system. 

 To begin analysis each day, 6 PFOS or PFOA standards (0.010–5.0 mg/L) were run to generate 

a calibration curve. Then, all the samples from an adsorption experiment were run. After each 

standard or sample run, an extracted ion chromatogram (EIC) was obtained from the total ion 

chromatogram (TIC) using a mass of either 498.93 (PFOS) or 412.96 (PFOA). The EIC was then 

smoothed and the area under the analyte peak was acquired. PFOS eluted over ~1 min between the 

retention times of ~1.8 and 2.8 min. PFOA eluted over ~1 min between the retention times of ~1.2–

2.2 min. For the standards, the area under the EIC curve was correlated with the standard’s 

concentration to make a calibration curve. For the samples, the area under the EIC curve was used 

to calculate the analyte concentration in solution via the calibration curve. Figure A2.7 and Figure 

A2.8 show representative examples of chromatograms collected for PFOS and PFOA standards, 

respectively. Figure A2.9 and Figure A2.10 show representative examples of chromatograms 

collected for PFOS and PFOA samples after an adsorption experiment, respectively. Figure A2.11 

displays representative examples of calibration curves that were generated with the 6 PFOS or 

PFOA standards. 
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Figure A2.7. (A) TIC and (B) smoothed EIC for a 1.0 mg/L PFOS standard. 

 

Figure A2.8. (A) TIC and (B) smoothed EIC for a 1.0 mg/L PFOA standard. 
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Figure A2.9. (A) TIC and (B) smoothed EIC for a PFOS sample 0.167 min after mixing with 
QWP1.5. 

 

Figure A2.10. (A) TIC and (B) smoothed EIC for a PFOA sample 0.167 min after mixing with 
QWP1.5. 
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Figure A2.11. Examples of calibration curves generated for measuring (A) [PFOS] and (B) 
[PFOA]. 

 

F. Eurofins procedure for analyzing PFAS concentrations 

 Samples prepared using initial PFAS concentrations less than or equal to 2.5 mg/L were sent 

to Eurofins for analysis of the residual PFAS concentration in solution (unless otherwise noted).  

 Purge-and-trap grade methanol was purchased from Fisher Scientific. All PFAS (analytes and 

isotopically labeled analogues) were purchased from Wellington Laboratories. 

 Water analysis was carried out by using a Water’s Acquity UPLC-H Class and Xevo TQ-S 

system.  Separation was carried out using a Phenomenex’s Gemini C18 (2 mm x 50 mm, 3 µm 

particle size) column. The mobile phase was a gradient mobile phase of 20 mM ammonium acid 

and methanol at a flowrate of 0.6 mL/min.  The column oven temperature was 40 ºC.  The injection 

volume was 3 µL. Isotope dilution analysis was performed for quantifying all analytes against their 

own isotopically labeled analogues.  The correlation coefficients (r) of the linear regression curves 

were 0.998 or better for all analytes. The calibration standards and samples were prepared with a 

1:1 ratio of water to methanol in 15 mL conical polypropylene tubes purchased from Fisher 

Scientific, referring to ASTM D7979-17. This procedure follows the standard test method for 



 181 

determining per- and polyfluoroalkyl substances in water, sludge, influent, effluent and wastewater 

by liquid chromatography tandem mass spectrometry (LC/MS/MS), according to ASTM 

International, ASTM D7979-17. 

 After testing, Eurofins reported PFAS concentrations in the range of 0.02–125 μg/L, with 0.02 

μg/L being the limit of quantification. More information about Eurofins can be found at 

https://www.eurofinsus.com/environment-testing/laboratories/eurofins-eaton-analytical/ 

(accessed March 25, 2021). 

 

G. General procedure for calculating PFAS adsorption % and capacity 

 Using the general procedure for analyzing PFOS/PFOA solutions in-house or the data that 

Eurofins provided, residual concentrations of PFAS (C, µg/L) were calculated for each adsorption 

and control sample. In the control samples (if there was more than 1), the residual concentrations 

were averaged, and the average was used as the initial PFAS concentration (C0, μg/L). The PFAS 

adsorption (%) for each sample was determined using the following equation: 

PFAS adsorption (%) = C0-C
C0

 x 100 

Equation A2.1. Calculating PFAS adsorption %. 

The adsorption capacity (q, mg/g) for each sample was determined using the following equation: 

q = C0-C
CA

 

Equation A2.2. Calculating PFAS adsorption capacity. 

where CA (mg/L) is the adsorbent concentration. 

 All adsorption experiments were performed in triplicate, and average adsorption % and 

capacity values from the 3 trials are reported with their standard deviations for each set of 

experimental conditions. 



 182 

H. Procedure for determining effect of QWP CD on PFOS adsorption over time 

General experimental 

 Mixtures of QWPs (0.125 mg/mL) with various charge densities were made according to the 

general procedure. A 20.0 mg/L PFOS solution was made according to the general procedure. All 

the samples in this experiment were analyzed in-house. 

 

Adsorption experiments 

 To perform adsorption experiments, 2.5 mL of 20.0 mg/L PFOS was placed in a 50 mL 

polypropylene tube. Next, 4 mL of a 0.125 mg/mL QWP mixture and 3.5 mL of Millipore water 

were syringed over 10 s into the bottom of the centrifuge tube while vortex mixing at a speed of 

1.5. The tube was then vortex mixed for an additional 10 s using a speed of 1.5. Aliquots (1000 

μL) of mixture were then removed at various time intervals and placed in a 4 mL vial. The aliquot 

was placed in a 3 mL plastic syringe, filtered through a CA syringe filter, and placed in a 2 mL 

glass vial, and the vial was capped. After each aliquot was removed, the centrifuge tube was 

wrapped in parafilm and left undisturbed at rt. This procedure was repeated 3 times for each of the 

QWPs with varying charge densities. Aliquots for QWP0.65 and QWP0.99 were removed at 0.167, 

60, 480, and 1440 min after mixing the QWPs with PFOS. Aliquots for QWP0.0 and QWP1.5 

were removed at 0.167, 80, 480, and 1440 min. The targeted initial PFOS concentration in these 

experiments was 5.0 mg/L, the adsorbent dosage was 50.0 mg/L, and total volume was 10.0 mL. 

 In addition, 3 control experiments were performed following the above procedure except that 

only Millipore water (no QWPs) was added to give a total volume of 10.0 mL. Aliquots were 

removed from these controls at 0.167 and 1440 min after mixing. These samples were analyzed to 
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determine the initial PFOS concentration in solution and to demonstrate that minimal PFOS was 

lost after 24 h to other mechanisms besides adsorption on QWPs.  

 

PFAS solution analysis 

 The samples were analyzed using the general procedure for analyzing PFOS/PFOA solutions 

in-house and the general procedure for calculating PFAS adsorption % and capacity (Table A2.4). 

Based on the control samples at 0.167 min, the initial PFOS concentration was calculated as 4.2 ± 

0.1 mg/L. The PFOS adsorption capacity data in Figure A2.12 were fit using the pseudo second 

order model to generate lines to guide the eye.4 

 

Table A2.4. PFOS adsorption (%) and capacity (mg/g) as a function of QWP charge density 
(mmol NR3+/g). 

 
PFOS adsorption 

0.167 min after 
mixing 

PFOS adsorption 60 or 
80 min after mixing 

PFOS adsorption 
480 min after mixing 

PFOS adsorption 
1440 min after mixing 

QWP ads % capacity ads % capacity ads % capacity ads % capacity 
no QWP 0 ± 3 0 ± 2 – – 9 ± 2 7 ± 1 
QWP0.0 –3 ± 1 –2 ± 1 9 ± 7 8 ± 5 12 ± 3 10 ± 2 6 ± 1 5 ± 1 
QWP0.65 4 ± 5 3 ± 4 14 ± 8 12 ± 6 63 ± 7 52 ± 6 76 ± 10 63 ± 8 

QWP0.99 16 ± 4 13 ± 3 52 ± 4 43 ± 3 95 ± 1 79 ± 1 
99.11 ± 

0.05 
82.26 ± 

0.04 

QWP1.5 
99.3 ± 

0.1 
82.42 ± 

0.09 
99.47 ± 

0.03 
82.57 ± 

0.02 
99.5 ± 

0.1 
82.56 ± 

0.04 
99.51 ± 

0.01 
82.60 ± 

0.01 
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Figure A2.12. Plot of PFOS adsorption capacity (mg/g) over time (min) for QWP1.5 (blue), 
QWP0.99 (orange), QWP0.65 (magenta), QWP0.0 (red), and no QWPs (black). [QWP] = 50.0 
mg/L. The data were fit using the pseudo second order model. 

 

I. Procedure for determining effect of QWP CD on PFOA adsorption over time 

General experimental 

 Mixtures of QWPs (0.125 mg/mL) with various charge densities were made according to the 

general procedure. A 20.0 mg/L PFOA solution was made according to the general procedure. All 

the samples in this experiment were analyzed in-house. 

 

Adsorption experiments 

 To perform adsorption experiments, 2.5 mL of 20.0 mg/L PFOA was placed in a 50 mL 

polypropylene tube. Next, 4 mL of a 0.125 mg/mL QWP mixture and 3.5 mL of Millipore water 

were syringed over 10 s into the bottom of the centrifuge tube while vortex mixing at a speed of 

1.5. The tube was then vortex mixed for an additional 10 s using a speed of 1.5. Aliquots (1000 

μL) of mixture were then removed at various time intervals and placed in an 8 mL vial. The aliquot 
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was placed in a 3 mL plastic syringe, filtered through a CA syringe filter, and placed in a 2 mL 

glass vial, and the vial was capped. After each aliquot was removed, the centrifuge tube was 

wrapped in parafilm and left undisturbed at rt. This procedure was repeated 3 times for each of the 

QWPs with varying charge densities. Aliquots were removed at 0.167, 80, 480, and 1440 min after 

mixing the QWPs with PFOA. The targeted initial PFOA concentration in these experiments was 

5.0 mg/L, the adsorbent dosage was 50.0 mg/L, and total volume was 10.0 mL. 

 In addition, 3 control experiments were performed following the above procedure except that 

only Millipore water (no QWPs) was added to give a total volume of 10.0 mL. Aliquots were 

removed from these controls at 0.167, 80, 480, and 1440 min after mixing. These samples were 

analyzed to calculate the initial PFOA concentration in solution and to demonstrate that minimal 

PFOA was lost after 24 h to other mechanisms besides adsorption on QWPs.  

 

PFAS solution analysis 

 The samples were analyzed using the general procedure for analyzing PFOS/PFOA solutions 

in-house and the general procedure for calculating PFAS adsorption % and capacity (Table A2.5). 

Based on the control samples at 10 s, the initial PFOA concentration was calculated as 3.9 ± 0.1 

mg/L. The PFOA adsorption capacity data in Figure A2.13 were fit using the pseudo second order 

model to generate lines to guide the eye.4 The only exception was the QWP1.5 adsorption data, 

which was fit with the pseudo first order model because the graphing program (Prism 8) was unable 

to generate a line according to the pseudo second order model. 
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Table A2.5. PFOA adsorption (%) and capacity (mg/g) as a function of QWP charge density 
(mmol NR3+/g). 

 PFOA adsorption 
0.167 min after mixing 

PFOA adsorption 80 
min after mixing 

PFOA adsorption 480 
min after mixing 

PFOA adsorption 
1440 min after mixing 

QWP ads % capacity ads % capacity ads % capacity ads % capacity 
no QWP 0 ± 2 0 ± 1 10 ± 1 8 ± 1 8 ± 2 6 ± 1 4 ± 2 3 ± 1 
QWP0.0 5 ± 1 4 ± 1 10 ± 1 8 ± 1 8 ± 2 7 ± 1 6.2 ± 0.3 4.9 ± 0.3 
QWP0.65 12 ± 1 9 ± 1 30 ± 2 23 ± 2 48 ± 10 37 ± 8 50 ± 10 39 ± 8 

QWP0.99 23 ± 1 18 ± 1 53 ± 2 42 ± 1 90 ± 1 70 ± 1 
96.3 ± 

0.4 
75.3 ± 0.3 

QWP1.5 
67.7 ± 

0.4 
52.9 ± 0.3 83 ± 2 65 ± 2 94 ± 1 73 ± 1 98 ± 1 77.1 ± 0.4 

 

 

Figure A2.13. Plot of PFOA adsorption capacity (mg/g) over time (min) with QWP1.5 (blue), 
QWP0.99 (orange), QWP0.65 (magenta), QWP0.0 (red), and no QWPs (black). [QWP] = 50.0 
mg/L. The data were fit using either the pseudo first or second order models to generate lines to 
guide the eye. 
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J. Procedure for determining effect of QWP1.5 concentration on PFOS adsorption 

General experimental 

 A mixture of QWP1.5 (0.125 mg/mL) was made according to the general procedure. In 

addition, a 0.0125 mg/mL QWP1.5 mixture was made by combining 2.0 mL of 0.125 mg/mL 

QWP1.5 and 18.0 mL of Millipore water in a new 20 mL vial. A 20.0 mg/L PFOS solution was 

made according to the general procedure. All the samples in this experiment were analyzed in-

house. 

 

Adsorption experiments 

 To perform adsorption experiments, 2.5 mL of 20.0 mg/L PFOS was placed in a 50 mL 

polypropylene tube. Then, the general procedure for adsorption experiments was followed for each 

sample (see Table A2.6 for specific details). An aliquot (~1.5 mL) of mixture was removed from 

the centrifuge tube with a 3 mL plastic syringe 10 s after mixing the QWPs with PFOS, and it was 

passed through a CA syringe filter and placed in a 2 mL vial. This procedure was repeated 3 times 

for each concentration of QWP1.5 used. The targeted initial PFOS concentration was 5.0 mg/L, 

and the total volume was 10.0 mL. 

 Note: For this experiment, only 1 control sample was made following the above procedure, 

and only Millipore water (no QWPs) was added in this sample to give a total volume of 10.0 mL. 

This control sample was analyzed to determine the initial PFOS concentration in solution in the 

absence of adsorbent. 
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PFAS solution analysis 

 All samples were analyzed using the general procedure for analyzing PFOS/PFOA solutions 

in-house and the general procedure for calculating PFAS adsorption % and capacity (Table A2.6 

and Figure 3.3). Based on the control sample, the initial PFOS concentration was calculated as 

4.81 mg/L. Note: The PFOS adsorption % and capacity for the 50.0 mg/L data point was taken 

from the section “Procedure for determining effect of QWP CD on PFOS adsorption over time” at 

the 0.167 min time point (Table A2.4). 

 

Table A2.6. PFOS adsorption (%) and capacity (mg/g) as a function of QWP1.5 concentration 
(mg/L). 

QWP1.5 
concentration 

(mg/L) 

QWP mixture used to 
prepare samples 

(mg/mL) 

volume of QWP mixture 
used to prepare 
samples (mL) 

PFOS 
adsorption % 

PFOS 
adsorption 

capacity 
1.25 0.0125 1 -1.8 ± 0.3 -71 ± 10 
6.25 0.0125 5 25 ± 2 190 ± 10 
12.5 0.125 1 68 ± 1 263 ± 3 
50.0 0.125 4 99.3 ± 0.1 82.42 ± 0.09 

 

 

K. PFOS/PFOA adsorption over time with QWP1.5 

General experimental 

 Mixtures of QWP1.5 (0.100 mg/mL) were made according to the general procedure. PFOS 

and PFOA solutions (20.0 mg/L) were made according to the general procedure. All the samples 

in this experiment were analyzed in-house. 

 

Adsorption experiments 

 To perform adsorption experiments, 2.5 mL of either 20.0 mg/L PFOS or PFOA was placed in 

a 50 mL polypropylene tube. Next, 1 mL of 0.100 mg/mL QWP1.5 mixture and 6.5 mL of 
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Millipore water were syringed over 10 s into the bottom of the centrifuge tube while vortex mixing 

at a speed of 1.5. The tube was then vortex mixed for an additional 10 s using a speed of 1.5. 

Aliquots (1000 μL) of mixture were removed at various time intervals and placed in a 4 mL vial. 

The aliquot was then placed in a 3 mL plastic syringe, filtered through a CA syringe filter, and 

placed in a 2 mL glass vial, and the vial was capped. After each aliquot was removed, the centrifuge 

tube was wrapped in parafilm and left undisturbed at rt. This procedure was repeated 3 times with 

PFOS and PFOA as the analytes. Aliquots were removed at 0.167, 60, 480, and 1440 min after 

mixing the QWPs with either PFOS or PFOA. The targeted initial PFOS/PFOA concentrations 

were 5.0 mg/L, the adsorbent dosage was 10.0 mg/L, and total volume was 10.0 mL. 

 In addition, 2 control experiments were performed following the above procedure for both 

PFOS and PFOA. The only difference is that only Millipore water (no QWPs) was added to the 

tubes to give a total volume of 10.0 mL. Aliquots were removed from these controls at 0.167, 60, 

480, and 1440 min after mixing. These samples were analyzed to determine the initial PFOS/PFOA 

concentrations in solution and to demonstrate that minimal PFOS/PFOA was lost after 24 h to 

other mechanisms besides adsorption on QWPs.  

 

PFAS solution analysis 

 All samples were analyzed using the general procedure for analyzing PFOS/PFOA solutions 

in-house and the general procedure for calculating PFAS adsorption % and capacity (Table A2.7 

and Table A2.8). Based on the PFOS control samples, the initial PFOS concentration was 

calculated as 3.5 ± 0.1 mg/L, and based on the PFOA control samples, the initial PFOA 

concentration was calculated as 3.9 ± 0.1 mg/L. Figure A2.14 shows the measured PFOS and 

PFOA adsorption over time. Because the control samples showed some loss of PFOS/PFOA over 
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time, we also calculated adjusted adsorption capacities, and the adjusted capacities are reported in 

the manuscript. The adjusted capacities were calculated by subtracting the average PFOS or PFOA 

control adsorption capacity from the average measured PFOS or PFOA adsorption capacity at each 

time point (Table A2.7 and Table A2.8). The PFOS adsorption data in Figure 3.2 and Figure A2.14 

was fit using the pseudo first order model to generate a line to guide the eye. The PFOA adsorption 

data in Figure 3.2 and Figure A2.14 was fit using the pseudo second order model to generate a line 

to guide the eye. The pseudo second order model was not used for PFOS because the graphing 

program (Prism 8) was unable to generate a line according to the pseudo second order model.4 

 

Table A2.7. Measured and adjusted PFOS adsorption over time using QWP1.5. 

time 
(min) 

measured 
PFOS 

adsorption (%) 

measured PFOS 
adsorption 

capacity (mg/g) 

PFOS control 
adsorption (%) 

PFOS control 
adsorption 

capacity (mg/g) 

adjusted PFOS 
adsorption 

capacity (mg/g) 
0.167 67 ± 1 238 ± 5 0 ± 2 0 ± 7 238 ± 5 

60 76 ± 4 270 ± 20 4 ± 1 13 ± 4 260 ± 20 
480 89 ± 3 320 ± 10 3.0 ± 0.2 12 ± 1 300 ± 10 
1440 96 ± 3 340 ± 10 5.0 ± 0.6 19 ± 2  320 ± 10 

 

Table A2.8. Measured and adjusted PFOA adsorption over time using QWP1.5. 

time 
(min) 

measured 
PFOA 

adsorption (%) 

measured PFOA 
adsorption 

capacity (mg/g) 

PFOA control 
adsorption (%) 

PFOA control 
adsorption 

capacity (mg/g) 

adjusted PFOA 
adsorption 

capacity (mg/g) 
0.167 20 ± 3 80 ± 10 0 ± 2 0 ± 7 80 ± 10 

60 42 ± 1 164 ± 3 4 ± 1 16 ± 3 148 ± 3 
480 70 ± 2 273 ± 3 2 ± 1 8 ± 4 265 ± 3 
1440 83 ± 2 324 ± 9 2 ± 1 8 ± 2  316 ± 9 
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Figure A2.14. Plot of measured PFOS (black) and PFOA (red) adsorption capacities over time. 
PFOS (blue) and PFOA (magenta) control adsorption capacities over time are also given. Some 
error bars are not visible due to their small size. 

 

L. Calculating pseudo-second order adsorption parameters 

 The pseudo-second-order adsorption model was then used to fit the adjusted PFOS and PFOA 

data in Table A2.7 and Table A2.8 to calculate rate constants and equilibrium adsorption capacities 

for PFOS and PFOA adsorption.4 The linear pseudo-second-order adsorption model is given by: 

t
qt

= 
t

qe
+

1
k2qe

2 

Equation A2.3. Calculating pseudo-second order adsorption kinetics. 

where qt (mg/g) is the adsorption capacity at a given time, t (min) is time, qe (mg/g) is the 

adsorption capacity at equilibrium, and k2 is the pseudo-second-order rate constant (g/(mg·min)). 

Plotting (t/qt) vs t (Figure A2.15) for both the PFOS and PFOA data results in linear regression 

lines where the slope equals 1/qe and values of k2 are calculated from the y-intercept and qe. The 

rate constants and equilibrium adsorption capacities for PFOS and PFOA adsorption are given in 
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Table A2.9. k2 was converted to units of g/(mg·h) for easy comparison with values in literature, 

which are typically reported with units of g/(mg·h). 

 

Table A2.9. Pseudo-second-order adsorption parameters for PFOS and PFOA adsorption on 
QWP1.5. [QWP1.5] = 10 mg/L, [PFOS]0 = 3.5 ± 0.1 mg/L, [PFOA]0 = 3.9 ± 0.1 mg/L. 

analyte k2 (g/(mg*h)) qe (mg/g) 
PFOS 0.014 323 
PFOA 0.0035 323 

 

Figure A2.15. Plot of t/qt (min·g/mg) at various time (min) points for PFOS and PFOA 
adsorption over time.  
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M. Adsorption isotherms for PFOS/PFOA adsorption with QWP1.5 

General experimental 

 Mixtures of QWP1.5 (0.100 mg/mL) were made according to the general procedure. PFOS 

and PFOA solutions (20.0 mg/L) were made according to the general procedure. All the samples 

in this experiment were analyzed by Eurofins. The 50 mL polypropylene tubes used in this 

experiment were rinsed with methanol (purge and trap grade, ~1.5 mL) and air-dried prior to use 

to ensure no PFOS/PFOA was in the tube. 

 

Adsorption experiments 

 Note: Each trial in this experiment probed either PFOS or PFOA adsorption. Every sample 

sent to Eurofins for analysis contained 1 aliquot of solution from a PFOS trial and 1 aliquot of 

solution from a PFOA trial. Furthermore, because Eurofins could only analyze samples with 

PFOS/PFOA concentrations between 0.02 – 125 μg/L, adsorption trials were diluted with 

additional Eurofins water and methanol (purge and trap grade) such that the samples contain 1:1 

methanol:water solutions. 

 To perform adsorption trials, a volume of either 20.0 mg/L PFOS or PFOA solution was added 

to a 50 mL polypropylene “initial tube” (Table A2.10). Then, 1.0 mL of 0.100 mg/mL QWP1.5 

mixture and Eurofins water (a volume to make the adsorption mixture 10.0 mL) were syringed 

over 10 s into the bottom of the centrifuge tube while vortex mixing at a speed of 1.5. The tube 

was then vortex mixed for an additional 10 s using a speed of 1.5. Following this mixing time, one 

of two procedures was followed: 

 1) In control trials where only water (no QWP1.5) was added to give a total volume of 10.0 

mL, an aliquot (~1 mL) of solution was removed immediately from the initial tube with a 3 



 194 

mL syringe, filtered through a CA syringe filter, and placed in a 4 mL vial. A portion of this 

filtered solution (either 50 or 100 μL) was then placed in a 15 mL centrifuge tube (called “final 

sample”). The remaining solution in the initial tube was then capped and parafilm was used to 

seal the tube. This procedure was performed to determine the initial PFOS/PFOA 

concentrations in solution in the absence of adsorbent. To dilute these “final samples” for 

analysis, a volume of Eurofins water (dependent on the combined aliquot volumes from 1 

PFOS trial and 1 PFOA trial added to the 15 mL tube) was added to the 15 mL “final sample” 

followed by methanol (5.00 mL), and the tube was sealed with parafilm. In Table A2.10, these 

control samples are final samples 1–5. Note: Only 1 control trial was prepared for each targeted 

initial PFOS/PFOA concentration in this experiment. 

 2) In trials containing QWP1.5, the “initial tube” was simply capped and wrapped in parafilm 

to seal the tube. 

 

 Trials were left undisturbed at rt for 24 h. Following this contact time, an aliquot (~1.5 mL) of 

mixture was removed from the initial tube with a 3 mL plastic syringe, filtered through a CA 

syringe filter, and placed in a 4 mL vial. A portion of this filtered solution was placed in a 15 mL 

“final sample” (Table A2.10). Again, note that 1 PFOS aliquot and 1 PFOA aliquot were combined 

into 1 “final sample”. 

 Once aliquots from a PFOS and PFOA trial were in a given 15 mL “final sample”, Eurofins 

water (dependent on the combined aliquot volumes from 1 PFOS and 1 PFOA trial) was added to 

the tube with methanol (a volume equal to the total volume of water added to the tube), and the 15 

mL tube was sealed with parafilm. In Table A2.10, final samples 6, 10, 14, 18, and 22 are the 24 

h aliquots for the control final samples 1–5, respectively. These samples were prepared to 
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demonstrate that minimal PFOS/PFOA was lost after 24 h to other mechanisms besides adsorption 

on QWPs. 

 Adsorption trials were performed in triplicate for each targeted initial PFOS/PFOA 

concentration. The targeted initial PFOS/PFOA concentrations were 1000, 2500, 5000, 7500, and 

10,000 ug/L. The [QWP1.5] was 10.0 mg/L. 

 

PFAS solution analysis 

 All samples were analyzed using the Eurofins general procedure for analyzing PFAS 

concentrations. Using the data from Eurofins, the PFOS and PFOA equilibrium adsorption 

capacities, qe (mg/g), and the equilibrium PFOS and PFOA solution concentrations (Ce, μg/L) were 

calculated according to the following method. First, because the “final samples” sent to Eurofins 

contained diluted PFOS/PFOA concentrations, the reported concentrations of PFOS/PFOA in each 

sample were multiplied by the dilution factor provided in Table A2.10 to obtain undiluted 

PFOS/PFOA concentrations for each sample. For samples 1–5, this undiluted PFOS/PFOA 

concentration was used as the true initial PFOS/PFOA concentration (C0). For samples 6–25, this 

undiluted PFOS/PFOA concentration was the sample’s Ce. Then, the qe for each sample was found 

with: 

qe = C0	-	Ce
CA

 

Equation A2.4. Calculating equilibrium adsorption capacity. 

where CA is the adsorbent concentration (10.0 mg/L). Averages and standard deviations of 3 

samples are reported in Table A2.11 and Table A2.12 for the PFOS/PFOA equilibrium adsorption 

capacities and corresponding equilibrium solution concentrations. 
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Table A2.10. Parameters for preparing adsorption isotherm samples. 

final 
sample 

volumes (mL) 
of 20.0 mg/L 

PFOS or PFOA 
added to 

“initial tube” 

aliquot 
volumes (μL) of 

filtered 
solutions 

added to “final 
sample”a 

Eurofins 
water (mL) 
added to 

“final 
sample” 

methanol 
(mL) added 

to “final 
sample” 

dilution 
factor 

targeted initial 
PFOS/PFOA 

concentrations 
(μg/L) 

1 0.5000 100.0 4.800 5.00 100 1000 
2 1.250 100.0 4.800 5.00 100 2500 
3 2.500 100.0 4.800 5.00 100 5000 
4 3.750 50.0 4.900 5.00  200 7500 
5 5.000 50.0 4.900 5.00 200 10000 
6 0.500 100.0 4.800 5.00 100 1000 
7 0.500 500.0 0 1.00 4 1000 
8 0.500 500.0 0 1.00 4 1000 
9 0.500 500.0 0 1.00 4 1000 
10 1.250 100.0 4.800 5.00 100 2500 
11 1.250 1000 3.000 5.00 10 2500 
12 1.250 1000 3.000 5.00 10 2500 
13 1.250 1000 3.000 5.00 10 2500 
14 2.500 100.0 4.800 5.00 100 5000 
15 2.500 500.0 4.000 5.00 20 5000 
16 2.500 500.0 4.000 5.00 20 5000 
17 2.500 500.0 4.000 5.00 20 5000 
18 3.750 50.0 4.900 5.00  200 7500 
19 3.750 250.0 4.500 5.00 40 7500 
20 3.750 250.0 4.500 5.00 40 7500 
21 3.750 250.0 4.500 5.00 40 7500 
22 5.000 50.0 4.900 5.00 200 10000 
23 5.000 100.0 4.800 5.00 100 10000 
24 5.000 100.0 4.800 5.00 100 10000 
25 5.000 100.0 4.800 5.00 100 10000 

aNote: Two aliquots were added to each final sample: one from a PFOS trial and one from a PFOA 
trial. 
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Table A2.11. PFOS adsorption isotherm data. 

final sample Ce (μg/L) average Ce (μg/L) qe (mg/g) average qe (mg/g) 
1* 745 – – – 
2* 2011 – – – 
3* 4272 – – – 
4* 5683 – – – 
5* 7940 – – – 
6* 736 – 0.878 – 
7 6.53 

9 ± 3 
73.8 

73.5 ± 0.3 8 8.82 73.6 
9 13.0 73.2 

10* 2081 – -7.00 – 
11 25.9 

35 ± 8 
199 

198 ± 1 12 40.4 197 
13 39.1 197 
14* 4150 – 12.2 – 
15 53.3 

48 ± 6 
422 

422 ± 1 16 49.9 422 
17 40.8 423 
18* 6031 – -34.8 – 
19 140 

140 ± 20 
554 

554 ± 2 20 119 556 
21 158 553 
22* 7963 – -2.28 – 
23 1007 

900 ± 100 
693 

700 ± 10 24 921 702 
25 761 718 

*Indicates the sample was a control. 
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Table A2.12. PFOA adsorption isotherm data. 

final sample Ce (μg/L) average Ce (μg/L) qe (mg/g) average qe (mg/g) 
1* 920 – – – 
2* 2234 – – – 
3* 4545 – – – 
4* 6296 – – – 
5* 8336 – – – 
6* 881 – 3.90 – 
7 144 

120 ± 20 
77.6 

80 ± 2 8 119 80.1 
9 111 80.8 

10* 2181 – 5.27 – 
11 149 

220 ± 60 
208 

202 ± 6 12 257 198 
13 239 199 
14* 4436 – 10.9 – 
15 387 

393 ± 6 
416 

415 ± 1 16 396 415 
17 396 415 
18* 6426 – -13.0 – 
19 1091 

1180 ± 80 
520 

511 ± 8 20 1215 508 
21 1237 506 
22* 8380 – -4.40 – 
23 2994 

3200 ± 200 
534 

520 ± 20 24 3198 514 
25 3303 503 

*Indicates the sample was a control. 
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N. Calculating distribution coefficients 

 Distribution coefficients (KD, L/g) that describe PFOS and PFOA affinity to adsorb on QWP1.5 

were approximated by evaluating the linear regions of the PFOS and PFOA adsorption isotherms. 

More specifically, qe was plotted against Ce for the 3 smallest Ces on the PFOS and PFOA 

adsorption isotherms. The data was fit using a linear trendline, and the slope of the line was taken 

as the KD for PFOS and PFOA adsorption (Figure A2.16). More info on KD can be found in the 

provided references.5,6,7 

 

Figure A2.16. Plot of adsorption capacity (mg/g) as a function of (A) PFOS and (B) PFOA 
equilibrium concentration (mg/L). 

 

O. Fitting isotherm data with Langmuir and Freundlich models 

 Langmuir and Freundlich models were used to understand PFOS and PFOA adsorption on 

QWP1.5. The Langmuir model is given by: 

qe = qmaxbCe
1+bCe

 

Equation A2.5. Langmuir model equation. 
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where qe (mg/g) is the adsorption capacity, b is the Langmuir constant, qmax (mg/g) is the maximum 

capacity of PFAS adsorbate, and Ce (mg/L) is the concentration of PFAS left in solution after 

reaching equilibrium. The Freundlich model is given by: 

qe = KFCe1/n 

Equation A2.6. Freundlich model equation. 

where qe and Ce are defined the same as in the Langmuir model, KF ((mg/g)(L/mg)1/n) is the 

Freundlich constant which is related to adsorption capacity, and n is a constant indicating the 

intensity of adsorption. 

 To calculate qmax and b for PFOS and PFOA adsorption, Ce/qe was plotted versus Ce according 

to the following linear Langmuir equation: 

Ce

qe
=

1
bqmax

+
Ce

qmax
 

Equation A2.7. Calculating Langmuir parameters. 

qmax was calculated from the slope (which is 1/qmax) of the line, and b was calculated from qmax and 

the intercept of the linear regression line (Figure A2.17 and Table A2.13). 
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Figure A2.17. Plot of Ce/qe (g/L) as a function of (A) PFOS and (B) PFOA equilibrium 
concentration (mg/L). 

 

Table A2.13. Langmuir isotherm parameters for PFOS and PFOA adsorption on QWP1.5. 

 qmax (mg/g) b R2 
PFOS 763 14.1 0.99 
PFOA 605 2.29 0.96 

 

 To calculate KF and n for PFOS and PFOA adsorption, log qe was plotted versus log Ce 

according to the following linear Freundlich equation: 

log qe = log KF + 1
n
 log Ce 

Equation A2.8. Calculating Freundlich parameters. 

KF was calculated from the intercept of the linear regression line and n was calculated from the 

slope (which is 1/n) (Figure A2.18 and Table A2.14). 
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Figure A2.18. Plot of log qe against log Ce for (A) PFOS and (B) PFOA adsorption. 

 

Table A2.14. Freundlich isotherm parameters for PFOS and PFOA adsorption on QWP1.5. 

 KF ((mg/g)(L/mg)1/n) 1/n R2 
PFOS 1060 0.48 0.79 
PFOA 395 0.52 0.72 
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P. Adsorbing multiple PFASs over time with QWP1.5 

General experimental 

 Mixtures of QWP1.5 (0.100 mg/mL) were made according to the general procedure. All the 

samples in this experiment were analyzed by Eurofins. The 50 mL polypropylene tubes used in 

this experiment were rinsed with methanol (purge and trap grade, ~1.5 mL) and air-dried prior to 

use to ensure no PFAS was in the tube. 

 

PFAS and humic acid (HA) stock solutions 

 The 20.0 mg/L PFOS and PFOA solutions from the adsorption isotherm experiment were used 

in this experiment. The other PFASs tested in this experiment were PFBS, PFOSA, PFBA, GenX, 

and 6:2 FTS. 

 PFBS and PFOSA solutions (20.0 mg/L) were made according to the same procedure used to 

make 20.0 mg/L PFOS and PFOA solutions. The only difference is that for PFOSA, isopropanol 

(IPA) was used as solvent instead of water because PFOSA is more soluble in IPA at this high 

concentration. 

 For liquid PFASs (i.e., PFBA and GenX), the PFASs were diluted with a solvent to reach 20.0 

mg/L. To make the 20.0 mg/L PFBA solution, 60.8 µL of PFBA was first combined with 9.939 

mL of Eurofins water in a 50 mL polypropylene tube to make a 1.00 x 104 mg/L PFBA solution. 

A 20.0 mg/L PFBA solution was made by diluting 80.0 µL of the 1.00 x 104 mg/L PFBA solution 

with 39.920 mL of Eurofins water in a new 50 mL polypropylene tube. To make the 20.0 mg/L 

GenX solution, 54.1 µL of GenX was first combined with 9.946 mL of methanol (purge and trap 

grade) in a 50 mL polypropylene tube to make a 1.00 x 104 mg/L GenX solution. A 20.0 mg/L 
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GenX solution was made by diluting 80.0 µL of the 1.00 x 104 mg/L GenX solution with 39.920 

mL of Eurofins water in a 50 mL polypropylene tube. 

 After the 20.0 mg/L PFOS, PFOA, PFBS, PFOSA, PFBA, and GenX solutions were made, a 

“cocktail” solution containing all 7 PFASs was prepared so that the final concentration of each 

PFAS was 250 μg/L. The cocktail solution was made by first combining 500.0 μL of 20.0 mg/L 

PFOSA, PFBS, PFBA, and GenX into a 50 mL polypropylene tube. Then, 625 μL of 20.0 mg/L 

PFOS and 556 μL of 20.0 mg/L PFOA were added to the tube. Next, 200 μL of 50 μg/mL 6:2 FTS 

was added to the tube. Lastly, 36.619 mL of Eurofins water was added to the tube to give 40.0 mL 

of a solution that was 250 μg/L in each of the 7 PFASs. Note: 625 µL of 20.0 mg/L PFOS and 556 

µL of 20.0 mg/L PFOA were used (instead of 500 µL) because it was found in the adsorption 

isotherm experiment that the initial PFOS and PFOA solutions were about 80% and 90%, 

respectively, of the targeted concentrations (Table A2.11 and Table A2.12). Thus, in this 

experiment, to make sure PFOS and PFOA concentrations were close to 250 µg/L, the volume of 

20.0 mg/L PFOS and PFOA added to the cocktail was increased by 25% and 11%, respectively. 

 A 2000 mg/L HA mixture was made by combining HA (40.0 mg) and Eurofins water (20.0 

mL) in a 50 mL polypropylene tube. The mixture was vortex mixed at full speed for ~1 min and 

sonicated for 5 min. 

 

Adsorption experiments 

 Note: Eurofins requested that samples contain 1:1 methanol:water solutions, so every sample 

sent to Eurofins contained an aliquot of solution (1 mL) from an adsorption trial and methanol 

(purge and trap grade, 1 mL). Thus, the adsorption trials had a dilution factor of 2.  
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 To perform adsorption trials, the 250 μg/L cocktail solution (100.0 μL) was added to a 50 mL 

polypropylene “initial tube” with a volume (0 or 100.0 μL) of 2000 mg/L HA mixture. Eurofins 

water (800.0 or 900.0 µL, dependent on if HA was added) was also added to the tube to give a 

total initial volume of 1.00 mL. Next, 1.0 mL of 0.100 mg/mL QWP1.5 mixture and 8.0 mL of 

Eurofins water were syringed over 10 s into the bottom of the centrifuge tube while vortex mixing 

at a speed of 1.5. The tube was then vortex mixed for an additional 10 s using a speed of 1.5. An 

aliquot of mixture (~1.5 mL) was removed from the tube with a 3 mL plastic syringe 10 s after 

mixing, filtered through a CA syringe filter, and placed in a 4 mL vial. A portion of the filtered 

solution (1000 µL) was then placed in a 15 mL “final sample” polypropylene centrifuge tube. 

Methanol (1000 µL) was added to the “final sample”, and the 15 mL tube was sealed with parafilm.  

 Control trials with and without HA were performed in duplicate following the above procedure 

except that only Eurofins water (no QWP1.5) was added during the mixing step to give a total 

sample volume of 10.0 mL. These controls were analyzed to determine the initial PFAS 

concentrations in solution in the absence of adsorbent. 

 Adsorption and control trials were also performed according to the above procedure to 

determine PFAS adsorption after 60 min. The only difference is that after mixing QWP1.5 (or just 

water in controls) with PFASs, the initial tube was left undisturbed at rt for 60 min before an 

aliquot was removed. 

 The targeted initial PFAS concentrations in the adsorption and control trials were 2.50 µg/L, 

and the adsorbent dosage was 10.0 mg/L. Final samples 1–5 were performed without HA, and final 

samples 6–10 were performed with a HA concentration of 20.0 mg/L. Aliquots in final samples 

1–10 were acquired immediately after mixing. Final samples 11–15 were performed without HA, 
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and final samples 16–20 were performed with a HA concentration of 20.0 mg/L. Aliquots in final 

samples 11–20 were acquired 60 min after mixing. 

 

PFAS solution analysis 

 All samples were analyzed using the Eurofins general procedure for analyzing PFAS 

concentrations. PFAS adsorption % and capacities were calculated according to the general 

procedure using data from Eurofins (Table A2.15, Table A2.16, and Table A2.17). Note: Because 

the samples were diluted by a factor of 2, the concentrations that Eurofins reported were multiplied 

by 2 to find the actual PFAS concentrations in the adsorption and control trials. In addition, the 

PFAS concentrations in the control samples with and without HA were used as the initial PFAS 

concentrations for calculating adsorption % and capacity. Conclusions about PFOSA removal 

were not made because PFOSA was the only PFAS significantly removed by cellulose acetate 

syringe filters used to prepare the samples. 
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Table A2.15. Leftover PFAS concentrations when adsorbing multiple PFASs with QWP1.5. 
Trials 1–5 and 11–15 were performed without HA, and trials 6–10 and 16–20 were performed 
with a HA concentration of 20.0 mg/L. 

final 
sample 

[PFBA] 
(μg/L) 

[PFBS] 
(μg/L) 

[GenX] 
(µg/L) 

[6:2 FTS] 
(µg/L) 

[PFOA] 
(µg/L) 

[PFOS] 
(µg/L) 

[PFOSA] 
(µg/L) 

1 3.30 2.61 2.40 2.02 2.89 2.36 0.0993 
2 3.54 2.83 3.22 2.05 2.95 2.48 0.0912 
3 3.16 1.96 2.70 0.211 0.616 0.040* 0.0400* 
4 2.76 1.85 1.91 0.137 0.467 0.040* 0.0400* 
5 3.03 1.96 1.99 0.158 0.560 0.040* 0.0400* 
6 3.03 2.52 2.64 1.95 2.71 2.13 0.0641 
7 3.22 2.71 3.58 2.05 2.84 2.42 0.0685 
8 3.06 2.47 2.42 1.89 2.61 1.80 0.1036 
9 2.94 2.34 2.24 1.73 2.45 1.72 0.0701 
10 3.06 2.39 2.44 1.91 2.64 1.96 0.0867 
11 2.78 2.33 2.55 2.173 2.57 2.17 0.0641 
12 2.68 2.30 2.61 2.120 2.46 2.05 0.0893 
13 2.01 1.34 1.71 0.0933 0.324 0.040* 0.040* 
14 2.27 1.45 1.75 0.0678 0.327 0.040* 0.040* 
15 2.23 1.47 1.87 0.0841 0.330 0.040* 0.040* 
16 2.88 2.47 2.73 2.43 2.75 2.50 0.145 
17 2.75 2.39 2.56 2.23 2.56 2.35 0.128 
18 2.84 2.22 2.41 2.18 2.47 1.79 0.191 
19 2.59 2.09 2.34 2.03 2.35 1.63 0.181 
20 2.65 2.22 2.52 2.12 2.47 1.73 0.227 

*Indicates that the measured PFAS concentration was below the limit of quantification (0.02 
µg/L). Therefore, the limit of quantification was assumed to be the PFAS concentration and then 
multiplied by the dilution factor (2). 
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Table A2.16. QWP1.5 adsorption % and capacity for 7 PFASs after 30 s of contact time between 
QWP1.5 and PFASs. 

PFAS adsorption (%) 
without HA 

adsorption capacity 
(mg/g) without HA 

adsorption (%) 
with HA 

adsorption capacity 
(mg/g) with HA 

PFBA 13 ± 6 0.04 ± 0.02 3 ± 2 0.010 ± 0.007 
PFBS 29 ± 2 0.08 ± 0.01 8 ± 3 0.021 ± 0.007 
GenX 20 ± 20 0.06 ± 0.04 24 ± 3 0.07 ± 0.01 

6:2 
FTS 

92 ± 2 0.187 ±0.004 8 ± 5 0.02 ± 0.01 

PFOA 81 ± 3 0.237 ± 0.008 8 ± 4 0.02 ± 0.01 
PFOS 98 ± 0* 0.238* 20 ± 5 0.05 ± 0.01 

PFOSA 58 ± 0* 0.006* -30 ± 30 – 
*Indicates that the measured PFAS concentration was below the limit of quantification (0.02 
µg/L). Therefore, the limit of quantification was assumed to be the PFAS concentration. Accurate 
standard deviations could not be calculated for these entries because of this estimation. 
 

Table A2.17. QWP1.5 adsorption % and capacity for 7 PFASs after 60 min of contact time 
between QWP1.5 and PFASs. 

PFAS adsorption (%) 
without HA 

adsorption capacity 
(mg/g) without HA 

adsorption (%) 
with HA 

adsorption capacity 
(mg/g) with HA 

PFBA 21 ± 5 0.06 ± 0.01 4 ± 5 0.01 ± 0.01 
PFBS 39 ± 3 0.09 ± 0.01 10 ± 3 0.03 ± 0.01 
GenX 31 ± 3 0.08 ± 0.01 8 ± 3 0.02 ± 0.01 

6:2 
FTS 

96 ± 1 0.206 ± 0.001 9 ± 3 0.02 ± 0.01 

PFOA 87.0 ± 0.1 0.2190 ± 0.0003 8 ± 3 0.02 ± 0.01 
PFOS 98 ± 0* 0.21* 29 ± 3 0.07 ± 0.01 

PFOSA 48 ± 0* 0.037* -50 ± 20 – 
*Indicates that the measured PFAS concentration was below the limit of quantification (0.02 
µg/L). Therefore, the limit of quantification was assumed to be the PFAS concentration. Accurate 
standard deviations could not be calculated for these entries because of this estimation. 
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Q. Calculating Specific UV Absorbance (SUVA254) of humic acid (HA) 

 A SUVA254 was calculated to characterize the HA’s hydrophobic/hydrophilic nature.8 We 

determined that the SUVA254 was 4.1, which suggests that the HA was mainly composed of 

hydrophobic and aromatic materials. Note: The SUVA254 was calculated for HA assuming the total 

organic carbon (TOC) was equal to the non-purgeable organic carbon (NPOC), and the purgeable 

organic carbon (POC) was negligible. 

 A 20.0 mg/L HA solution was prepared by first combining HA (10.0 mg) with Millipore water 

(450.0 mL) in a 500 mL glass container. NaOH (0.1 M, 25.0 mL) was then added to the container 

to ensure all the HA was dissolved, and the container was bath sonicated for 3 min to obtain a clear 

brown solution. The pH was found to be ~11 using pH paper. Aqueous HCl (0.1 M, 25.0 mL) was 

then added to the container to make the pH of the solution neutral, and the jar was hand mixed for 

~30 s. The solution pH was found to be ~7 using pH paper. 

 UV-vis spectra were collected using a Thermo Scientific Evolution 220 UV-Visible 

Spectrophotometer and quartz cuvettes (Starna Cells, 1.0 cm pathlength). Millipore water (~2 mL) 

was placed in a quartz cuvette, and an absorbance spectrum from 200–750 nm was collected and 

used as a background spectrum. Then, the 20.0 mg/L HA solution (~2 mL) was placed in a quartz 

cuvette, and an absorbance spectrum from 200–750 nm was obtained. The HA’s absorbance 

spectrum was baseline-corrected to account for the non-zero baseline. More specifically, the 

absorbance values for wavelengths 740–750 nm were averaged (because 740–750 nm was a region 

where the spectrum’s absorbance was closest to 0), and this average absorbance was then 

subtracted from the entire spectrum. The corrected absorbance at 254 nm (Abs254, au/cm) was then 

recorded as 0.70 for the HA solution (Figure A2.19). 
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 The NPOC content (mg/L) of the 20.0 mg/L HA solution was found using a Shimadzu ON-

LINE TOC-VCSH, operated with TOC grade air. Standards and samples were analyzed using 3×80 

µL injections, 1 wash, sparge times of 4.5 min, 4.0% acid add., max. integration times of 4.8 min, 

and 1 auto dilution. The NPOC of the 20.0 mg/L HA solution was determined to be 17 mg/L. 

 The SUVA254 (L/(mg·m)) of the 20.0 mg/L HA solution was calculated according to the 

following equation,9 assuming the NPOC was equal to the TOC: 

SUVA254 = Abs254
NPOC

 × 100 

Equation A2.9. Calculating SUVA of HA. 

where 100 is the conversion factor between cm and m. 

 

Figure A2.19. UV-vis spectrum of a 20.0 mg/L humic acid solution. 
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R. Adsorbing PFOS and PFOA in solutions with different pHs 

General experimental 

 Mixtures of QWP1.5 (0.100 mg/mL) were made according to the general procedure. All the 

samples in this experiment were analyzed by Eurofins. The 50 mL polypropylene tubes used in 

this experiment were rinsed with methanol (purge and trap grade, ~1.5 mL) and air-dried prior to 

use to ensure no PFOS/PFOA was in the tube. 

 

PFOS and PFOA stock solutions 

 The 20.0 mg/L PFOS and PFOA solutions from the adsorption isotherm experiment were used 

in this experiment. A 250 µg/L PFOS solution was made by diluting 625 µL of a 20.0 mg/L PFOS 

solution with 39.375 mL of Eurofins water in a 50 mL polypropylene tube. A 250 µg/L PFOA 

solution was made by diluting 556 µL of a 20.0 mg/L PFOA with 39.444 mL of Eurofins water in 

a 50 mL polypropylene tube. Note: 625 µL of 20.0 mg/L PFOS and 556 µL of 20.0 mg/L PFOA 

were used (instead of 500 µL) because it was found in the adsorption isotherm experiment that the 

initial PFOS and PFOA solutions were about 80% and 90%, respectively, of the targeted 

concentrations (Table A2.11 and Table A2.12). Thus, in this experiment, to make sure PFOS and 

PFOA concentrations were close to 250 ug/L, the volume of 20.0 mg/L PFOS and PFOA added to 

the cocktail was increased by 25% and 11%, respectively. 

 

pH stock solutions 

 Three solutions with different pHs (~4, ~7, and ~10) were prepared so that when mixed with 

QWP1.5 and PFOS or PFOA, the final solution pH would be ~5, ~7, and ~9. The solution with a 
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pH of ~7 was prepared with NaCl to ensure that this experiment probed the effects of pH and not 

ion concentration. 

1) pH ~4 solution: Concentrated HCl (2.65 mL, 12.1 M) was diluted with Eurofins water in a 200 

mL volumetric flask to make a 0.100 M HCl solution. Then, 20.0 µL of the 0.100 M HCl 

solution was transferred to a 20 mL vial and diluted with 19.980 mL of Eurofins water to give 

a 0.100 mM HCl solution. The pH of the 0.100 mM solution was measured with a calibrated 

pH meter to be ~5. Thus, a small volume (~30.0 µL) of 0.100 M HCl was added to the 0.100 

mM solution. The pH of the solution was measured again and found to be 4.06. The 

conductivity of the solution was measured with a calibrated conductivity meter and found to 

be 214 µS/cm. 

2) pH ~10 solution: NaOH (40.0 mg, 1 mmol) was dissolved in 20.0 mL of Eurofins water in a 20 

mL vial to make a 50.0 mM NaOH solution. Then, 40.0 µL of the 50.0 mM solution was 

transferred to a new 20 mL vial and diluted with 19.960 mL of Eurofins water to make a 0.100 

mM NaOH solution. The pH of the 0.100 mM NaOH solution was measured with a calibrated 

pH meter to be ~9.75. Thus, a small volume (~20.0 µL) of 50.0 mM NaOH solution was added 

to the 0.100 mM solution. The pH of the 0.100 mM NaOH solution was measured again and 

found to have a pH of 10.00. The conductivity of the solution was measured with a calibrated 

conductivity meter and found to be 156 µS/cm. 

3) pH ~7 solution: NaCl (20.0 mg, 0.342 mmol) was dissolved in 20.0 mL of Eurofins water in a 

20 mL vial to make a 17.1 mM NaCl solution. Then, 116.9 µL of the 17.1 mM NaCl solution 

was transferred to a new 20 mL vial and diluted with 19.883 mL of Eurofins water to make a 

0.100 mM NaCl solution. The pH of the solution was measured with a calibrated pH meter to 

be ~8.5, but the pH value was not stable. Thus, a small volume (~10.0 µL) of 0.100 M HCl 
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was added to the 0.100 mM NaCl solution. The pH of the 0.100 mM NaCl solution was 

measured again and found to be 6.60. The conductivity of the solution was measured with a 

calibrated conductivity meter and found to be 186 µS/cm. 

4) The pH of Eurofins water without NaCl, HCl, or NaOH was also measured with a calibrated 

pH meter, and the pH of the water was found to fluctuate between ~6 and ~8 over 10 min. 

Thus, the pH of this water cannot be accurately measured, likely because the concentration of 

dissolved ions is small. The pH of the solution was assumed to be 7.00 according to Millipore’s 

website.1 The conductivity of the water was measured with a calibrated conductivity meter and 

found to be ~1 µS/cm, emphasizing the small concentration of ions present. 

 

Adsorption experiments 

 Note: Each trial in this experiment probed either PFOS or PFOA adsorption in the presence of 

solutions with different pHs. Every sample sent to Eurofins for analysis contained 1 aliquot of 

solution from a PFOS trial and 1 aliquot of solution from a PFOA trial. Additionally, Eurofins 

requested that samples contain 1:1 methanol:water solutions, so every sample sent to Eurofins 

contained analyte solution (1 mL total) and methanol (purge and trap grade, 1 mL). Thus, the 

adsorption trials had a dilution factor of 4, stemming from the combination of 2 aliquots into a 

sample and the addition of methanol. 

 To perform adsorption trials, 100.0 µL of either 250 µg/L PFOS or PFOA solution was added 

to a 50 mL polypropylene tube (called “initial tube”) followed by 900.0 µL of Eurofins water and 

1000 µL of one of the solutions with a known pH. Then, 1.0 mL of 0.100 mg/mL QWP1.5 mixture 

and Eurofins water (a volume to make the adsorption mixture 10.0 mL) were syringed over 10 s 

into the bottom of the centrifuge tube while vortex mixing at a speed of 1.5. The tube was then 
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vortex mixed for an additional 10 s using a speed of 1.5. An aliquot (~1.5 mL) of mixture was 

removed from the initial tube using a 3 mL plastic syringe 10 s after mixing, and the aliquot was 

passed through a CA syringe filter and placed in a 4 mL vial. A 500.0 µL portion of this filtered 

solution was placed in a 15 mL “final sample” polypropylene centrifuge tube. Again, note that 1 

PFOS trial aliquot and 1 PFOA trial aliquot were combined into 1 “final sample”. After the “final 

sample” contained 1 PFOS aliquot and 1 PFOA aliquot, 1000 µL of methanol was added to the 

tube, and the 15 mL tube was sealed with parafilm. 

 Adsorption trials were performed in triplicate for each final solution pH. Final solution pHs 

were calculated by first dividing the [H+] or [OH–] in the pH 4.06 and 10.00 solutions by 10 to get 

[H+]final and [OH–]final. The [H+] or [OH–] concentrations were divided by 10 because that is how 

much the pH 4.06 and 10.00 solutions were diluted by in the adsorption trial. Then, for the 

solutions containing [H+], the final solution pH was calculated according to: 

pH = -log[H+]final 

Equation A2.10. pH equation. 

For the solution containing [OH–], the final solution pH was calculated according to: 

pH = 14 + log[OH–]final 

Equation A2.11. Calculating pH for basic water solution. 

 The final pH for trials using the pH 6.60 solution was assumed to be 7.00 according to 

Millipore’s website.1  

 Control trials at each final solution pH were performed in duplicate following the above 

procedure except that only Eurofins water (no QWP1.5) was added during the mixing step to give 

a total sample volume of 10.0 mL. These controls were analyzed to determine the initial PFAS 

concentrations in solution in the absence of adsorbent. Samples 1 and 2 are the controls for the 
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final solution pH of 5.06, samples 6 and 7 are the controls for the final solution pH of 7.00, and 

samples 11 and 12 are the controls for the final solution pH of 9.00. 

 The targeted initial PFAS concentrations in the adsorption and control trials were 2.50 µg/L, 

and the adsorbent dosage was 10.0 mg/L. Samples 1–5 were performed with final solution pHs of 

5.06, trials 6–10 were performed with final solution pHs of 7.00, and trials 11–15 were performed 

with final solution pHs of 9.00. 

 

PFAS solution analysis 

 All samples were analyzed using the Eurofins general procedure for analyzing PFAS 

concentrations. PFOS and PFOA adsorption % and capacities were calculated according to the 

general procedure using data from Eurofins (Table A2.18). Because the samples were diluted by 

a factor of 4, the concentrations that Eurofins reported were multiplied by 4 to find the actual PFOS 

and PFOA concentrations in the adsorption and control trials. In addition, the PFOS and PFOA 

concentrations in the control samples at each final solution pH were used as the initial PFOS and 

PFOA concentrations for calculating adsorption % and capacity. 
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Table A2.18. PFOS and PFOA adsorption in solutions with various pHs. 

final 
sample 

solution 
pH 

[PFOS] 
(μg/L) 

PFOS 
adsorption 

(%) 

PFOS 
adsorption 

capacity 
(mg/g) 

[PFOA] 
(µg/L) 

PFOA 
adsorption 

(%) 

PFOA 
adsorption 

capacity 
(mg/g) 

1 

5.06 

1.97 
– – 

2.61 
– – 

2 1.89 2.53 
3 0.08* 

96 ± 0* 0.19 
0.699 

73 ± 6 0.19 ± 0.02 4 0.08* 0.831 
5 0.08* 0.526 
6 

7.00 

2.30 
– – 

2.55 
– – 

7 2.29 2.58 
8 0.08* 

97 ± 0* 0.22 
0.947 

60 ± 10 0.15 ± 0.03 9 0.08* 0.818 
10 0.08* 1.40 
11 

9.00 

2.41 
– – 

2.81 
– – 

12 2.27 2.73 
13 0.08* 

97 ± 0* 0.23 
1.71 

60 ± 20 0.16 ± 0.05 14 0.08* 0.930 
15 0.08* 0.812 

*Indicates that the measured PFAS concentration was below the limit of quantification (0.02 
µg/L). Therefore, the limit of quantification was assumed to be the PFAS concentration and 
multiplied by the dilution factor (4). Accurate standard deviations could not be calculated for these 
entries because of this estimation. 
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S. Adsorbing PFOS and PFOA in the presence of NaCl 

General experimental 

 Mixtures of QWP1.5 (0.100 mg/mL) were made according to the general procedure. All the 

samples in this experiment were analyzed by Eurofins. The 50 mL polypropylene tubes used in 

this experiment were rinsed with methanol (purge and trap grade, ~1.5 mL) and air-dried prior to 

use to ensure no PFOS/PFOA was in the tube. 

 

PFOS, PFOA, and NaCl stock solutions 

 The 20.0 mg/L PFOS and PFOA solutions from the adsorption isotherm experiment were used 

in this experiment. The 250 µg/L PFOS and PFOA solutions were prepared using the same method 

as in “Adsorbing PFOS and PFOA in solutions with different pHs.” A 1000 mg/L NaCl solution 

was made by dissolving NaCl (20.0 mg, 0.342 mmol) in Eurofins water (20.0 mL) in a 20 mL vial. 

 

Adsorption experiments 

 Note: Each trial in this experiment probed either PFOS or PFOA adsorption in the presence of 

solutions with different [NaCl]. Every sample sent to Eurofins for analysis contained 1 aliquot of 

solution from a PFOS trial and 1 aliquot of solution from a PFOA trial. Additionally, Eurofins 

requested that samples contain 1:1 methanol:water solutions, so every sample sent to Eurofins 

contained analyte solution (1 mL) and methanol (purge and trap grade, 1 mL). Thus, the adsorption 

trials had a dilution factor of 4, stemming from the combination of 2 aliquots into a sample and 

the addition of methanol. 

 To perform adsorption trials, 100.0 µL of either 250 µg/L PFOS or PFOA solution was added 

to a 50 mL polypropylene tube (called “initial tube”) followed by 900.0 µL of Eurofins water and 
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a volume of 1000 mg/L NaCl solution (0, 500.0, or 1000 µL). Then, 1.0 mL of 0.100 mg/mL 

QWP1.5 mixture and Eurofins water (a volume to make the adsorption mixture 10.0 mL) were 

syringed over 10 s into the bottom of the centrifuge tube while vortex mixing at a speed of 1.5. 

The tube was then vortex mixed for an additional 10 s using a speed of 1.5. An aliquot (~1.5 mL) 

of mixture was removed from the initial tube using a 3 mL plastic syringe 10 s after mixing, and 

the aliquot was passed through a CA syringe filter and placed in a 4 mL vial. A 500.0 µL portion 

of this filtered solution was placed in a 15 mL “final sample” polypropylene centrifuge tube. 

Again, note that 1 PFOS trial aliquot and 1 PFOA trial aliquot were combined into 1 “final 

sample”. After the “final sample” contained 1 PFOS aliquot and 1 PFOA aliquot, 1000 µL of 

methanol was added to the tube, and the 15 mL tube was sealed with parafilm. 

 Adsorption trials were performed in triplicate for each final [NaCl]. In samples 1–5, 0 µL of 

1000 mg/L was added giving a final [NaCl] of 0 mg/L. In samples 6–10, 500.0 µL of 1000 mg/L 

was added giving a final [NaCl] of 50.0 mg/L. In samples 11–15, 1000 µL of 1000 mg/L was 

added giving a final [NaCl] of 100 mg/L. In addition, to add a 4th data point to the PFOS/PFOA 

adsorption vs [NaCl] plot, the trials from the pH 7 data point in the section “adsorbing PFOS and 

PFOA in solutions with different pHs” (Table A2.18) were utilized and given as samples 16–20 in 

Table A2.19.  

 Control trials for each [NaCl] were performed in duplicate following the above procedure 

except that only Eurofins water (no QWP1.5) was added during the mixing step to give a total 

sample volume of 10.0 mL. These controls were analyzed to determine the initial PFAS 

concentrations in solution in the absence of adsorbent. Samples 1 and 2 are the controls for the 

[NaCl] = 0 mg/L, samples 6 and 7 are the controls for the [NaCl] = 50.0 mg/L, and samples 11 

and 12 are the controls for the [NaCl] = 100 mg/L. 
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 The targeted initial PFOS and PFOA concentrations in the adsorption and control trials were 

2.50 µg/L, and the adsorbent dosage was 10.0 mg/L.  

 

Calculating [NaCl] for samples 16–20 in Table A2.19 

The conductivities of the PFOS/PFOA adsorption trials used to make samples 16–20 in Table 

A2.19 were 18.6 µS/cm. This value was utilized because the conductivity of the solution used to 

make the PFOS/PFOA adsorption trials was 186 µS/cm before being diluted by a factor of 10 

(section “adsorbing PFOS and PFOA in solutions with different pHs”).  Then, using 18.6 µS/cm 

as the conductivity for samples 16–20, the [NaCl] was calculated according to the following 

equation10 that relates conductivity and ion concentration: 

TDS = kC 

Equation A2.12. Calculating salt concentration from conductivity. 

where TDS (mg/L) is the total dissolved solids in solution, C is conductivity (µS/cm), and k is a 

constant relating conductivity and TDS. In this case, a k value of 0.5 was used because the 

adsorption and control trials’ conductivity was estimated to be 18.6 µS/cm, and this is close to the 

conductivity for distilled water.10 Thus, the TDS was calculated to be 9.30 mg/L, and this 

concentration was assumed to be the final [NaCl]. 

 

PFAS solution analysis 

 All samples were analyzed using the Eurofins general procedure for analyzing PFAS 

concentrations. PFOS and PFOA adsorption % and capacities were calculated according to the 

general procedure using data from Eurofins (Table A2.19). Note: Because the samples were diluted 

by a factor of 4, the concentrations that Eurofins reported were multiplied by 4 to find the actual 

PFOS and PFOA concentrations in the adsorption and control trials. In addition, the PFOS and 
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PFOA concentrations in the control samples at each [NaCl] were used as the initial PFOS and 

PFOA concentrations for calculating adsorption % and capacity. 

 

Table A2.19. PFOS and PFOA adsorption in solutions with various [NaCl]. 

final 
sample 

[NaCl] 
(mg/L) 

[PFOS] 
(μg/L) 

PFOS 
adsorption 

(%) 

PFOS 
adsorption 

capacity 
(mg/g) 

[PFOA] 
(µg/L) 

PFOA 
adsorption 

(%) 

PFOA 
adsorption 

capacity 
(mg/g) 

1 

0.00 

2.49 
– – 

2.67 
– – 

2 2.26 2.64 
3 0.08* 

97 ± 0* 0.23 
1.21 

80 ± 20 0.2 ± 0.1 4 0.08* 0.342 
5 0.08* 0.304 
6 

50.0 

1.86 
– – 

2.79 
– – 

7 1.65 2.34 
8 0.08* 

95 ± 0* 0.17 
1.53 

40 ± 10 0.09 ± 0.03 9 0.08* 1.97 
10 0.08* 1.36 
11 

100 

1.87 
– – 

2.66 
– – 

12 1.72 2.54 
13 0.100 

95 ± 1 0.171 ± 0.001 
1.93 

31 ± 5 0.08 ± 0.01 14 0.08* 1.80 
15 0.08* 1.66 
16 

9.30 

2.30 
– – 

2.55 
– – 

17 2.29 2.58 
18 0.08* 

97 ± 0* 0.22 
0.947 

60 ± 10 0.15 ± 0.03 19 0.08* 0.818 
20 0.08* 1.40 

*Indicates that the measured PFAS concentration was below the limit of quantification (0.02 
µg/L). Therefore, the limit of quantification was assumed to be the PFAS concentration and 
multiplied by the dilution factor (4). Accurate standard deviations could not be calculated for these 
entries because of this estimation. 
 

 

 

 

 



 221 

V. References 

 

(1) Millipore Sigma. Water for pH measurement. https://www.emdmillipore.com/US/en/water-
purification/learning-centers/applications/inorganic-analysis/ph-measurement/water-
impact/MK6b.qB.3g4AAAFUNWISsxU6,nav?ReferrerURL=https%3A%2F%2Fwww.google.c
om%2F (accessed March 10, 2021). 
(2) Pigorsch, E. Spectroscopic characterisation of cationic quaternary ammonium starches. Starch 
2009, 61, 129–138. 
(3) Wiley, J.; Atalla, R. Band assignments in the raman spectra of celluloses. Carbohydr. Res. 
1987, 160, 113–129. 
(4) Ho, Y.; McKay, G. Sorption of dye from aqueous solution by peat. Chem. Eng. J. 1998, 70, 
115–124. 
(5) Kamlet, M.; Doherty, R.; Abraham, M.; Taft, R. Linear solvation energy relationships. 33. An 
analysis of the factors that influence adsorption of organic compounds on activated carbon. Carbon 
1985, 23, 549–554. 
(6) Luehrs, D.; Hickey, J.; Nilsen, P.; Godbole, K.; Rogers, T. Linear solvation energy relationship 
of the limiting partition coefficient of organic solutes between water and activated carbon. Environ. 
Sci. Technol. 1996, 30, 143–152. 
(7) Ling, Y.; Klemes, M.; Steinschneider, S.; Dichtel, W.; Helbling, D. QSARs to predict 
adsorption affinity of organic micropollutants for activated carbon and ß-cyclodextrin polymer 
adsorbents. Water Res. 2019, 154, 217–226. 
(8) Sillanpaa, M; Matilainen, A.; Lahtinen, T. Characterization of NOM. In Natural organic matter 
in water, 1st edition; IWA Publishing, 2015; pp 17–53. 
(9) Potter, B.B.; Wimsatt, J.C. Method 415.3 determination of total organic carbon and specific 
UV absorbance at 254 nm in source water and drinking water; EPA/600/R-05/055; U.S. 
Environmental Protection Agency. Cincinnati, OH, 2005. 
(10) Walton, N.R.G. Electrical conductivity and total dissolved solids-what is their precise 
relationship? Desalination 1989, 72, 275–292. 



 222 

 

 
 
 

Appendix 3 Supporting Information for Chapter 4 

 

I. General Experimental 223 

II. Synthesis and characterization of sulfated wood pulps (SWPs), quaternized wood 
pulps (QWPs), and primary amine wood pulps (PWPs) 224 

A. Synthesis and purification of SWPs 224 

B. Synthesis and purification of QWPs 224 

C. Synthesis of PWPs 225 

D. SWP Conductometric Titration Data 225 

E. QWP Conductometric Titrations 227 

F. PWP Conductometric Titrations 228 

G. Elemental Analysis (EA) of SWPs and QWPs 229 

H. EA of PWPs 229 

III. Swelling of hydrogels made with SWPs and QWPs 230 

A. General preparation of QWP and SWP mixtures 230 

B. Procedure for making gels and calculating swell ratios 230 

IV. Methyl orange (MO) adsorption experiments 232 

A. Generating a calibration curve for MO in Millipore water 232 

B. Adsorbing MO as a function of SWP and QWP charge density 233 

C. MO adsorption experiments with either unfunctionalized WP, SWP, or QWP fibers 235 

D. Adsorbing MO as a function of QWP0.77 concentration 238 

E. Adsorbing MO as a function of SWP:QWP mass ratio 240 

 



 223 

I. General Experimental 

 A Thermo Scientific Orion Star A215 pH/conductivity meter was used for the conductometric 

titrations. Before use each day, the pH and conductivity meters were calibrated. The pH meter was 

calibrated using Orion 4.01 (catalog number 910104), 7.00 (catalog number 910107), and 10.01 

(catalog number 910110) pH buffers. The conductivity meter was calibrated using Orion 1413 

μS/cm (catalog number 011007) conductivity standards. 

 An IKA T25 digital Ultra-Turrax homogenizer equipped with a S25N-10G-ST dispersing tool 

was utilized for homogenizing cellulose nanofiber (CNF) and wood pulp (WP) mixtures.  

 All UV-vis spectra were collected using a Thermo Scientific Evolution 220 UV-visible 

Spectrophotometer. 

 During syntheses, two centrifuges were used: a Thermo Scientific Sorvall ST8 centrifuge along 

with disposable polypropylene 50 mL centrifuge tubes, and a Sorvall RC5C Plus centrifuge 

equipped with a Thermo Scientific SLA-1500 rotor with 250 mL Thermo Scientific Nalgene PPCO 

centrifuge bottles (catalog number 3141-0250). 

 In dye adsorption studies, when gels did not form, a Thermo Scientific Sorvall ST8 centrifuge 

was used along with disposable polypropylene 50 mL centrifuge tubes. 

 A Fisher Scientific standard microplate vortex mixer (catalog number 02-216-100) was used 

for making S-CNF- and S-WP-based hydrogels. 

 Elemental analysis was performed by Midwest Microlab. 

 A VWR ultrasonic cleaner (model 97043-992) was used to dissolve MO in water. 
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II. Synthesis and characterization of sulfated wood pulps (SWPs), quaternized wood pulps 

(QWPs), and primary amine wood pulps (PWPs) 

A. Synthesis and purification of SWPs  

 See Chapter 4 experimental section for details. 

Table A3.1. SWP experimental conditions. 

SWP 
sample 

initial 
WP mass 

(mg) 

volume of 
DMF added 

(mL) 

1st homoge-
nization 
(rpm) 

2nd homoge-
nization 
(rpm) 

CSA 
added 
(mL) 

CSA 
conc. 
(mM) 

SWP0.0 300 50 4 min@11k 4 min@11k 0 0 

SWP0.53 400 50 1 min@15k 
3 min@11k 

1 min@15k 
3 min@11k 1.1 43 

SWP0.83 1000 125 3 min@23k 3 min@23k 5.0 77 
SWP1.1 1000 125 3 min@23k 3 min@23k 8.5 130 

SWP1.7 1000 50 1 min@15k 

3 min@11k 
1 min@15k 
3 min@11k 3.2 120 

 
 
B. Synthesis and purification of QWPs  

 See Chapter 4 experimental section for details. 

Table A3.2. QWP experimental conditions. 
QWP sample QWP0.77 QWP1.2 QWP1.3 QWP1.6 

initial WP mass (mg) 1000 1000 1000 300 
water used during homogenization 

(mL) 50 50 50 15 

IPA (mL) 50 50 50 15 

NaOH (mg, mmol) 333.4, 
8.335 

333.4, 
8.335 

333.4, 
8.335 

150.0, 
3.750 

GMAC (mL) 3.355 6.218 9.390 3.730 
[GMAC] in rxn mixture (M) 0.469 0.824 1.18 1.48 

total purification cycles 4 4 6 7 
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C. Synthesis of PWPs  

 See Chapter 4 experimental section for details. 

Table A3.3. PWP synthesis conditions. 

sample TEA 
(mL) 

[TEA] in 
rxn 1 
(mM) 

TsCl (g) 
[TsCl] in 

rxn 1 
(mM) 

EDA 
(mL) 

[EDA] 
in rxn 

2 (mM) 
PWP1 0.877 137 0.600 68.6 0.600 221 
PWP2 0.877 137 1.20 137 0.600 221 
PWP3 0.877 137 0.600 68.6 1.20 436 
PWP4 1.754 269 0.600 67.3 0.600 221 
PWP5 1.754 269 1.20 135 0.600 221 
PWP6 1.754 269 1.20 135 0.600 221 
PWP7 1.754 269 1.20 135 0.600 221 

 

D. SWP Conductometric Titration Data  

  

Table A3.4. SWP conductometric titration results. 

sample first charge density 
(mmol/g)a 

second charge density 
(mmol/g)a 

average charge density 
(mmol/g) 

SWP0.0 0.0439 0.0471 0.046 ± 0.002 
SWP0.53 0.529 0.530 0.53 ± 0.00 
SWP0.83 0.849 0.803 0.83 ± 0.03 
SWP1.1 1.04 1.10 1.1 ± 0.0 
SWP1.7 1.66 1.66 1.7 ± 0.0 

aThe data in this column contain one extra significant figure to show how the average charge 
density was calculated for each sample. 
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Figure A3.1. Plot of conductivity (µS/cm) versus volume of 8.3 mM NaOH added (mL) during a 
titration to calculate the charge density of a SWP0.83 sample. 
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E. QWP Conductometric Titrations  

  

Table A3.5. QWP conductometric titration results. 

sample first charge density 
(mmol/g)a 

second charge density 
(mmol/g)a 

average charge density 
(mmol/g) 

QWP0.77 0.776 0.761 0.77 ± 0.01 
QWP1.2 1.19 1.19 1.2 ± 0.0 
QWP1.3 1.34 1.36 1.3 ± 0.0 
QWP1.6b 1.60 – 1.60 

aThe data in this column contain one extra significant figure to show how the average charge 
density was calculated for each sample. 
bOnly one titration was performed on QWP1.6. 
 
 

Figure A3.2. Plot of conductivity (µS/cm) versus volume of 10.0 mM AgNO3 added (mL) 
during a titration to calculate the charge density of a QWP1.2 sample. Points were included in 
the linear regression lines based on linearity and inclusion of extra points near the equivalence 
point did not significantly affect charge density calculations. 
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F. PWP Conductometric Titrations  

 

Table A3.6. PWP conductometric titration results. 
sample charge density (mmol/g) 
PWP1 0.15 
PWP2a 0.18 ± 0.01 
PWP3 0.15 
PWP4 0.17 
PWP5 0.20 
PWP6 0.14 
PWP7 0.17 

aThis sample was titrated 2 times. 
 

Figure A3.3. Plot of conductivity (µS/cm) versus volume of 11.2 mM NaOH added (mL) during 
a titration to calculate the charge density of the PWP5 sample. Points were included in the linear 
regression lines based on linearity and inclusion of extra points near the equivalence point did 
not significantly affect charge density calculations.  
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G. Elemental Analysis (EA) of SWPs and QWPs  

 Although EA was not performed on the SWPs and QWPs described in this appendix, it was 

performed on the SWPs and QWPs in Appendices 1 and 2, where we found that the charge 

densities calculated with conductometric titrations are accurate. 

 

H. EA of PWPs  

 EA was performed on the PWP samples to determine the nitrogen content (wt% N) in each 

sample. The wt% N found via EA were then divided by 2 to compare with the wt% N determined 

by conductometric titrations, which only account for the primary amine N in the ethylene diamine 

groups linked to PWPs. Table A3.7 shows that conductometric titrations underestimate the PWPs’ 

nitrogen contents, but the reason for the underestimation is not currently known. 

Table A3.7. Comparing PWP nitrogen contents (wt% N) as determined with conductometric 
titrations and elemental analysis. 
sample wt% N by titration wt% N found by EA adjusted wt% N from EA 
PWP1 0.22 0.60 0.30 
PWP2 0.25 0.61 0.31 
PWP3 0.21 0.67 0.34 
PWP4 0.24 0.70 0.35 
PWP5 0.28 0.69 0.35 
PWP6 0.20 0.65 0.33 
PWP7 0.23 0.70 0.35 
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III. Swelling of hydrogels made with SWPs and QWPs 

A. General preparation of QWP and SWP mixtures  

 QWP and SWP mixtures with concentrations of 2.00 mg/mL were made by first soaking QWPs 

or SWPs (25.0 mg) with Millipore water (12.5 mL) for 5 min in a 20 mL vial. Then, the mixture 

was homogenized at 18k rpm for 1 min. 

 

B. Procedure for making gels and calculating swell ratios 

 A volume (4.0 mL) of 2.00 mg/mL SWP mixture and a volume (4.0 mL) of 2.00 mg/mL QWP 

mixture were simultaneously added via syringe to either a 20 mL vial or 50 mL polypropylene 

centrifuge tube over a recorded time (14–20 s) while vortex mixing at a speed of 1.5 (Table A3.8). 

The vial or centrifuge tube was vortexed for an additional “mixing” time using a speed of 1.5 

(Table A3.8), and then the vial or centrifuge tube was removed from the vortex mixer with a gel 

being observed. The gel was removed from the vial or centrifuge tube using a spatula, placed in a 

pre-weighed vial to measure the mass of the gel, and dried at 110 ºC. The leftover dry mass was 

measured, and the swell ratio was calculated according to the following equation: 

swell ratio = mass wet gel - mass dry gel
mass dry gel

 

Equation A3.1. Calculating WP-based hydrogel swell ratios. 

 Samples 1–6 in Table A3.8 examined swelling of hydrogels made with SWP0.53 and 3 

different QWPs. Two gels were made for each combination of SWP0.53 and QWP, and the average 

swell ratio was determined by averaging these samples. Samples 7–15 in Table A3.8 probed 

swelling of hydrogels made with SWP1.7 and 3 different QWPs. Three gels were made for each 

combination of SWP1.7 and QWP, and the average swell ratio was determined by averaging these 

samples. Note: Samples 13–15 were the only samples made using a centrifuge tube instead of vial. 
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Table A3.8. Swell ratio of hydrogels prepared with various SWPs and QWPs. 

Gel sample 

SWP 
charge 
density 

(mmol SO3–

/g) 

QWP 
charge 
density 
(mmol -
NR3+/g) 

SWP and QWP 
combination/additional 

mixing time (s) 

swell 
ratio 

average 
swell 
ratio 

1 

0.53 

0.77 20/5 51.9 51.8 ± 0.1 2 0.77 18/2 51.8 
3 1.2 15/2 68.8 65 ± 6 4 1.2 15/2 60.9 
5 1.6 18/2 79.2 80 ± 1 6 1.6 16/2 81.3 
7 

1.7 

0.77 14/2 76.7 
73 ± 4 8 0.77 15/2 73.7 

9 0.77 16/1 68.7 
10 1.2 18/2 90.7 

90 ± 1 11 1.2 17/2 90.3 
12 1.2 20/1 88.5 
13 1.6 16/2 101.9 

94 ± 7 14 1.6 15/2 87.5 
15 1.6 17/2 91.5 
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IV. Methyl orange (MO) adsorption experiments 

A. Generating a calibration curve for MO in Millipore water  

 MO (10.0 mg, 30.6 μmol, λmax = 464 nm) was dissolved in Millipore water (10.0 mL) in a 50 

mL centrifuge tube to make a 3.06 mM MO solution. Then, using Millipore water, serial dilutions 

were performed to make 0.306, 0.611, 1.53, 2.44, 3.06, 6.11, 15.3, 24.4, 30.6, 61.1, and 91.7 μM 

solutions in 50 mL centrifuge tubes. The UV-vis spectrum from 400–750 nm of each MO solution 

was acquired and corrected according to the baseline correction procedure in “General procedure 

for adsorbing MO with SWP/QWP gels.”  

 

Table A3.9. Baseline-corrected absorbance (464 nm) of MO solutions with various 
concentrations. 

MO 
concentration 

(µM) 
absorbance 

0.306 0.007 
0.611 0.012 
1.53 0.036 
2.44 0.054 
3.06 0.063 
6.11 0.121 
15.3 0.330 
24.4 0.556 
30.6 0.685 
61.1 1.503 
91.7 2.373 
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Figure A3.4. (A) Plot of absorbance (464 nm) versus MO concentration in Millipore water. (B) 
Sample UV-vis spectrum of MO using the 30.6 µM solution. 

 

B. Adsorbing MO as a function of SWP and QWP charge density  

 SWP0.83 and SWP1.7 mixtures (1.50 mg/mL) were made according to the general procedure 

using 18.8 mg of SWP and 12.5 mL of Millipore water. QWP0.77 and QWP1.6 mixtures (2.00 

mg/mL) were made according to the general procedure using 25.0 mg of QWP and 12.5 mL of 

Millipore water. The general procedure for adsorbing MO with SWP/QWP gels was followed to 

calculate MO adsorption % as a function of SWP and QWP charge density (Table A3.10). 

 The following figure (Figure A3.5) is an example of a MO UV-vis spectrum following dye 

adsorption with hydrogels. The spectrum is overlaid with a 30.6 µM MO spectrum that was used 

to make the calibration curve. 



 234 

 

Figure A3.5. UV-vis spectra of a 30.6 µM solution used in the MO calibration curve (black), 
and a MO solution after dye adsorption using a hydrogel made with SWP0.83 and QWP1.6 (red). 

 

 

Table A3.10. MO adsorption as a function of SWP and QWP charge density. 

trial 

SWP 
charge 
density 
(mmol 
SO3–/g) 

QWP 
charge 
density 
(mmol -
NR3+/g) 

SWP and QWP 
combination/additional 

mixing time (s) 

MO 
adsorption 

(%) 

avg MO 
adsorption 

(%) 

1 

0.83 

1.6 
15/2 58 

61 ± 2 2 17/2 63 
3 18/2 62 
4 

0.77 
20/2 64 

64 ± 3 5 20/2 66 
6 18/2 61 
7 

1.7 

1.6 
20/2 58 

54 ± 3 8 18/2 52 
9 21/3 52 
10 

0.77 
17/3 53 

54 ± 3 11 18/2 57 
12 18/2 51 
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C. MO adsorption experiments with either unfunctionalized WP, SWP, or QWP fibers  

 Experiments were performed to determine if MO adsorption occurred on unfunctionalized WP, 

SWP, or QWP fibers without making hydrogels. SWP0.0 and SWP1.1 mixtures (2.00 mg/mL) 

were made according to the general procedure using 25.0 mg of SWP and 12.5 mL of Millipore 

water. QWP0.77 and QWP1.6 mixtures (2.00 mg/mL) were made according to the general 

procedure using 25.0 mg of QWP and 12.5 mL of Millipore water. The general procedure for 

adsorbing MO with SWP/QWP gels was followed with 3 modifications to calculate MO adsorption 

% in samples containing fibers (Table A3.11): 

 (1) Instead of combining a SWP and a QWP mixture into a centrifuge tube containing MO, 4.0 

mL of either a SWP or a QWP mixture was combined simultaneously with 4.0 mL of 

Millipore water via syringe to the centrifuge tube over a recorded time while vortex mixing 

at a speed setting of 1.5.  

 (2) After mixing SWPs or QWPs with water and MO, the mixture was centrifuged for 2 min 

at 3260 × g because a gel did not form. Then, an aliquot (~2 mL) of the supernatant was 

removed and placed in a cuvette without dilution. The absorbance spectrum of the solution 

was measured from 400–750 nm within 4 min of mixing the components together.  

 (3) After centrifuging trial 1 in Table A3.11, the supernatant was diluted by a factor of 10 using 

Millipore water before the UV-vis spectrum was acquired. Thus, to find the true leftover 

MO concentration for this trial, the MO concentration calculated from calibration curve 

was multiplied by 10.  

 Finally, 2 control trials were performed by only adding 8.0 mL of Millipore water (no SWP or 

QWP) to the MO solution, and these controls were averaged and analyzed to determine if any MO 

adsorption is lost to other processes besides adsorption. Because these control samples showed 
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some loss of MO, we calculated adjusted MO adsorption %, which are reported in Chapter 4, and 

the final column of Table A3.11. The adjusted % were calculated by subtracting the average 

control MO adsorption % from the average measured MO adsorption % for each sample (Table 

A3.11). 

 The following figure (Figure A3.6) is an example of a MO UV-vis spectrum following dye 

adsorption with SWP1.1 and QWP0.77 fibers. The spectra are overlaid with a 30.6 µM MO 

spectrum that was used to make the calibration curve. 

 

Figure A3.6. UV-vis spectra of a 30.6 µM solution used in the MO calibration curve (black), 
and MO solutions after adsorption using SWP1.1 (red) and QWP0.77 (blue) fibers. 
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Table A3.11. MO adsorption with only SWP and QWP fibers. 

trial 

SWP, 
QWP, or 

water 
added 

SWP or QWP or water 
combination/additional 

mixing time (s) 

MO 
adsorption 

(%) 

avg 
measured 

MO 
adsorption 

(%) 

avg 
adjusted 

MO 
adsorption 

(%) 
1 

SWP0.0 
19/11 9 

8 ± 2 0 ± 2 2 18/10 6 
3 17/10 7 
4 

SWP1.1 
20/10 7 

7.3 ± 0.3 -1 ± 0.3 5 15/10 7 
6 18/10 8 
7 

QWP1.6 
16/10 81 

81 ± 1 73 ± 1 8 18/10 80 
9 20/10 80 
10 

QWP0.77 
20/10 89 

90 ± 1 82 ± 1 11 19/9 90 
12 20/8 91 
13 water 20/10 8 8.3 ± 0.5 – 14 20/10 9 
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D. Adsorbing MO as a function of QWP0.77 concentration  

 A SWP0.83 mixture (6.00 mg/mL) was made according to the general procedure using 78.0 

mg of SWP0.83 and 13.0 mL of Millipore water. A QWP0.77 mixture (8.00 mg/mL) was made 

according to the general procedure using 104.0 mg of QWP and 13.0 mL of Millipore water. Using 

the 6.00 mg/mL SWP0.83 mixture, serial dilutions were performed with Millipore water to make 

SWP mixtures with concentrations of 4.50, 3.00, 1.50, 0.75, and 0.38 mg/mL. Using the 8.00 

mg/mL QWP0.77 mixture, serial dilutions were performed to make QWP mixtures concentrations 

of 6.00, 4.00, 2.00, 1.00, and 0.50 mg/mL. The general procedure for adsorbing MO with 

SWP/QWP gels was followed to calculate MO adsorption % as a function of QWP0.77 

concentration (Table A3.12). The mass ratio of SWP0.83:QWP0.77 was held constant at 0.75, and 

only one adsorption trial was performed for each SWP0.83/QWP0.77 concentration. The MO 

adsorption capacity (q, mg/g) for each trial was determined using the following equation: 

q = (C0	–	C)	×	327.33

CA	×	1000
 

Equation A3.2. Calculating MO adsorption capacity in WP-based hydrogels. 

where CA (mg/mL) is the total concentration of WP in the mixture, 327.33 is the MO molar mass 

(µg/µmol), and 1000 is the conversion ratio between mL and L. 

 The following figure (Figure A3.7) is an example of a MO UV-vis spectrum following dye 

adsorption with 1.6 mg/mL QWP0.77. The spectrum is overlaid with a 30.6 µM MO spectrum that 

was used to make the calibration curve. 
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Figure A3.7. UV-vis spectra of a 30.6 µM solution used in the MO calibration curve (black), 
and a MO solution after adsorption using a hydrogel made with 1.2 mg/mL SWP0.83 and 1.6 
mg/mL QWP0.77 (red). 

 

Table A3.12. MO adsorption (%) and capacity (mg/g) as a function of SWP and QWP 
concentration. 

trial 
final SWP 

conc. 
(mg/mL) 

final QWP 
conc. 

(mg/mL) 

SWP and QWP 
combi-

nation/additional 
mixing time (s) 

MO 
adsorption 

(%) 

MO q 
(mg/g) 

1 2.4 3.2 20/15 78 1.0 
2 1.8 2.4 20/15 86 1.5 
3 1.2 1.6 18/12 75 2.0 
4 0.6 0.8 18/8 64 3.4 
5 0.3 0.4 18/6 42 4.5 
6 0.15 0.2 18/5 29 6.1 
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E. Adsorbing MO as a function of SWP:QWP mass ratio  

 A SWP0.83 mixture (4.00 mg/mL) was made according to the general procedure using 52.0 

mg of SWP0.83 and 13.0 mL of Millipore water. A QWP0.77 mixture (4.00 mg/mL) was made 

according to the general procedure using 52.0 mg of QWP and 13.0 mL of Millipore water. Using 

the 4.00 mg/mL SWP0.83, serial dilutions were performed with Millipore water to make SWP 

mixtures concentrations of 1.00 and 0.25 mg/mL. The general procedure for adsorbing MO with 

SWP/QWP gels was followed to calculate MO adsorption % as a function of SWP0.83:QWP0.77 

mass ratio (Table A3.13). The final QWP concentration was 1.6 mg/mL. 

 The following figure (Figure A3.8) is an example of a MO UV-vis spectrum following dye 

adsorption with a SWP0.83:QWP0.77 mass ratio of 0.25. The spectrum is overlaid with a 30.6 µM 

MO spectrum that was used to make the calibration curve. 

 

Figure A3.8. UV-vis spectra of a 30.6 µM solution used in the MO calibration curve (black), 
and a MO solution after adsorption in a hydrogel with a SWP0.83:QWP0.77 mass ratio of 0.25 
(red). 
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Table A3.13. MO adsorption as a function of SWP0.83:QWP0.77 mass ratio. 

trial final SWP conc. 
(mg/mL) 

mass ratio 
(SWP:QWP) MO adsorption (%) 

1 1.6 1.0 70 
2 0.40 0.25 85 
3 0.10 0.063 81 

 

 


