
 
 

 

 

 

© Copyright 2022 

 

Kurt Joseph Haunreiter 

  



 
 

 

Nanocellulose design; characterizing ammonium persulfate oxidation of wood and a non-wood 

agricultural residual, Humulus lupulus, bine from the Yakima valley. 

 

 

 

Kurt Joseph Haunreiter 

 

 

 

 

A dissertation 

 

submitted in partial fulfillment of the 

 

requirements for the degree of 

 

 

 

Doctor of Philosophy 

 

 

 

 

University of Washington 

 

2022 

 

 

 

Reading Committee: 

 

Richard Roy Gustafson, Chair 

Renata Bura 

Anthony Dichiara 

 

 

Program Authorized to Offer Degree:  

 

School of Environmental and Forest Sciences 

  



 
 

University of Washington 

 

 

 

Abstract 

 

 

 

 

Nanocellulose design; characterizing ammonium persulfate oxidation of wood and a non-wood 

agricultural residual, Humulus lupulus, bine from the Yakima valley. 

 

 

 

Kurt Joseph Haunreiter 

 

 

Chair of the Supervisory Committee: 

Dr. Richard Gustafson 

Bioresource Science and Engineering 

 

 Low density biomass resources such as Humulus lupulus are handicapped by high 

transportation costs due to widely distributed – low density acreage and the need for densification 

of the biomass.  Life Cycle Assessment aims to assess the impact of segregating the residual woody 

waste (co-product) of an agricultural crop, hops (Humulus lupulus) on the greenhouse gas (GHG) 

emissions and on soil carbon sequestration.  The growth in the Humulus lupulus L. or hops 

industry, a perennial species, driven by demand from brewers has had annual revenue growth of 

11.3% since 2015 making it one of the fastest growing agricultural commodities in the Pacific 

Northwest(PNW).  The high carbohydrate content, 58%, is similar to other lignocellulosic 

materials suitable for bioenergy feedstocks.  The fiber has morphological characteristics similar to 

hardwood with length and width centered around 0.85 mm and 16.5 μm, respectively.   



 

This fiber presents a sustainable multi-use commodity with excellent application in 

biobased products and paper making.  We demonstrate that the environmentally friendly 

ammonium persulfate is effective at producing similar surface chemistry in lignin containing wood 

and non-wood fibers, hop bine, without pretreatment or adjustment of experimental conditions.  

As-prepared materials exhibited surface charge and crystallinity index ranging from 0.6 mmol/g 

to 1.4 mmol/g carboxylic acid and 72 to 88%, respectively.  The morphological characteristics 

varied from 48 to 80 for the aspect ratio, from 2.7 to 4.5 nm for the diameter, and from 146 to 247 

nm for the length.  The response surface model developed in this research allows for designing 

nanocelluloses with targeted surface charge, crystallinity and aspect ratio.   

Nanocellulose fibers (NFCs) were designed using this response surface model to evaluate 

NFC retention, as well as barrier and strength properties of NFC-reinforced paper.  The results 

demonstrate that low-surface charge nanofiber reinforced paper exhibit reduced air permeability, 

high fiber retention, and higher tensile strength.  We demonstrate that nanofibrillated cellulose, 

engineered with specific surface charge and aspect ratio, produced via green chemistry, is as 

effective at improving the physical properties and performance of paper, comparable to nanofibers 

produced through TEMPO-mediated oxidation. 
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Chapter 1. INTRODUCTION 

1.1 Cellulose Nanofibers 

 

Cellulose is the most abundant natural renewable biopolymer on earth that can enhance the 

environmental sustainability of manufactured products, replace petroleum derived composites and 

polymers, and is highly functionalizable.  The Life-Cycle-Assessment (LCA) process represent it 

as both a carbon sequestering and atmospheric carbon fixing material1.  Developing these carbon-

neutral resources will shift society away from our dependence on petroleum-based economics, 

reduce the negative impact on climate change, and develop sustainable industries2,3.  Cellulosic 

fibers are derived from lignocellulosic biomass; both woody and non-woody plants.  The biomass 

is composed of cellulose, hemicellulose, lignin and a small percentage of chemical extractives as 

shown in Figure 1-1.  Through various pre-treatment processes, the cellulose fibers are liberated.  

These in turn can be treated through chemical or mechanical means to extract the nano-fibers 

important in the development of novel renewable composites. 

 

 
Figure 1-1 Composition of lignocellulosic biomass4 

 

 



 

2 

 

The packaging market is moving away from non-recyclable polymers placing increased demand 

for bio-based materials such as nanofibers5.  Motivated by global warming and environmental 

concerns this is driving the reexamination of paper for consumer packaging through the 

development of environmentally sustainable bio-based nanomaterials.  The polymer-based 

nanofiber market is worth $3,276 million of which cellulose accounts for $483 million. Two of 

the dominant cellulose-based nano-materials include nanofibrillated cellulose (NFC) and 

crystalline nanocellulose (CNC), see Figure 1-2.   

 

Figure 1-2. a) Global nanofiber market share by type and application, b) Market share by type of 

cellulose based nano-fiber. 

Their high aspect ratio, crystallinity, tunable surface chemistry, biocompatibility and 

biodegradability have led to a wide range of applications from polymer composites to health care, 

see Figure 1-3a6,7.  Paper and packaging represent 32% of global market share for nanocellulose7.  

This has led to numerous research groups investigating nano-fibers as evidenced by the patents 

issued from 1990 to 2017, see Figure 1-3b.  Applications for nanofibers include paper 

reinforcement, barrier coatings on packaging, paper coatings, and as absorbents in personal care 

products. 

 



 

3 

 

 

Figure 1-3. a) Global nanocellulose market share by application – 2019, b) Patent applications 

issued related to Nanofibers globally, 1990-2017. 

The growth and demand for nanofibers from lignocellulosic biomass requires expansion and 

consideration of agricultural residues as alternative to forest residues as the demand for these grow 

exponentially and in to a likely unsustainable level8. 

 

1.1.1. Residual biomass Source 

Plant residuals provide a lignocellulosic material that are renewable, biodegradable, positive 

environmental footprint, and can replace petroleum-based polymers.  The utilization of 

lignocellulosic biomass as papermaking fiber is not a new concept.  Cotton and hemp were the 

primary sources of fibers up until the development of the Kraft pulping process in the 1800s.  Their 

composition is very similar to hardwood cellulose, see Figure 1-1.  Yet non-wood fibers remain a 

small percentage today relative to wood fibers sources for the production of paper.  These fibers 

account for only 0.69% of the total fibers used in paper production worldwide9.  Bagasse, flax, and 

industrial hemp are the dominant source of herbaceous fibers in the world today.  Often these 

lignocellulosic fiber sources are a residual of the primary product being produced and treated as a 
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waste stream.  A few of the reasons for this are a low bulk density and high moisture content which 

require storage and handling the dominant wood fiber does not require, meaning that transportation 

costs are a larger portion of the fixed cost absorption associated with processing.  Yields per 

hectare tend to be lower than forest residuals, for example over a period of 20 years a hectare of 

industrial hemp may produce 60 MT of biomass10 where as a hectare of Douglas fir will produce 

170 MT of biomass11.  The fibers produced tend to be shorter and less coarse being more 

hardwood-like, as a result they cannot be a direct replacement for the longer softwood fibers.   

 

 

Figure 1-4.  Non-wood fiber production by region (FAO statistics)12 

The ratio of non-wood pulping operations to wood pulping remains dominated by Asian countries, 

followed by Africa and South America.  China drives the Asian consumption of non-wood fibers 

however since 2000, the proportion of non-wood fiber dropped significantly.  This was in part due 

to a dramatic increase in recycled fiber consumption and an increase in wood pulp imports as per 
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capita consumption outpaced domestic production13.  Outside of Asia, non-wood fibers are 

beginning to gain traction in Europe and North America as the search for renewable biomaterials 

increase, see Figure 1-4.  Not a new idea in the west14, but one that has gained renewed interest 

with consideration of what were once waste materials such as hop bine. 

 

1.1.2. Hop Bine 

Hop Bine (Humulus lupulus L.) hops, is a member of the Cannabaceae family of which Cannabis 

sativa L., industrial hemp, belongs.  Hemp has provided fibers for use in papermaking for centuries, 

therefore, it may be worth considering if hop bine can provide suitable fibers for papermaking or 

carbohydrates for bioconversion as well.  A comparison of the composition of hop bine relative to 

hemp and softwood fiber and the cellulose fiber characteristics are detailed in Table 1-1 and Table 

1-2.  The amount of cellulose in hop bine is similar to that of hemp.  The fiber length distribution 

of hop bine is much narrower and consistent with what you would find in a hardwood fiber such 

as Eucalyptus. 

 

Table 1-1 Comparison of composition of hop stems to other non-wood and wood fibers15. 

FIBER Cellulose Hemicellulose Lignin Ash Extractives 

HOP 32.9 % 26.0% 25.9% 3.4% 12.0% 

Hemp 43.3% 23.7% 24.1% 2.3% 1.1% 

Wheat Straw 44.7% 25.2% 20.9% 7.1% 3.9% 

Poplar 44.4% 21.2% 21.1% 3.2% - 

 

Table 1-2. Comparison of morphological properties of hop stems to other non-wood and wood 

fibers. 

FIBER Length (mm) Width (μm) 

HOP - BINE 0.85-1.3 16.5 +/-5.5 

Hemp 5-55 10-51 

Eucalyptus 0.87-1.1 15-19 

Poplar 0.87-1.1 3.72 
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It also appears to be more consistent in length than industrial hemp and far less variable in width.  

When comparing it to Eucalyptus, the length and width are consistent.   

 

A shortage of linen and cloth rags in France during the 18th century led to a French paper maker’s 

inspection of hop bine.  The director of the Langlee paper mill near Montargis, Alexandre Léorier 

Delisle, evaluated various lingo-cellulosic materials such as reed, linden, along with hops as 

potential replacements for the linen and cloth rag furnish of the time.  In the book titled Les Loisirs 

des bords du Loing, ou Recueil de pièces fugitives, poems by Marie-Joseph-Hippolyte Pelée de 

Varennes, he published using non-rag paper.  At the back of each of the books he published, he 

included twenty sample leaves, each one identified by the fiber used to produce it; paper de 

houblon – paper made with hops (bine) as shown in Figure 1-516.  

 
Figure 1-5.  Sample of paper produced from the hop bine plant.17 

 

Despite this early demonstration of its application to papermaking, there is a scarcity of research 

since this book was published.  Recently, investigations indicate that the material has promise for 

use as the raw material for bioproduct production15,18.  Changes in economic conditions and 
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availability of supply may be responsible for this consideration.  The Chinese announced in the 

third quarter of 2017 that they would be pulling out of the recycled newspaper market.  This 

withdrawal by the Chinese has put pressure on the price and the availability of bleached softwood 

Kraft pulp in the northwest on regional paper manufacturing and opened non-wood fibers for 

consideration19.  Additionally, the rapid expansion in demand for northern bleached softwood 

Kraft (NBSK) from China, 14% since 201620, has placed additional pressures worldwide to 

consider alternate fiber sources. 

 

As crops allocated to production of renewable resources compete for land previously dedicated to 

food crops, the residual biomass from hop cultivation offers an inexpensive alternative source of 

renewable lignocellulosic biomass without cannibalizing a food crop.  This fiber presents a 

sustainable multi-use commodity with excellent application in biobased products and paper 

making which would otherwise be lost. 

1.1.3. Availability of Hop Bine - Eastern Washington 

Humulus lupulus varieties are grown in eastern Washington and account for over 79% of the total 

US production.  Although hops cultivation is not the largest agricultural crop in the Yakima Valley; 

accounting in 2016 for only 1.2% of total cultivated land area or 18,029 hectares.  An examination 

of geographical information system data for the Yakima valley has shown an 80% increase in 

cultivated acreage from 2014 to 2016, see Figure 1-6.  Of the 26 crops that represent 98% of the 

cultivated land in the Yakima Valley, the cultivation of hops is the fastest growing compared to 

apples, a 9% increase since 2014, coming in second21. 



 

8 

 

 
Figure 1-6. a) Yakima Valley 2014 and b) 2016 – Geographical Information Systems data from 

USDA, green indicates hops acreage 

 

 

The secondary biomass from hop cultivation is the bine which ends up as silage.  This is the 

primary source of cellulosic fiber in the hop plant and the increase in cultivated acreage may 

represent a significant source of lignocellulosic biomass.  The average volume of hop cone 

produced per hectare is 1.5 MT.  The weight of bine is approximately equal to the weight of the 

hop cone produced.  That would mean 85,000 MT of bine would potentially be available from the 

state of Washington alone22.  The low yield per hectare combined with the perennial harvest 

unfortunately limits the potential that this biomass has for use as a paper making fiber.  Conversion 

to a nanofiber with application in paper making, however, is a potential opportunity. 

 

1.2 Why Nanofibrillated Cellulose 

 

1.2.1 Cellulose 

Cellulose is the world’s most abundant naturally occurring polymer that is insoluble in water.  It 

is difficult to dissolve in water likely due to the intramolecular and intermolecular hydrogen bonds 

formed23.  In ionic liquids, cellulose is soluble.  Cellulose is conventionally illustrated by the 
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repeating unit cellobiose, Figure 1-7.  It is a polymer of β-(1-4)-linked D-glucopyranosyl units.  

There is some recent disagreement in the literature that argues that cellobiose is not the repeating 

unit as it is just one of the resultant products from the acid hydrolysis of cellulose24.  It is contended 

that the glucose residue is a more accurate depiction of the repeating unit of cellulose and is 

sufficient for illustrating and discussing the cellulose molecule, Figure 1-8.  These depictions show 

O-4 as the oxygen attached to the repeating unit not, the O-1.  This is due to the OH on the O-1 is 

the leaving group in formation of glycoside when the C-1 oxygen forms a hydroxyl.  As such, both 

are presented here for review. 

 

 
Figure 1-7 Cellobiose repeating unit presented in the chair conformation, gg is gauche-gauche 

and gt is gauche-trans conformations25. 

 

 
Figure 1-8 Glucopyranose repeating unit presented in the chair conformation. 

 

The conformation is indicated, gauche-gauche and gauche-trans, to show the availability of the 

C6 hydroxyl for reaction on alternating glucopyranose units.  The importance of the C6 hydroxyl 

and this conformation will become clear in the discussion of nanofiber surface chemistry and the 

availability of reactive sites on the nanofiber chain. 



 

10 

 

1.2.2 Lignin 

Lignin is an amorphous polymer consisting of substituted phenylpropane units which account for 

15-25% of the component constituents in lignocellulosic materials.  The primary linkages between 

phenylpropane units are ether bonds and carbon-carbon bonds.  Lignin can be differentiated into 

three primary types; guaiacyl (G), syringyl (S), and hydroxyl benzyl (H), the latter being present 

in herbaceous lignin only, Figure 1-9.  Softwoods only have the guaiacyl type, while both syringyl 

and guaiacyl can be found in hardwoods.  Herbaceous lignins have all three types present26. 

 

The ratio of syringyl to guaiacyl lignin present in either hardwoods or grasses is important to know 

as it governs the delignification rate in both Kraft and organosolv pulping processes, see Table 

1-327,28. 

Table 1-3  Lignin composition in various plant types29 
Biomass Guaiacyl (G) Syringyl (G) Hydroxyphenyl (H) 

Softwoods >95% 0 <5% 

Hardwoods 25-50% 45-75% 0-8% 

Grasses 35-80% 20-55% 5-35% 

 

 
Figure 1-9.  a) Syringyl, b) Guaiacyl, and c) Hydroxybenzyl Lignin  

 

An important part of evaluating the potential of a lignocellulosic material is quantifying the 

carbonyl groups present.  There are many methods for determining the carbonyl groups in the three 
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primary types of lignin30.  Traditional methods involve titration based on oxidant consumption31.  

Various spectrophotometric methods are also available.  Most recently methods have been 

developed to use head space gas chromatography30. 

1.2.3 Nanofibrillated Cellulose 

Nanofibrillated cellulose, NFC, is composed of the smallest divisible unit containing both 

crystalline and amorphous regions of the cellulose matrix.  Further division would result in 

fractionation into the cellulose oligomers. Nanofibrillated cellulose, NFC, and Cellulose 

nanofibrils, CNF, are used interchangeably to refer to fibrils having both amorphous and 

crystalline regions.  Crystalline nanocellulose, CNC, refers to nanofibrils where the amorphous 

region has been significantly reduced or eliminated.  The final form of nanofibers is generally as 

stable colloidal aqueous suspension of 1-3 weight %, blueish in hue, with increasing transparency 

as the surface charge increases.  Above 4 weight % it begins to form a gel as shown in Figure 1-10 

. 

 
Figure 1-10.a) suspension of nanofibers, b) nanofiber gel 
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The Technical Association of the Pulp and Paper industry has proposed standardization of the 

terms used to describe nanocellulose materials based on their aspect ratio32,33 , see the diagram in 

Figure 1-11 and Table 1-4.  Throughout this text nanofibrillated cellulose will be referred to as 

NFC.  This term will be utilized to reduce confusion between CNF and the abbreviation CNC.  

Despite this proposed naming convention, the range in dimensions can lead to nanocellulose 

suspensions of vastly different characteristics  

 
Figure 1-11. Hierarchy of nanofibers. 

 

Table 1-4  Abbreviations used in cellulose nanomaterials - defined 
Abbreviation   Diameter Range Length Aspect Ratio 

NFC, CNF34 Nanofibrillated cellulose, 

Cellulose Nanofibrils 

 5-30 nm > 1000 nm > 50 

CNC35, NCC Crystalline nanocellulose, 

nanocrystalline cellulose 

 3-10 nm 50-500 nm 

 

< 5 

MFC34, CMF Microfibrillated Cellulose, 

cellulose microfibril 

  10-100 nm  500-10,000 nm 

 

50-100 

CMC, MCC Cellulose microcrystal, 

microcrystalline cellulose 

 >1000 nm >1000 nm <2 

Tracheid Wood cell  10-50 microns 1-3 mm 

 

 

      

 

Cellulose 
Nanomaterial

Nano-Objects

Cellulose Nanofiber

Cellulose Nanocrystal 
(CNC, NCC)               

diameter 3-10nm,  
L/D > 5

Cellulose Nanofibril 
(CNF, NFC,)             

diameter: 5-30 nm, 
L/D > 50

Nano-Structured

Cellulose Microcrystal 
(CMC, MCC)            

diameter: 10-15 μm, 
L/D < 2

Cellulose Microfibril 
(CMF, MFC)             

diameter: 10-100 nm,               
length: 0.5-50 μm
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Variations in nanofibers produced arise from three areas; 1) the source of the cellulose fibers, 2) 

the method used to extract and produce the nanofibers, and 3) the surface chemistry of the fibers36.  

The surface chemistry of the fiber dictates how the nano material will behave in suspension.  While 

the morphology will effect how the material functions in a composite37. 

 

1.3 Objective and Hypothesis 

The aim of this research is to develop a “green” method for producing nanofibrillated cellulose 

from either bleached or unbleached agricultural residues.  The impact and contribution to 

knowledge this project has comes from the displacement of environmentally hazardous treatment 

methods with an environmentally non-hazardous, inexpensive, and tunable oxidant, ammonium 

persulfate – applied to agricultural residual biomass.  Ammonium persulfate has been shown to be 

a suitable oxidant to produce nanofibrillated cellulose with indication that it may also be applied 

to lignin containing biomass.  Through careful control of treatment conditions, ammonium 

persulfate oxidation of lignin and lignin-free fibers will produce nanofibers with specific 

morphological and chemical characteristics.  This dissertation will expand on prior research in 

both chemical oxidation of cellulose fibers and utilization of agricultural residuals while working 

towards an environmentally green method. 

 

1.4 Reference Biomass 

The assessment of analytical methods and response to ammonium persulfate oxidation require a 

reference biomass that is suitably pure and provides a homogenous sample for testing.  Bleached 

Northern Softwood Kraft has been selected as a reference material.  It has been thoroughly 
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characterized and contains no components that would interfere with treatments.  Bleached 

Northern Softwood Kraft, BNSWK, was supplied by the Westrock pulp mill in Tacoma, 

Washington.  It is composed of Western hemlock, Tsuga heterophylla, and Douglas fir, 

Pseudotsuga menziesii.  The mixture of fibers is approximately 50:50 by weight.  The overall 

LWW fiber length of the mixture is approximately 3 mm.  The lignin content of the fibers is not 

detectable.   

 

Assessing Hop bine requires a suitable lignin containing reference biomass.  Lignin containing 

Unbleached fiber (UB-NSWK, 4% lignin) was also supplied by the WestRock, Tacoma, WA pulp 

mill, taken prior to the bleaching.  It represents an identical fiber composition to the bleached 

softwood reference biomass.  Hop bine (Humulus lupulus L.) was kindly supplied by Roy Farms, 

Moxee, WA. 

1.5 Dissertation Overview 

Chapter 2 will evaluate the environmental impact that removal of hop bine residual has on the 

overall Hop cultivation and harvesting enterprise through a Life Cycle Assessment (LCA).  The 

assessment will include modeling of soil organic carbon sequestration and denitrification, a 

sensitivity analysis, and a meta-analysis using the nearest relative to hop bine, industrial hemp.  A 

step pursued in parallel to the LCA is to characterize the morphological features and chemical 

composition of the residual biomass from hop agriculture – results presented in Chapter 

3..Analytical methods, SEM and XRAY-CT, will be utilized to elucidate the macro and micro 

structure of the bine.  HPLC, IR, and UV will be employed to characterize the chemical 

composition.  The fourth chapter presents the process, results, and discussion of the quantitative 

determination of the fiber response to oxidation with ammonium persulfate, a green chemistry, on 
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a lignin free benchmark biomass, bleached Northern Softwood Kraft, and on a lignin containing 

agricultural residual, Hop Bine.  Response surface methodology (RSM) will be used to develop 

model equations for the response of crystallinity, fiber length and diameter, and surface charge.  

The physical response to varying the level of NFC fibers in a fiber composite, paper, from bleached 

Northern Softwood Kraft against varying the surface charge of the NFC fibers will be assessed in 

Chapter 5.  The surface charge on the nanofibers can influence electrostatic repulsions between 

fibers and the interaction with high molecular weight polymer retention chemicals.  The 

experiments will demonstrate the impact of engineered fibers on the physical structure and strength 

of NFC reinforced papers.  Finally, Chapter 6 summarizes the results and conclusions of this work 

and discusses the extension of this research in future work. 
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Chapter 2. Life Cycle Assessment of Humulus lupulus 

2.1 Introduction 

Low density biomass resources such as Humulus lupulus are handicapped by high 

transportation costs due to widely distributed – low density acreage and the need for densification 

of the biomass1.  Fast pyrolysis to bio-oil has been proposed as once such method of densification2.  

Although Bio-oils are CO2 – greenhouse gas neutral providing a significant environmental 

advantage over fossil fuels, densification assumes that local processing facilities exist and that the 

yield of the product is sufficient to produce an economically viable product3. 

Onsite bioconversion to nanocellulose using an ammonium persulfate oxidation where low 

biomass density and transportation costs result in high cost may be a viable alternative to 

composting.  Bio-char produced from agricultural residuals, for example, can be utilized as a soil 

amendment4.  Soils in the Columbia River Watershed may benefit from the returning carbon to the 

soil; however, the removal of nitrogen may increase the demand for inorganic fertilizers.  A green 

process such as ammonium persulfate would allow not only carbon sequestration but could return 

nitrogen and sulfur to the soil.  This study focuses instead on the impact removing hop bine from 

the agricultural enterprise has on soil carbon sequestration and denitrification.  The outcome of 

this Life Cycle Assessment can be utilized to evaluate the potential for turning the agricultural 

residue, Humulus lupulus bine, into a specialty fiber using a green chemistry. 

First, using remote sensing data, the cultivated areas specific to Roy Farms (Moxee, WA) 

was assessed for environmental conditions, soil viability, physical arrangement, and residual 

biomass yield potential.     
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This Life Cycle Assessment aims to assess the impact of segregating the residual woody 

waste (co-product) of an agricultural crop, hops (Humulus lupulus) on the greenhouse gas (GHG) 

emissions and on soil carbon sequestration.  Humulus lupulus varieties are grown in eastern. 

Washington and account for over 79% of the total US production.  Although hops cultivation is 

not the largest agricultural crop in the Yakima Valley; accounting in 2016 for only 1.2% of total 

cultivated acreage or 44,552 acres.  An examination of geographical information system data for 

the Yakima valley has shown an 80% increase in cultivated acreage from 2014 to 2016,see Figure 

2.1 

 

Figure 2.1. Yakima and Benton counties – hop cultivation in 2017. 

 

The secondary biomass from hop cultivation is a mixture of non-woody residues (leaves and 

hop cone) and woody residue (bine).  These end up as silage.  The woody residue is the primary 

source of cellulosic fiber in the hop plant and with the increase in cultivated acreage may represent 
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a significant source of lignocellulosic biomass.  Competition between agriculture dedicated to food 

production and dedicated to biofuel production has led to increases in food costs as land is turned 

over to the higher value crop.  Unfortunately, low density biomass resources such as Humulus 

lupulus are handicapped by high transportation costs due to widely distributed – low density 

acreage and the need for densification of the biomass1.  If this material could be utilized as a co-

product, it is important to understand the impact that would have on the environment. 

Published life cycle assessments focused on agricultural residues are dominated by biofuel 

crops5, such as soy, corn, and wheat straw6,7,8,9.  The only reference to hops found in published 

LCA’s is limited to treatment as an input in life cycle assessments of beer production10,11,12,13,14.  

These agricultural residue Life Cycle Assessments however are relevant in consistent treatment of 

lignocellulosic biomass and form a model that can be applied to other lignocellulosic residues.  Liu 

used a comprehensive assessment of environmental impacts; The Tool for the Reduction and 

Assessment of Chemical and other environmental Impacts (TRACI15) and defined the functional 

unit of well-to-wheels (WTW).  Liu also used a hybrid model incorporating an economic analysis.     

Searcy discusses a gate-to-gate (GTG) LCA methodology that is likely more relevant in that it 

treats the harvesting and delivery of the raw material to the processing site.  Both studies form a 

relevant basis of comparison as they both deal with the geographic areas of the mid-western United 

States.  Shen used a different model to evaluate agricultural residue, GREET.  None of these 

studies evaluated the positive or negative impact from that material being removed from the base 

system.  Comparisons were made to other agricultural residues including forest residues.     
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2.2 Proposed LCA 

There are several databases and models that can be used to provide and evaluate data that 

may be useful in the LCA study.  Christensen evaluated the alternative treatment of waste streams 

using the EASEWASTE16 composting module to model spreading of compost on farmland17.  This 

is the practice Roy Farms engages in currently.  Unfortunately, this database is no longer available 

having been replaced with a new model, EASETECH.   The new model is available to researchers 

after completion of a 3-week course of study.  Several other open access models were identified, 

but none provide all encompassing information.  As a result, several models will be used to acquire 

the data necessary combined with literature and primary laboratory data.  GREET, IPCC Inventory 

Software, DNDC model, and open LCA will be used to obtain foreground data.  There is no need 

to model the reaction chemistries involved using programs such as Aspen as they are all first order 

reactions.  Mass balances for determining allocation between products and co-products and 

stoichiometric balances for nutrients and emissions will be calculated using Microsoft Excel.  

USDA databases were not available at the time of this study due to the government shutdown18.   

The following environmental impact categories are proposed to be assessed; global 

warming (GWP), water cycle (WC), soil organic carbon (SOC), photochemical oxidant creation 

(POCP), eutrophication (EUT), and fossil fuel (FF). 

The key difference between this LCA and those published in literature is that this proposal 

does not address production of a biofuel or energy conversion.  It will examine removing this 

material from the existing lifecycle to use in other non-energy applications.  The resulting LCA 

will have both open-loop and closed loop process flows.  The subsequent treatment of residual hop 

bine as a co-product is open-loop, while the return of the non-woody residue after composting is 

considered close-loop.  The secondary co-product will be an output of this life cycle assessment 
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to be then used as the raw material input in a second system.  As stated by Olofsson (2018) it is 

the intersection of two LCA’s19. 

2.2.1 Goal 

This Life Cycle Assessment aims to apply methodologies to assess the impact of separating 

the residual woody waste (co-product) of an agricultural crop, hops (Humulus lupulus) from the 

total residual biomass.  The non-woody waste separated will be spread on the fields after 

composting.   Organic agriculture views this as a means of sequestering carbon in the soil and thus 

mitigating some aspects of climate change20.  According to Petersen (2013) sequestering carbon 

in soils is not adequately addressed in current Life Cycle Assessments.  Hop growers, their soil 

scientists, and those who manage this agricultural business need to understand the impact of 

backing up from organic agriculture to the conventional practices that may be required to offset 

the loss in nutrient potential caused by the removal of a portion of residual and substituted with 

inorganic fertilizers21.  This Life Cycle Assessment will be used to make strategic decisions 

regarding the utilization of this lignocellulosic co-product and improve the understanding the 

residual biomass has on over-all soil carbon sequestration22 and greenhouse gases (GHGs) 

emissions.  The study area selected is the land cultivated by Roy Farms, Incorporated in the 

Yakima valley.  Roy Farms is located in Moxee, Washington at 46°33′23″N, 120°23′14″W in 

Yakima County. 

2.2.2 Scope 

The existing process takes all residual biomass separated from the primary product, 

composts it, and then returns it to the field in a no-tillage manner.  The composting process is 
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atmospheric – open ground composting.  In the proposed process, the woody residual biomass is 

mechanically separated as a new co-product for use in a secondary application such as a feed for 

nanofibrillated cellulose or in the conversion to biochar.  The system describing the existing and 

proposed production of hops is a combination of mechanical separation of primary plant product, 

hop cone, from the lignocellulosic co-product, thermal dehydration, composting, and physical 

transport functions.  Utilization of the non-woody biomass as compost will reduce the demand for 

inorganic fertilizers16.  The life span the hop plant is managed to is 5 years, at which point the 

fields are replanted with new rhizomes.  The average volume of hops produced per hectare is 1960 

kilograms23. 

2.2.3 Functional Unit  

The functional unit will be 1 kilogram of good hop cone produced.  The production from 

one hectare of land during a single growing season, a year, will be the basis for the analysis.  This 

is consistent with the LCA report provided by Roy Farms24.  The co-product will be expressed as 

kilograms/ kilogram of hop cone produced25. 

 

2.2.4 Geographic Region 

The use of geographical information system (GIS) software, ArcGIS, adds a dimension to 

the life cycle assessment of hop cultivation26.  Spatial data was categorized into three aspects; 

landscape features, climate, and land assignment.  Landscape features include soil type and quality, 

and elevation.  Climate features are composed of rain fall and temperature statistics.  Land 
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assignment is data specific to county parcel maps designations and parcels dedicated to hop 

cultivation. 

The study area selected is the land cultivated in 2017 by Roy Farms, Incorporated in the 

Yakima valley.  Roy Farms is located in Moxee, Washington at 46°33′23″N, 120°23′14″W in 

Yakima County.  Hop cultivation is predominantly in Yakima County with a small percentage in 

Benton counties.  Hence, the layer displayed in Figure 2.2 shows the county boundary shape file 

over lay on a Washington state base map27 for both Yakima and Benton counties.  The Columbia 

River watershed boundary is depicted in light blue.  Yakima and Benton counties are shown in 

light yellow28.  The boundary of the Columbia River Watershed (Basin) feature layer represents 

the drainage area of the Columbia River.  It was obtained from the Watershed Boundary Dataset 

(USGS) from the United States and Work Units from the Canadian National Hydrography 

Network (Base Mapping and Geomatic Service, Integrated Land Management Bureau, BC, 

Canada)29.  The layer was projected to the spatial coordinate system WGS 1984 Web Mercator 

Auxiliary Sphere.  The Yakima and Benton counties feature layer was projected to the common 

spatial coordinate system NAD 1983 HARN State Plane Washington South FIPS 4602 Feet.  Using 

a definition query, Yakima and Benton counties were selectively displayed and shaded. 

 

Figure 2.2 Columbia River Watershed with Yakima and Benton valley overlay. 
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2.2.5 Definition of co-product and waste residues, reference flows 

Biomass residue will be defined either as a co-product or as a compostable residue based on 

the potential use as determined by the physical and chemical properties of the material.  These 

properties are bulk density, carbohydrate composition, and % yield.  Process economics will not 

be used to delineate a residual biomass as co-product as that is specific to the definition of the 

subsequent process.  

Table 2.1.  Reference Flows for one hectare of land 

Input Unit Quantity23 

Nitrogen30,31 Kg 203.47 

Phosphorous30,31 Kg 33.91 

Potasium30,31 Kg 135.65 

Lime (CaCO)32 Kg 33.91 

Coir Rope Kg 131.23 

Water33 Liters 2,746 

Land Use34 Hectare 1 

Diesel35 L 271.8 

Gasoline35 L 143.32 

Natural Gas35 kg 0.38 

Magnesium36 kg 566.9 

Sulfates kg 113.4 

Zinc Kg 28.35 

Iron Kg 56.7 

Manganese Kg 22.68 

Copper Kg 6.8 

Boron kg 6.8 

   

Output37 Unit  

Hop Residual Total kg 4820 

Woody-Residual Kg 1520 

Non-woody Residual kg 3300 

Hop Cone kg 1960 

Root System53 Kg 2305 

 

The reference flows represent the average requirements for a hop grower to produce the USDA 

average yield of hop cones per hectare23.  Co-product yield is based on the primary product yield.  

Although much of the soil amendments are less than 1% of the mass of product produced, they are 

essential to the agriculture and will not be included in any cutoffs, see Table 2.1. 

. 
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2.2.6 System Boundary 

The system boundary for this Life Cycle Assessment is the flows that encompass the 

boundary of the farm.  Crop residue will be defined as the non-edible plant component separated 

from the hop cone.  It will include the rope (coir or sisal) used in the trellis and hop cone losses.  

The process includes cultivation of hops, harvesting, soil treatment (fertilization), pesticide 

application, co-product separation/segregation, composting, compost return, drying, and 

transportation.  The top cutter and bottom cutter tractor attachment remain in the field.  

Transportation of hop bines from the field to the processing plant is by ¾ ton pick-up trucks.  The 

average transportation distance is 2 miles from field to processing plants.  Roy farms locates its’ 

processing points to minimize transportation and product losses.  Processing will include the 

separation of hop cone from the bine, chipping of the residual biomass, and separation of the non-

woody residual from the woody residual, see Figure 2.3 for LCA system boundary. 

 

 

Figure 2.3.  System boundary with removal of woody-residual co-product 
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The boundary will be farm gate-to-farm gate38.  Using this as a guide for determining the 

allocation limits, there are a considerable number of inputs entering a farm, such as materials for 

repairing trellis, waste products from the maintenance of equipment, etc.  These items are not 

bound by the temporal constraints of hop cultivation and represent a variable input to the farm.  

Variable inputs that represent less than 1% of the mass a kilogram of hop cone will be disregarded 

for this analysis.  Variable inputs that are greater than 1% will be averaged and normalized against 

1 kg of oven dry hop cone produced annually per acre over a period of 5 years (useful life of hop 

plant).  Dividing the overall system boundary into modules will help manage the material balances 

and validate the allocation, see Figure 2.4. 

 

 
Figure 2.4.  Farmland Module – subsystem boundary 

 

2.2.7 Methodology 

The impact assessment will utilize an attributional Life Cycle Analysis methodology to 

determine the environmental impacts of removing a portion of the residual biomass co-product 

from carbon sequestration in the soil.  The linear algebraic mathematical model described in 

Heijungs will be used to construct the linear space describing both the technology matrix and 
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intervention matrix associated with the primary product, hop cone production, and the secondary 

co-product, residual biomass39.  A process vector, Þ, will be defined to represent the flow of 

fertilizer, water, electricity, fossil fuels, and consumables using the convention that a negative 

coefficient indicates an input to the system and a positive an output of the process.  A process 

matrix, P, will be defined for the set of process vectors described by Þ.  The portioning of this 

matrix will follow the technology and intervention matrices, designated A and B respectively.  This 

method will be applied to all process matrices developed in solving the resultant vector R. 

 

GREET and ReCiPe will be used for background data for water, fossil fuel, and energy 

consumption.  There are several crop residuals that could be used as a basis.  Intergovernmental 

Panel on Climatic Change (IPCC) methods will be used for emission source data.  The emission 

factor database will be utilized for greenhouse gas data.  The ReCiPe database will also be used 

for toxicity analysis40.  The significant number of midpoint indicators may be shortened for this 

analysis due to some regional climate and soil constraints.  OpenLCA has some data specific to 

agricultural cultivation.  Another tool – CTool, has been identified for evaluating the change in 

carbon sequestration.  However, due to time constraints, this tool may not be realistically applied 

until a subsequent LCA.  Additional investigation is required to determine geographic constraints 

of data required by the tool. 

Global Warming Potential (GWP) for greenhouse gases will be expressed as kg CO2-

equivalents per kg for each gas41. 

 

𝐺𝑊𝑃 =  ∑ 𝐺𝑊𝑃𝑖 ∗ 𝑚𝑖𝑖           (2-1) 
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Eutrophication or nutrient enrichment potential (EP) of aquatic systems is primarily driven by 

nitrogen and phosphorous.  The eutrophication potential will be expressed as an equivalent 

emission of the reference substance NO3
-.  Acidification Potential (AP) will be calculated based 

on SO2 equivalents42.  Acidification Potential refers to the emission of acidifying substances that 

impact soil, groundwater, and fresh water runoff. The equivalent factor (EF) is calculated based 

on stoichiometric chemical balances as follows; 

 

𝐸𝐹 =
𝑛

2∗𝑀𝑊 
∗ 64.06          ( 2-2) 

 

MW is the molecular weight of the substance emitted [g/mole], n is the number of hydrogen ions 

released by the target chemical, and 64.06 g/mole is the molecular weight of SO2.   

 

Table 2.2.  Impact Categories. 
Impact Category Abbreviation Unit 

Global Warming Potential GWP CO2-eq/kg 

Eutrophication Potential EPN N/kg 

Eutrophication Potential EPP P/kg 

Acidification Potential AP SO2-eq/kg 

Carbon Sequestration CS kg C/acre/year 

PMFP P PM2.5-eq/ kg  

   

 

2.2.8 Data Quality 

Agricultural yields are impacted by seasonal weather conditions and local soil quality.  

Data will be taken over several years to reduce the seasonal variability.  Operational data will be 

drawn directly from Roy Farms.  Compositional data will be taken directly from laboratory 

analysis performed on the residual biomass.  Where data is unavailable for this crop, similar crops 

will be identified and utilized to provide missing information – for example industrial hemp 
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cultivation.  Mass balance will be utilized to verify calculated data against published specifications 

for the product, for example the water consumption reported in the Roy Farms Sustainability report 

accounted for all water usage across all agricultural products and was not limited to hop 

production. 

The two-tiered data quality analysis method for rating data presented by Cooper (2012) 

will be utilized,43, see Table 2.3.  Mass and energy balances will be applied as a data validation 

tool.   Uncertainty will be described with statistics where possible.  Geographic coverage will be 

established using ArcGIS software.  A literature review on Humulus lupulus was performed 

focusing on impact category results and denitrification modeling to be used in a meta-analysis.  

Literature data will be normalized to 1 kg of oven dry raw biomass. 

 

Table 2.3.  Two-tiered data quality score43 

Category  Requirements for a data quality score of A  

1. Reliability and 

reproducibility  

The flow data were based on measurements using a specified and standardized 

measurement method OR The flow data were estimated using methods and data 

described in specified archival or other consistently publicly available sources. 

2. Flow data 

completeness  

The flow data were collected over at least 3 years for agricultural (crop, 

livestock, forest and range) processes or other processes in which the data point 

varies for uncontrolled annual conditions (e.g., weather) AND The flow data 

balance the mass and energy in and out of the unit process. 

3. Temporal coverage  The flow data represent operations that occurred between the unit process start 

and end dates without forecasting.  

4. Geographical 

coverage  

The flow data represent operations that occurred within the location of the unit 

process including nonagricultural process data that have been adapted to reflect 

logistics and market shares for the unit process location. 

5.Technological 

coverage  

The flow data represent the process(es) and/or material(s) specified without 

surrogacy or aggregation with other technologies. 

6. Uncertainty  The flow data either include estimates of the first quartile, mean, median and 

third quartile values OR data or probability distribution from which these values 

can be estimated. 

7. Precision  The relative standard error of the flow data is less than or equal to 25% OR the 

interquartile range divided by the median is less than or equal to 50% OR for a 

triangular distribution, the minimum flow data value is .75%, and maximum 

flow data value is .125% of the most likely value OR for a uniform distribution, 

the minimum flow data value is .75%, and maximum flow data value is .125% 

of the average of the minimum and maximum values. 
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2.3 Inventory Analysis 

2.3.1 Data Collection 

The data provided in the LCA’s for the hop growers often included information for other 

crops produced by their farm.  In these instances, hop agriculture guides were consulted in order 

to determine the specific requirements for the cultivation of the plant30,36.  Nutrient requirements 

were calculated to produce 1960 kg of hop cone per hectare per year, see Table 2.4. 

 

Table 2.4. Recommended nutrient levels for hop cultivation36. 

 

Nutrient Minimum Level (PPM) kg/Hectare 

Nitrogen (Nitrates) NO3-N 40 181.4 

Phosphorous P 25 113.4 

Potassium K 120 544.3 

Calcium Ca 1800 7937.9 

Magnesium Mg 125 567.0 

Sulfates (Sulfur) SO4-S 25 113.4 

Zinc Zn 6 28.3 

Iron Fe 12 56.7 

Manganese Mn 5 22.7 

Copper Cu 1.5 6.8 

Boron B 1.5 6.8 

 

 

Table 2.5. Nutrient content of above ground biomass. 

Allocation Percentage Units Calculated Value - kg/Ha 

Nitrogen (Cone) 3% kg/Ha 60.81 

Nitrogen (bine) 1% kg/Ha 15.19 

Nitrogen (leaves) 3% kg/Ha 99.04 

 

An initial nitrogen mass balance of the hop cycle for one year was performed using 

Microsoft Excel.  The nitrogen content of the hop biomass was found in a Washington State 

Department of Ecology report published in 1994 by Hermanson44.  The data reported were 

converted into mass per hectare using the allocated mass determination, see  Table 2.5.  Data for 
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the nutrient content for the coir rope, Table 2.6,  came from a research report that examined the 

content of coir dust45 and a report that examined its’ application as a biofertilizer46.   

 

Table 2.6. Coir rope nutrient allocation. 

Nutrient Composition Allocation 

Nitrogen46 0.033 % 4.3 kg/Ha 

Phosphorous45 10 ppm 1.3 E-03 kg/Ha 

Potassium45 299 ppm 3.9 E-02 kg/Ha 

 

During the separation process, this material is segregated with the woody biomass co-product.  

This information was used to determine the contribution of nitrogen from each category of biomass 

and the amount of inorganic fertilizer required to make up the nitrogen uptake by the biomass and 

through other emissions, Figure 2.5.    

 

 
Figure 2.5. Initial nitrogen mass balance. 
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Data for irrigation life cycle assessments came from conference proceedings47.  A drip line 

irrigation system is used in cultivation of hops which is reported to have the greatest impact on 

greenhouse gas emissions, 0.253 kg CO2 per m3.  The Life Cycles for the production of urea-

ammonium nitrate, phosphoric acid, potash, lime, diesel, gasoline, electricity, and natural gas were 

obtained using the GREET software.  The application of lime was reported by Gingrich32.   GREET 

was also used to determine the Life Cycle of each of the mineral nutrient soil amendments; 

magnesium, sulfates, zinc, iron, manganese and copper.  The life cycle of boron could not be 

identified and so a hollow LCA was put in place.  The Life Cycle of irrigation was established 

using ReCiPe201648, IPCC Inventory software, and data from the Hopsteiner LCA by Piroue49.  

The ReCiPe2016 model was used to determine the freshwater eutrophication from soil leachate. 

Emissions generated from applying compost and inorganic fertilizer as soil amendments 

were modeled using the DeNitrification DeComposition (DNDC) agroecosystem model50,51,52.  

The model software was acquired from the Institute for the Study of Earth, Oceans, and Space at 

the University of New Hampshire53.  Soil N2O emissions vary with the type of nitrogen source 

applied to amend the soil.  Denitrification and nitrification processes vary due to tillage practices 

and crop residue management.  Goglio (2018) reported that applying the DNDC method resulted 

in data that was comparable to that derived from laboratory data produced for the same crop.  

Nutrient loss has been reported to have corresponding relationships with rainfall and the form of 

nitrogen input into the system54. 

Nitrification55   𝑁𝐻4 + 1.5𝑂2
𝑦𝑖𝑒𝑙𝑑𝑠
→    𝑁𝑂2

− + 2𝐻+ + 𝐻2𝑂 

𝑁𝑂2
− + 0.5𝑂2 

𝑦𝑖𝑒𝑙𝑑𝑠
→     𝑁𝑂3

− 

Denitrification   5(𝐶𝐻2𝑂) + 4𝑁𝑂3
− + 4𝐻+ 

𝑦𝑖𝑒𝑙𝑑𝑠
→    5𝐶𝑂2 + 2𝑁2 + 7𝐻2𝑂 

𝑁𝑂3
− →  𝑁𝑂2

−  →  𝑁𝑂 → 𝑁2𝑂 → 𝑁2 
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The library provided by the software included a hop crop data set.  The data set included 

information for root biomass.  This data was entered into the model for Roy Farms to update the 

biomass allocation.  The library database in DNDC was then modified to match the yield data for 

one hectare of farm land for the Roy Farms basis.  Soil nitrate and ammonium concentrations, 83.5 

ppm and 21 ppm respectively, for eastern Washington soil were then entered into the model56.  

Additionally, the latitude and soil type were selected.  A climate file was created for the Yakima 

valley and added to the model using data from US climate data for 201757.  Irrigation data was 

manually entered for the drip irrigation period for hop cultivation58.  The scenario was then run for 

a one-year analysis. 

 
Figure 2.6. Simulation screen for hops grown in Benton County, Washington. 

 

The regional input GIS file, usa6_53, provided by the software was selected that contained 

information by county GIS identifier59 for Yakima (53077) and Benton (53005) counties.   
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Figure 2.7.  DNDC simulation result for Nitrogen (negative values indicate inputs) 

 

 

 
Figure 2.8 DNDC simulation result for carbon 
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2.4 Soil Analysis 

Soil feature layers were sourced from the U.S. Department of Agriculture, Natural 

Resources Conservation Service.  The layer contains information on soil type, the acreage 

attributed to that soil type, the soil class, and the National Commodity Crop Productivity Index 

(NCCPI) model rating.  The average NCCPI index can then be determined for each specific field.  

The NCCPI index can be utilized to evaluate crop yields based on soil conditions for that field.  

NCCPI index data was acquired from reports generated on AcreValue website, see Table 2.760. 

The parcel shapefile for Yakima County was obtained from the Yakima County GIS 

service61.  A query was setup to select only those attributes matching the county assessor number 

for parcels owned by Roy Farms.  46 parcels (fields) owned by Roy Farms in Yakima County, a 

total of 2032 acres, was examined.  Eight parcels accounting for 320 acres is designated as non-

cropland.  The parcels designated as cropland are a mixture of various crops, see Table 2.8.   

Using the arctoolbox clip tool, the soils layer was set as the input, and the clip feature was the 

shapefile displaying only Roy farm parcels.  The resulting shapefile isolated the soil data for Roy 

Farms.  An example of 5 parcels is displayed in Figure 2.9. 

Table 2.7. NCCPI data and soil type for Roy Farms parcels 

Soil Description Soil Code Acres % NCCPI 

Willis silt loam, 2 to 5 percent slopes 187 294.42 14.5 13.6 

Ritzville silt loam, basalt substratum,   105 278.77 13.7 18.6 

Moxee silt loam 83 156.8 77 9.9 

Ritzville silt loam, basalt substratum 106 150.57 7.4 14.6 

Willis silt loam, 8 to 15 percent slopes 189 118.40 5.8 13.1 

Moxee cobbly silt loam 85 113.62 5.6 8.4 

Willis silt loam, 5 to 8 percent slopes 188 102.20 5.0 13.5 

Ritzville silt loam, 8 to 15 percent slopes 101 94.51 4.7 20.5 

Ritzville silt loam, 2 to 5 percent slopes 99 88.58 4.4 21.3 

Sinloc silt loam, 2 to 5 percent slopes 140 84.69 4.2 5.8 

Starbuck-Rock outcrop complex 143 83.48 4.1 1.8 

Warden silt loam, 0 to 2 percent slopes 176 55.67 2.7 15.3 

Quincy loamy fine sand 95 46.91 2.3 10.6 

Harwood-Burke-Wiehl silt loams 53 40.31 2.0 8.4 

Kiona stony silt loam 65 36.59 1.8 4.3 

Wanser loamy fine sand 171 36.29 1.8 3.3 
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Warden silt loam, 2 to 5 percent slopes 177 35.38 1.7 15.2 

Ritzville silt loam, 30 to 60 percent slopes 103 31.91 1.6 4.9 

Esquatzel silt loam, 0 to 2 percent slopes 32 28.71 1.4 20.6 

Warden silt loam, 5 to 8 percent slopes 178 28.62 1.4 15.0 

Harwood-Burke-Wiehl silt loams, 5 to 8 percent slopes 51 25.12 1.2 10.9 

Harwood-Burke-Wiehl stony silt loams, 15- 30 % slopes 55 21.61 1.1 6.5 

Outlook fine sandy loam 91 21.47 1.1 7.1 

Sinloc fine sandy loam, 0 to 2 percent slopes 138 21.11 1.0 5.8 

Harwood-Burke-Wiehl silt loams, 30- 60 percent slopes 54 18.77 0.9 2.6 

Wanapum complex, 5 to 10 percent slopes 195 5.50 0.3 4.8 

Scooteney cobbly silt loam, 0 to 5 percent slopes 127 3.74 0.2 9.3 

Outlook silt loam 92 3.42 0.2 7.1 

Sinloc silt loam, 0 to 2 percent slopes 139 2.41 0.1 5.8 

Water 197 1.64 0.1  

Harwood-Burke-Wiehl silt loams, 8 to 15 percent slopes 52 0.53 0.0 10.6 

  2030.12 99.99 12.7 

 

 

Table 2.8. Parcel data for Roy Farms, Moxee, WA 

 
Crop 2017 2016 2015 

Hops 30.0% 29.5% 22.0% 

Apples 26.5% 31.6% 30.5% 

Non-cropland 28.0% 27.6% 26.7% 

Fallow 2.7% 1.7% 12.1% 

Cherries 4.1% 2.2% 1.6% 

Grapes 2.5% 2.0% 1.4% 

Grass/Pasture 0.4% 0.2% 0.5% 

Other 5.8% 4.6% 2.6% 

 

 

 
Figure 2.9. Parcels at 12N 20E-9 showing soil types. 
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2.5 Compost Emission Factors 

Emission factors for estimating the composting of the residual biomass from hop 

cultivation are taken from the 2006 IPCC guidelines Chapter 4, see Table 2.9.  The CO2 emissions 

from the degradation of the agricultural residue are biogenic62.  The global warming potential from 

these emissions are typically not accounted for since biogenic CO2 is considered to be carbon 

neutral69.  This study will consider the change in emissions due to the removal of residual biomass 

from the compost process. 

 

Table 2.9. Default Emission Factors for CH4 and N2O Emissions from Biological Treatment of 

Waste69. 
Type of biological treatment  CH4 Emission Factors (g CH4/kg 

waste treated)  

N2O Emission Factors (g N2O/kg 

waste treated)  

Composting  10 (0.08 - 20) 0.6 (0.2 - 1.6)  

Assumptions on the waste treated: 25-50% DOC in dry matter, 2% N in dry matter, moisture 

content 60%. The emission factors for dry waste are estimated from those for wet waste 

assuming a moisture content of 60% in wet waste.  

Sources: Arnold, M.(2005) Personal communication; Beck-Friis (2002); Detzel et al. (2003); 

Petersen et al. 1998; Hellebrand 1998; Hogg, D. (2002); Vesterinen (1996). Note: Default 

emission factors for CH4 for anaerobic digestion already account for CH4 recovery.  

 

2.6 Identification & Allocation of Co-Products 

The economic flow data for allocating hop production across the co-products was derived 

from primary laboratory and field data30,36, discussion with Roy Farms representatives, from 

models53, and from several published hop grower life cycle assessments24,33,33, see Table 2.10.  

Biophysical allocation method was used to distribute inputs and outputs across the product, co-

product and residual biomass based on the physical relationship between and within the products63. 
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Table 2.10.  Mass allocation – one hectare of cultivated farm land53,64. 

Biomass Mass Allocation per Hectare % Total 

Hope Cone 1961 kg 21% 

Wood Residual 1519 kg 16% 

Non-woody Residual 3301 kg 36% 

Rope 131 kg 1% 

Roots 2305 kg 25% 

 

Due to the variation in yield between hop varieties and differences due to soil conditions, 

and possible differences in agricultural practices, the production reported per hectare by Roy 

Farms was not used.  The USDA crop data for the state of Washington for 2017 was used as it 

represents data for all hop production in Yakima and Benton counties.  Analysis was also 

performed using ArcGIS software.  The layers were projected to the spatial coordinate system 

WGS 1984 Web Mercator Auxiliary Sphere.  The Yakima and Benton counties feature layer was 

projected to the common spatial coordinate system NAD 1983 HARN State Plane Washington 

South FIPS 4602 Feet.   Using a definition query, Yakima and Benton counties were selectively 

displayed and shaded.  These counties were then extracted and established the boundaries for the 

WSDA crop layers65.  The crop xy data shape file was accessed using a definition query to display 

only the crop hops.  Using the attribute table, data was summarized for total acres for hop 

production.  Using the summation of total production, an average yield per acre was determined.  

This was then converted to metric units. 

The environmental flows associated with composting of the non-woody residue were 

determined from data provided by ACRIBALYSE66, GREET, and  IPCC Inventory software.  The 

flows were normalized to the allocated mass for non-woody residual. 
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2.7 Assumptions & Limitations 

The pH ranges for the Yakima River valley vary during the year from 6.5 to 8.567.  Data 

could not be pulled from the available literature regarding average and median measurements 

during the months relevant to hop cultivation.  Therefore, a default value of 7.0 was used in the 

DNDC model.  The pH was found to not impact the outputs of the DNDC model for this LCA’s 

system by varying the pH and rerunning the simulation. 

The various life cycle assessments specific to hop cultivation included other crops that 

confounded back calculation of water consumption.  The Yakima Hop Union reported values were 

determined to include rain water but were the only ones not including non-Hop crops, therefore 

this was removed and the irrigation per hectare was back calculated then normalized to the 2017 

average hop yield. 

The proportion of mass attributed to the underground biomass of the plant, the roots, was 

provided by the DNDC model software53.  Assuming that the ratio of above ground biomass to 

below ground biomass is consistent across geographic regions, this was used to calculate the 

theoretical below ground biomass for this LCA’s geographic region. 

The initial mass balance for nitrogen assumes that all emissions are accounted for in the 

loss value.  It assumes that the contribution of weeds is negligible relative to the total mass of hops 

present.   

Data for soil quality was sampled from two specific croplands.  The soil sample that 

represents the closest to the Roy Farms was selected, see Figure 2.10.  The assumption is that this 

is a representative average for an operating hop cropland56.  Proposed changes to agricultural 

practices require a time frame that allows for the measurement of changes to carbon sequestration 

in soils20,68.  This may not be measurable until new carbon equilibrium has been attained.  The 
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time frame is often 20 to 30 years.  Additionally, there is a spatial boundary that must be 

considered; soil depth defined by the Intergovernmental Panel on Climate Change (IPCC) as 0-

25cm (topsoil)69.  For this analysis, it is assumed that the system is at equilibrium and that the soil 

depth is consistent with the IPCC specification. 

 

Figure 2.10.  Soil types for Roy Farms 

 

2.8 Data Quality Assessment 

The following table indicates the data quality estimated for the various databases and 

models used43.  

 



43 

 

Table 2.11. Data Quality Assessment   
QUALITY CATEGORY 

Unit Process Data Source 1 2 3 4 5 6 7 

Mass Allocated Production of Hop Cone USDA A A A A A B B 

Separation Process of Woody Residue PRIMARY A B A A A A A 

Composting PRIMARY A B A A A A A 

Production of Urea-Ammonium Nitrate Solution GREET A B B B A B B 

Production of Phosphoric Acid ( as P) GREET A B B B A B B 

Production of Potash (as K) GREET A B B B A B B 

Production of Lime GREET A B B B A B B   
QUALITY CATEGORY 

Unit Process Data Source 1 2 3 4 5 6 7 

Production of Electricity GREET A B B B B B B 

Production of Natural Gas GREET A B B B B B B 

Application of Urea IPCC A B A B B B B 

Application of Lime IPCC A B B B B B B 

Managed Soils IPCC A B B B B B B 

Operation of Mobile Equipment GREET A B B B B B B 

Compost - Residual biomass AGRILABYSE A A A A B B B 

Carbon Sequestration DNDC A A A B A B B 

2.9 Impact Assessment 

2.9.1 CharacterizationTable 2.12 

  The contribution of an intervention to the selected impact categories for this LCA are 

calculated on a mass basis using characterization factors for global warming potential, 

eutrophication, acidification, sequestration of carbon, ecotoxicity, and particulate matter.  The 

midpoint characterization factors were drawn from GREET, ReCiPe 2016, IPCC2013, and 

openLCA which included factors from BEES.  The economic flows sorted by effect that they have 

on the environment are multiplied by the characterization factor and represent a portion of the 

impact category. 
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2.9.2 Impact Contribution Analysis 

Two scenarios were established in this study.  The first was removal of the woody residual 

biomass from the compost stream as a co-product and the second represented the current state with 

all residual biomass returned to the field as compost70.  The life cycle assessments for each process 

were categorized into five-unit operations.  The contribution vector was determined by partitioning 

the unit processes, then determining a vector that describes the contribution of the environmental 

flow to the partial intervention.    

  

 
Figure 2.11.  Contribution analysis – 100% hop bine separated 

 

These vectors were then multiplied by the characterization factor discussed in the previous 

section an aggregated into the impact category, see Figure 2.11.  Unit process were partitioned 

into several pseudo unit operations selected in part on the process function but also on the 

method used for sensitivity analysis, see Table 2.12. 

Therefore, soil quality and fertilization were treated separately in order to improve the 

visibility of measured responses to perturbations of the model. 
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Table 2.12.  Partitioning of process flows for contributional analysis 

Process Flow Contribution 

Cultivation 

Production of Hop Cone 

Separation Process of Woody Residue 

Composting Non-woody residue 

Life Cycle of the Production of Coir Rope 

Transportation 
Life Cycle of the Production of Diesel 

Life Cycle of the Production of Gasoline 

Fertilization 

Life Cycle of the Production of Urea-Ammonium Nitrate Solution (as nitrogen) 

Life Cycle of the Production of Potash (as K) 

Life Cycle of the Production of Phosphoric Acid ( as P) 

Life Cycle of the Production of Lime 

Irrigation Life Cycle of Irrigation 

Processing 
Life Cycle of the Production of Electricity 

Life Cycle of the Production of Natural Gas 

Soil Quality 

Life Cycle of Production of Magnesium 

Life Cycle of Production of Sulfates 

Life Cycle of Production of Zinc 

Life Cycle of Production of Iron 

Life Cycle of Production of Manganese 

Life Cycle of Production of Copper 

Life Cycle of Production of Boron 

 

Five-unit operations were identified; cultivation, transport, irrigation, processing, 

fertilization, and soil quality.  The cultivation process included the production of hop cone, 

separation of woody residue, composting of non-woody residue, and the life cycle of coir rope.  

Transportation included all vehicles used in the removal from the fields and delivery to the 

processing plant.  Irrigation was limited to the LCA for crop irrigation.  Processing involved all 

processes using electricity and natural gas.  Fertilization was the life cycle assessments for the 

components associated with inorganic fertilizers.  Soil quality referred to amendments to the soil 

such as compost and mineral additives.  Transport was tractor and truck use in field and at the 

processing facility.    
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2.9.3 Sensitivity Analysis 

The sensitivity analysis is conducted to evaluate the variation in output and input flow to 

the system.  This study examines the difference in input and output flow for separation of woody 

biomass and changes in the percentage of woody biomass separated.  The mass balance around 

biomass was first performed at two different levels of hop bine removal, 25% and 50%.  The 

associated carbon and nitrogen content as well as the inorganic fertilizer required was calculated 

for input into the DNDC model.  The model was then run for each of the segregation levels and 

compared to the LCA study model.  The Table 2.13 summarizes the overall balance data input into 

the model. 

 

Table 2.13.  Sensitivity analysis mass data 

Biomass Kg 100% Bine 50% Bine 20% Bine 

Hop Cone 1961 1961 1961 1961 

Hop Bine 1519 1519 759 304 

Rope 131 131 65 26 

Non-woody 3301 3301 3301 3301 

Compost Bine  0.0 759 1216 

Compost Rope  0.0 65 105 

Total Compost  3301 4127 4622 

Inorganic Fertilizer  119.61 103.43 93.72 

Compost N  83.86 100.04 109.75 

C/N  17.50 21.05 22.67 

Carbon  1467 2106 2488 

 

The base scenario in this analysis is the removal of all hop bine as a co-product.  By varying the 

percentage of hop bine removed as co-product, the influence on soil organic carbon sequestration 

can be observed, see Table 2.14.  Nitrogen eutrophication had the greatest variance which follows 

the reduction in inorganic fertilizers as a greater percentage of the bine is returned as compost.   

Soil carbon sequestration has the next greatest variance, again decreasing as bine is removed from 

the field, see Figure 2.12.  The phosphorous eutrophication was also varied corresponding to the 

reduction in inorganic fertilizers.  Ecotoxicity had the lowest variation.  Acidification and 
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particulate matter had very little change in each scenario.  The emission is primarily due to tractor 

and truck use which is independent of scenario selected.  Each perturbation required a recalculation 

of the inorganic fertilizer demand, the C/N ratio of the compost, and the amount of Carbon being 

returned as compost.  These were entered for each scenario and the DNDC model run.  The output 

of the model was then entered into the LCA model to determine the effect on the impact categories. 

 

Table 2.14. Soil Type and Weighting – DNDC model outputs 
Hop Bine Co-Product 100% Bine  

4.28% 2.19% 93.52% 
 

Soil Nitrogen Balance (kg N/ha/yr) Loamy Sand Sandy Loam Silt Loam Totals 

Manure N Input -83.8 -83.8 -83.8 -83.8 

Crop stub N input -4.9 -4.8 -4.8 -4.8 

Crop root N input -13.0 -13.1 -13.1 -13.1 

Weeds N input 0.0 0.0 0.0 0.0 

Atm N deposit -96.2 -96.2 -96.2 -96.2 

Fertilizer N input -119.6 -119.6 -119.6 -119.6 

N fixation 0.0 0.0 0.0 0.0 

N leaching 113.4 113.2 108.6 108.9 

N runoff 0.0 0.0 0.0 0.0 

N uptake by crop 165.3 166.3 166.3 166.2 

N uptake by weeds 0.0 0.0 0.0 0.0 

NH3 volatilization 1.5 1.4 1.7 1.7 

N2O flux 2.0 2.0 2.0 2.0 

NO Flux 0.4 0.4 0.4 0.4 

N2 flux 2.0 2.2 5.7 5.5 

Change in soil N storage -32.7 -32.0 -32.7 -32.7 

Soil Carbon Balance (kg C/ha/yr) 
    

Manure N Input -1467.0 -1467.0 -1467.0 -1466.9 

Crop residue C input -86.8 -84.3 -84.3 -84.4 

Crop root C input -648.8 -652.6 -652.7 -652.5 

Weeds C input 0.0 0.0 0.0 0.0 

Soil CO2 flux 1187.6 1277.5 1323.4 1316.5 

DOC Leaching 0.0 0.0 0.0 0.0 

CH4 Emission 0.0 0.0 0.0 0.0 

Change in soil C storage -1012.0 -926.4 -880.0 -886.6 

A 10% reduction in hop bine removed resulted in a 2.4% increase in global warming potential as 

kg CO2-eq/kg of hops, a 6.9% decrease in Eutrophication (g N/kg) and an increase of 5.4% in soil 

carbon sequestration (SOC). 
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Figure 2.12.  Sensitivity analysis for impact factors with varying levels of bine separation 

 

2.10 Identification of Significant Issues 

It is not fully understood what factors in the DNDC model may influence emission of 

methane.  It may be that the model assumes that biological oxidation to nitrogen dominates the 

reaction and therefore once compost is returned to the fields, methane is no longer emitted.  Further 

investigation is needed to determine how the model treats methane emissions. 

The factors contributing to acidification are significantly low compared to other crop 

residues which may indicate that there is either a missing process or that a data point may be 
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wrong.  Fuel data was drawn from GREET and converted from emission per MJ of energy using 

the standard conversion factors of 35.9 MJ/liter of diesel and 32.6 MJ/liter of gasoline. 

2.11 Completeness & Data Quality 

Data quality was assessed using the description given in Table 2.11.  A data quality index 

of “B” was given to most data as meta data was either unavailable or the literature source did not 

share the uncertainty details for their data.  Future work should involve returning to these data sets 

to determine if uncertainty information can be determined. 

The impact of weeding and insect control is not addressed in this LCA study.  Using the 

defaults for weed management from the DNDC model, the impact to soil organic carbon was a 

decrease of 9.6% and a decrease in eutrophication of 43% as weeds take up additional nitrogen 

from the soil.  Ecotoxicity results were quite low.  This may be due to incorrect impact 

characterization factors being utilized.  Future work should include a review of impact 

characterization factors with a comparison to other biomass residues. 

2.12 Meta-Analysis: Comparison to Prior Life Cycle Assessments 

The challenge was finding suitable crops to compare where the impacts of the life cycle of 

the biomass could be separated and converted to the same base unit.  Most agricultural residuals 

focused on conversion to energy fuels and most did not document the inherited life cycle of 

producing the biomass.  Table 2.15 illustrates a comparison to other common residuals. 
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A survey of literature found that the only life cycle assessments available for hops were 

isolated to studies performed by hop growers where the objective was to illustrate the positive 

aspect of hop cultivation or were studies on breweries.  Neither of these areas treated the residual 

bine.  The nearest cousin to Humulus lupulus is Cannibis sativa (industrial hemp).  The meta-

analysis focused on harmonizing the results from life cycle assessments for industrial hemp71.  

Sixteen papers were identified that included impact category data for industrial hemp residual 

biomass and had separated the industrial hemp data.   

Table 2.15.  LCA Comparison – 100% bine removal  
Hops 

(1kg) 

Wheat 

Straw 

Pellets72 

(1kg) 

Wheat 

Straw 

(Biofuel) 

Corn Stover 

(Biofuel) 

Global Warming Potential (kg CO2-

eq/kg) 

1.65 1.86 1.30 1.37 

Eutrophication (g N/kg) 3.21 - - - 

Eutrophication (g P/kg) 1.44 0.54 0.39 0.52 

SOC (kg C/kg) -0.88 -0.97 - -0.35 

Acidification (g SO2-eq/kg) 1.07E-03 - 7.80-01 9.30E-01 

Ecotoxicity (g 1,4-DB eq) 9.71E-05 - 2.80E-01 2.20E-0.1 

 

The majority of papers identified did not break out the data separately.  The gap in these 

papers was how the biomass was fractionated and how the biomass fractions were allocated.  This 

allocation was not evident in most papers and could be the source of the distribution in results.  

None of the papers surveyed addressed the impact of residual removal on the denitrification of the 

soils and carbon soil sequestration.  The data from these papers is summarized in Table 2.16. 
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Table 2.16.  Summary impact category data for industrial hemp residuals   
Min Mid Max 

Eutrophication, Ep kg PO4-eq/MT 0.00 0.90 3.05 

Climate Change, GWP100 kg CO2-eq/MT 78.87 183.97 409.23 

Acidification, AP kg SO2-eq/MT 0.30 0.94 2.18 

Ecotoxicity, air PAF m3 d/MT 0.41 0.41 0.41 

Ecotoxicity, water PAF m3 d/MT 0.33 0.33 0.33 

Terrestrial Ecotoxicity, TETP kg 1,4 DCB/MT 0.00 0.17 0.34 

Energy Use MJ/MT 0.00 300.90 2490.00 

Land Use Ha/year/MT 0.15 0.15 0.15 

Ozone Depletion g CFC11 -eq/MT 0.02 0.02 0.02 

Human Toxicity, HT kg 1,4 DCB/MT 0.00 1.17E+04 2.33E+04 

Marine Aquatic Ecotoxicity, ME kg 1,4 DCB/MT 0.00 0.00 0.00 

Photochemical Oxidation, POF kg C2H2 eq/MT 0.07 0.11 1.60 

Ecotoxicity, kg 1,4 DCB/MT 1130.00 1130.00 1130.00 

 

 

Table 2.17. Meta analysis of Life Cycle Assessments concerning industrial hemp 

 kg_Ha PARTITIONED EUT           

kg PO4-

eq/MT 

GWP100     

kg CO2-

eq/MT 

AP              

kg SO2-

eq/MT 

Gonzalez-Garcia 73 1500 Yes 0.08 109.1 0.30 

Gonzalez-Garcia 74 2600 Yes 0.26 115.9 0.40 

Gonzalez-Garcia (2010) 3000 Yes 4.28 271.4 1.30 

Gonzalez-Garcia 75 6000 Yes 2.43 266.7 1.57 

van der Werf (2004) 6720 No 3.05 346.7 1.46 

Vieira (2010) 6720 No 0.10 409.2 0.74 

van der Werf (2007) 8000 No 0.90 398.3 2.18 

Buck (2016) 8750 Yes 0.00 213.9 0.94 

John Finnan (2013) 10000 No - 300.0 - 

Zampori (2013) 15000 Yes - 104.4 - 

Andrianandraina (2015)  No 1.90 154.0 1.47 

Gonzalez-Garcia (2010)  Yes 2.37 103.6 0.86 

 

 

2.13 Recommendations and Conclusions 

Removal of biomass from a perennial crop normally used as a soil amendment in the form 

of compost requires an increase in inorganic fertilizer application to make up for the nutrient 

demand of the plant.  The results of this LCA show the carbon sequestered in the soil (SOC) is 

reduced as hop bine is removed.  Global warming potential, however, rises as the hop bine is 
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returned to soil as compost.  This is likely due to emission from the increased carbon pool.  

Eutrophication is reduced as compost is returned which follows the reduction of inorganic fertilizer 

applied.    

The primary driver behind the global warming potential, soil carbon sequestration, and 

ecotoxicity associated with hop bine removal was identified as soil quality.  Changing inorganic 

fertilization practices by studying and controlling the surplus of nitrogen in the soil may be another 

strategy to help offset the impact of removal of hop bine from the compost76.  Not taking into 

account the starting concentration of nitrogen in the soil, the mass balance indicates an excess of 

28kg/Ha of nitrogen in applied to the soil.  Research has indicated that above 11kg/Ha, nitrogen 

dioxide flux can be impacted77.   

Nitrous oxide emissions were found to decrease with added organic fertilizer in this study.  

This is contrary to documented observation that increased organic carbon in the soil favors the 

NO2 flux.  In this model – the quality of the soil nutrient content and moisture level in eastern 

Washington may explain this impact on nitrous oxide emissions and warrants further study.  The 

methane emissions from soils in this model was also found to be significantly lower than expected.   

Soil emission of methane is estimated to be 10g/ kg N78.  The model may simply reflect the 

uncertainty associated with emissions from fertilized soils79.  In comparison to the LCA of wheat 

straw and corn stover, the order of magnitude difference in eutrophication in hop cultivation was 

slightly less than the difference in nitrogen demand for these crops.    

It has been documented that approximately 60% of residues decompose during the first 

year, with a gradual decrease in following years.  Combine this with addition of pesticides and 

treatment of weeds, the model could be more robust if run for the life cycle of a hop plant, 5 years.   

Additionally, data quality could be improved through primary data on soils analysis obtained and 
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accurate evaluation of losses in the field and in processing.  The primary data in this study was 

acquired through survey work and laboratory research, while secondary data came from database 

and literature reviews.  A robust model of the entire life cycle of the hop plant will require a 

complete understanding of how the DNDC software is handling the inputs and may require 

primary soil, weed, and pesticide data rather than utilization of the program defaults. 
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Chapter 3. STRUCTURAL AND CHEMICAL CHARACTERIZATION 

OF HOP BINE FIBERS AND THEIR APPLICATIONS IN 

THE PAPER INDUSTRY. 

3.1 Abstract 
 

The growth in the Humulus lupulus L. or hops industry, a perennial species, driven by demand 

from brewers has had annual revenue growth of 11.3% since 2015 making it one of the fastest 

growing agricultural commodities in the Pacific Northwest(PNW)1.  There is currently 85,000 MT 

per year of hop bine in the Pacific Northwest (PNW) available for paper making.  The land 

dedicated to hop agriculture increased by 68% from 2010 to 2019 in the Yakima Valley.  The plant 

Humulus lupulus L. belongs to the same family as Cannabis sativa L, industrial hemp, which has 

seen practical use in both the paper industry and in the bioproduct development.  The bulk density 

of the hop bine is low, 0.296 g/cm3 and only 1.5 metric tons of bine is produced per acre each year.   

However, as crops allocated to production of renewable resources compete for land previously 

dedicated to food crops, the residual biomass from hop cultivation offers an inexpensive alternative 

source of renewable lignocellulosic biomass without cannibalizing a food crop.  Humulus lupulus 

was characterized to evaluate the acceptability for use as a paper making fiber and for hydrolytic 

conversion to biobased products.  The high carbohydrate content, 58%, is similar to other 

lignocellulosic materials suitable for bioenergy feedstocks.  The fiber has morphological 

characteristics similar to hardwood with length and width centered around 0.85 mm and 16.5 μm, 

respectively.   The tensile strength of the hop-made papers was 61% greater than the industrial 

hemp at the same refining level.  This fiber presents a sustainable multi-use commodity with 

excellent application in biobased products and paper making which would otherwise be lost. 
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3.2 Introduction   

Hop varieties are grown in eastern Washington and account for over 79% of the total U.S. 

production.  Hops cultivation is a modest agricultural crop in the Yakima Valley; accounting in 

2016 for only 1.2% of total cultivated acreage or 18,029 hectares.  An examination of geographical 

information system data for the Yakima valley has shown an 68% increase in cultivated acreage 

from 2010 to 2019, as shown in Figure 1.  Of the 26 crops that represent 98% of the cultivated 

land in the Yakima Valley, the cultivation of hops has the second largest growth, with a 9% 

increase since 20142.  The agricultural residual biomass from hop cultivation is the bine, which 

ends up being returned to the fields and may take several years before it begins to compost, see 

Figure 3.1. 

 
Figure 3.1. a) bine and leafy material being discharged, b) compost pile of bine and leaf. 

 

This is the primary source of cellulosic fiber in the hop plant and the increase in cultivated acreage 

may represent a significant source of fiber for use in paper making or for conversion into various 

bioproducts.  The average mass of hop bine produced per hectare is 1.5 MT3, as listed in Table 

3.1.  The yield of hop bine is quite low compared to other agricultural residuals, such as wheat 

straw (2.5 MT/hectare), or bagasse (9 MT/hectare)4.  This yield equates to 85,000 MT of bine that 
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would potentially be available from the Northwest region annually.  With this much material 

potentially available it is important to characterize its structural and chemical properties for use as 

a papermaking fiber or as feedstock for new material development, such as nano fibrillated 

cellulose.  

Table 3.1.  Hop plant woody and non-woody mass allocation for above ground and belowground 

biomass based on one hectare of cultivated farm land5,6,7. 
Biomass Mass Allocation per Hectare % Total 

Hope Cone 1961 kg 21% 

Hop Bine Residual 1519 kg 16% 

Non-woody Residual 3301 kg 36% 

Rope 131 kg 1% 

Roots 2305 kg 25% 

 

 
Figure 3.2. Hop cultivation in the United States.  Gray bars represent the totals of all three states 

combined8. 

 

Humulus lupulus, hops, is a member of the Cannabaceae family of which Cannabis sativa, 

industrial hemp, belongs9.  Industrial hemp is a well-documented source of biomass for use in 

papermaking10,11,12,13,14.  Before determining if hop bine can provide suitable fibers for 

papermaking or for carbohydrate bioconversion, it needs to be thoroughly characterized.  
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Engineering an efficient method for converting residual biomass to value-add products requires 

knowledge of the chemical composition and physical structure of the material.  Physical factors 

include the biomass’ bulk density, pore structure, and fiber quality, which defines its suitability as 

a papermaking fiber.    The chemical composition provides insight into potential yield of cellulose, 

hemicellulose and lignin.  These details will provide information for determining the pretreatment 

required for efficient fractionation of the biomass into value-added chemicals and products.   

In this study, a combination of chemical, gravimetric, spectroscopic, and microscopic 

analytical techniques are utilized to characterize the Humulus lupulus bine.  The bine is 

subsequently delignified in a Kraft pulping process and paper hand sheets are produced to assess 

potential as a paper making fiber.  For comparison purposes, pulp and paper produced from 

industrial hemp under similar conditions are also prepared to gauge the hop bine feedstock 

performance and value. 

3.3 Experimental Method 

3.3.1 Biomass Pretreatment 

Residual bine combined with coir rope was supplied by Roy Farms (Moxee, Washington).  

Hop bine was separated from any leafy material or residual rope material and segregated into three 

lots for specific pretreatment for chemical analysis, morphological analysis, and pulp production.  

The chemical analysis lot 1 was dried in an oven for 24 hours at 105°C.  The oven dry bine was 

milled in a Wiley mill with a 40-mesh screen.  The material then was sieved to remove dust and 

fine particles, see Figure 3.3.  Accepts were retained between 40 and 100 mesh screens.   
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Figure 3.3.  Sieve analysis of milled hop bine - % Retained on each screen. 

 

Lot 2 and lot 3 for fiber morphology and pulping were cut into 2 cm lengths for further 

morphological analysis and pulp production. 

Approximately 50 grams of lot 2 was macerated in a solution of 1 part water, 4 parts 

hydrogen peroxide, and 5 parts acetic acid at 70°C for three days for subsequent fiber quality 

analysis.   This is a modification of a method first reported by Franklin15.  It is known that acetic 

acid in the presence of an oxidizer will solubilize lignin mainly through hydrolysis of α-aryl ether 

bonds and β-aryl ether bonds of the lignin macro molecule16. One of the possible reaction 

mechanisms for the cleavage of α-aryl ether bonds is illustrated in Figure 3.4. 

Although the mild maceration solution requires a significant digestion time it does not 

result in damage to the fibers.  Pulping liquor assays found that there was no change in the 

concentration of acetic acid as delignification progressed.  Acetic acid’s main role is as a solvent 

for lignin dissolution.   Using more traditional pulping conditions will result in cellulose fiber 
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fragmentation and skew the fiber length distribution17.  The resulting pulp was then placed in a 

laboratory disintegrator for 1 minute to break apart fibrous components.   

 

                                
Figure 3.4. Cleavages of α-aryl ether bonds by nucleophilic substitution, R=H or CH3; P=HO– 

or CH3COO–18 

 

The 2-cm fraction not used for morphological analysis was stored in a cooler until moisture 

content could be determined prior to Kraft pulping.  Industrial hemp used in the Kraft pulping 

study was pretreated under the same conditions as the hop bine for comparison purposes.  

3.3.2 Pulping 

Kraft pulping of hop bine and industrial hemp was conducted under the same conditions 

described below.  1000g of lot 3 was placed in a 10.0-L M/K digester.  White liquor was prepared 

at 12% EA as Na2O and 25% sulfidity on oven dry biomass.  The liquor to wood ratio was set to 

10:1 (kg/kg) due to the bulk of the biomass.  This ensured full coverage of biomass by cooking 

liquor during the process.  The digester was operated until an H-factor of 2,500 was attained at a 

top cooking temperature of 170°C14.  The cook was quenched using non-contact cooling water.  

The digested biomass was subsequently placed into a laboratory waring blender to mechanically 

break it apart and separate out the spent cooking liquor.  It was then washed and screened on a 

0.008” laboratory slotted vibratory screen.  Klason lignin analysis was performed on the screened 

H+ P- HP- -ROH 
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pulp to determine the final lignin content.  The accept fraction was refined in a PFI mill then 

formed into hand sheets for physical testing. 

3.4 Characterization 

3.4.1 Structural Characterization  

The bulk density of hop bine, defined as the measurement of solid material per unit volume, 

was determined based on the maximum water absorption method19,20.  Bine was sectioned into 1-

2 cm lengths producing a cylindrically shaped section from a random selection of air dry bine.  

Both length and diameter were measured with a micrometer.  Samples were then placed in a 30.0 

ml scintillation vial to which 10.0 ml of deionized water was added.  The vials were subsequently 

placed in a vacuum dessicator.  A vacuum pump pulled 18 in. Hg for 10 minutes, then the vent 

was closed to maintain vacuum.  Samples were allowed to equilibrate for 1 hour.  The vacuum 

was then broken to produce a positive pressure differential between the exterior and interior of the 

hop bine, a motive force for liquid penetration.  This was repeated twice more followed by soaking 

for 24 hours under vacuum.  The samples were assumed to be fully saturated after 24 hours based 

on extended treatments of several samples.  The samples undergoing an extended treatment of one 

week indicated identical saturation levels as the one-day treatments.  Samples were then removed 

from the vial and water adhering to the surface of the bine was removed with a tissue.  The 

saturated weight was measured immediately, then the samples were placed in a 105 °C drying 

oven for 24 hours.  The oven dry mass was measured and the length and diameter were measured 

again with a micrometer to evaluate shrinkage.  The bulk density, D in g•cm-3, was determined 

using equation 3.1 that accounts for the relationship between moisture content, MC in % and basic 

specific gravity21.  The basic specific gravity, Gb in  g•cm-3, is defined as the density of the biomass 
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(Md/Vg), where Md is the oven dry weight of biomass in g and Vg is the green volume of biomass 

in cm3, divided by the density of water, pw. 

𝐷 = 𝑝𝑤 ∗  𝐺𝑏 ∗  (1 +  
%𝑀𝐶

100
)                                                                                                (3-1) 

𝐺𝑏 =  

𝑀𝑑
𝑉𝑔

ρ𝑊
                                                                                                                              (3-2) 

 

The basic specific gravity equation 3-2, Gb in g/cm3, is defined as the density of the biomass 

(Md/Vg), where Md is the oven dry weight of biomass in g and Vg is the green volume of biomass 

in cm3, divided by the density of water, pw. 

X-ray tomography was used to provide anatomical detail of the hop bine22,23.  2D and 3D  

results were yielded using an NSI X5000 CT scanner with a resolving power of 10 µm.  This non-

destructive technique maps the variation in x-ray attenuation within the sample by scattering or 

absorption to create a three-dimensional visualization of the internal morphology of the plant24,25.  

This was then utilized to calculate the relative area of the lumen to the cross section of hop bine 

by analyzing each slice taken. 

Scanning electron microscopy was performed using a Sirion XL30 operated at 5 kV.   The 

samples were sputter-coated with approximately 4 nm of platinum using a Leica EM ACE600 

sputter coater26.  Preparation of the biomass to preserve the structures and features for 

morphological characterization first require dehydration of the biomass followed by embedding 

with a suitable fixative.  The hop bine biomass samples were sectioned then dehydrated using a 

stepped ethanol solution series27,28; 

▪ ½ day with 50% ethanol: 50% deionized water 

▪ ½ day with 70% ethanol: 30% deionized water 

▪ ½ day in 90% ethanol: 10% deionized water 

▪ ½ day in 100% ethanol 
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At each stage, samples were placed under vacuum to infiltrate the cells with the solution29.  

The samples were then dried in an oven at 60°C.    They were set into polyethylene glycol 1450 

(PEG) under vacuum and left in an oven at 60°C for 2 days.  A Leitz 1512 rotary microtome fitted 

with 170 mm by 35 mm blades secured at angle of 20 degrees to the sample was utilized for 

sectioning the hop bine.  It has been found that significant damage occurs to wood biomass at 

angles less than 20 degrees30.  30 nanometer sections were prepared in the tangential, cross, and 

lateral directions.  SEM images were colorized for clarity purposes based on previously reported 

method31. 

An OpTest Fiber Quality Analyzer (FQA) was used to measure the length distribution, fines 

content, vessel elements, and coarseness of cellulose fibers in a dilute fiber suspension.  It uses a 

hydraulic, optical, and image processing system to evaluate dilute suspensions of fibers.  Pulp 

fibers are oriented into the middle portion of the sheath by two sheath currents located to either 

side.  The samples were washed three times with deionized water.   It has been reported that the 

impact of fines on the length weighted average fiber length is not significant, therefore samples 

were left unscreened32.  The FQA provides three calculations; arithmetic mean, length weighted 

average, and weight weighted average33. 

 

Arithmetic mean (Ln)    𝑙𝑛    =  
∑ 𝑛𝑖𝑙𝑖𝑖

∑ 𝑛𝑖𝑖
                                                    (3-3) 

Length Weighted Average (Lw)  𝑙𝑙𝑤  =  
∑ 𝑛𝑖𝑙𝑖

2
𝑖

∑ 𝑛𝑖𝑖 𝑙𝑖
                                                   (3-4) 

Weight Weighted Average (Lww) 𝑙𝑤𝑤 =  
∑ 𝑛𝑖𝑙𝑖

3
𝑖

∑ 𝑛𝑖𝑖 𝑙𝑖
2                                            (3-5) 

 

The FQA-360 groups fibers into bins or length classes denoted by li.  The number of fibers in each 

bin is denoted by ni . The arithmetic mean is influenced by the presence of fines in the fiber slurry 
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and can produce a skewed result.  The length weighted average fiber length calculation is 

influenced less by the fines content of the sample. 

3.4.2 Chemical Composition 

Moisture content was determined by weight difference before and after heating at 105°C 

according to method TAPPI T26434.  Hop bine being a very dry woody material, a two-part 

extraction process was not necessary.  The milled bine was extracted with 150 ml of a 1:1 

dichloromethane; acetone mixture35.  3.0 grams of milled oven dry bine was weighed out and 

placed into a tared glass thimble.  The bine was extracted in a soxhlet extraction apparatus fitted 

with an Alihn condenser for 24 hours.  The solid was allowed to air dry.  The liquid extract was 

concentrated down to approximately 20 mls, then transferred to a tared crucible and dried in a 

105°C oven.  The percentage of ash was determined gravimetrically36.  Dry hop bine was placed 

in a crucible and covered.  The contents were ignited in a muffle furnace at 575°C for 18 hours.  

The results are compared in Table 3.4 to published literature for hop bine and for industrial hemp37.  

The primary components of lignocellulosic materials are cellulose, hemicellulose, and lignin.  

Extractives and ash make up the minor components.  To evaluate the potential of hop bine to 

produce value added products, such as fibers and biofuels, these minor components must first be 

removed.  The quantification of these components is important as their presence may have a 

significant impact on the performance of a full-scale bio refinery.   

A Klason extraction of the solvent extracted biomass was conducted according to a 

modified NREL method38,39.  Acid soluble and insoluble lignin were determined by gravimetric 

and UV-Vis absorption spectroscopy procedures.  Measurement of acid soluble lignin was 

performed using a Shimadzu UV1800 spectrophotometer with a spectral resolution of 1 nm40.  

Residual biomass was digested with 72% H2SO4 following the Klason procedure.  0.2g of residual 
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biomass was mixed with 3.0 milliliters of 72% H2SO4 for 120 minutes.  After digestion, the sample 

was diluted with water to a total volume of 115 milliliters. Prior to autoclaving, a 1.0 milliliter 

aliquot was removed for later determination of the sugar degradation.   The sample was autoclaved 

for 60 minutes at 121 °C.  The hydrolysate was filtered through a medium porosity fritted glass 

crucible in order to separate the acid insoluble lignin component from the soluble lignin and sugar 

component.  The crucible was then placed in an oven to dry and the dry solids removed for FTIR 

analysis and extinction coefficient determination.  The filtrate was set aside for UV 

spectrophotometer lignin determination according to TAPPI UM-250 and HPLC monomeric and 

oligomeric soluble carbohydrate analysis according to NREL LAP TP-510 4261841.  The soluble 

lignin was extracted from the Klason liquor with methyl isobutyl ketone (MIBK).  The extract was 

then dried and the isolated lignin was dissolved in ethanol to produce a concentration of 1 mg/ml.  

A series of standards were then produced from serial dilutions of the stock solution.  A full 

spectrum reading was taken for each standard and absorbance values were recorded at 205 nm and 

240 nm  A quartz cuvette was used with a 1 cm path length.  The extinction coefficient for hop 

bine was determined from the slope of the calibration line of lignin standard solutions produced 

from extracted hop bine lignin.   

The percentage of ash was determined gravimetrically42.  Empty crucibles were placed in 

a muffle furnace for two hours at 575 °C prior to use.   They were then placed in a desiccator and 

allowed to cool to room temperature.  The tare weight of each crucible was then determined.  1 

gram of oven dry hop bine was placed in a crucible and covered.   The contents were ignited in a 

muffle furnace at 575 °C for 18 hours.  The crucibles were then removed and placed in a desiccator 

until cool to room temperature.   
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The concentration of monomeric sugars (arabinose, galactose, glucose, xylose and 

mannose) in the acid hydrolysates were measured on a Dionex (Sunnyvale, CA) HPLC (ICS-3000) 

system equipped with an AS auto sampler, ED electrochemical detector, dual pumps, and anion 

exchange column (Dionex, CarboPac PA1) according to ASTM method E1758-01 .     The Dionex 

Carbopac PA1 is designed for separating mono and di-oligosaccharides by high pH anion 

exchange chromatography.   The resins consist of 10 µm diameter nonporous beads covered with 

a fine latex of functionalized Thermo Scientific™ Dionex™ MicroBead™ resin.  Deionized water 

at 1 ml/min was used as an eluent, and post-column addition of 0.2 M NaOH at a flow rate of 0.5 

ml/min ensured optimization of baseline stability and detector sensitivity.   After each analysis, 

the column was reconditioned with 0.25 M NaOH43. 

Stock solutions were created for arabinose, galactose, glucose, xylose and mannose by 

dissolving the sugar in deionized water.  Calibration standards were produced from the stock 

solution by subsequent dilution to produce concentrations that would bracket the sample.  Five 

standard solutions were produced for each sugar.  Linearity of response was determined using peak 

areas versus concentration for each set of calibration standards.  Linear regression analysis of peak 

area versus concentration was performed in Excel to construct a >95% correlation coefficient 

equation.  Arabinose, Galactose, and Mannose were linear from 0.004 mg/ml to 0.072 mg/ml.  

Glucose and Xylose were linear from 0.070 mg/ml to 1.394 mg/ml.   

Fucose was selected as the internal standard as it is similar to the sugars of interest and 

produces a peak that does not overlap with target sugars .  A stock solution was produced at 5.0 

mg/ml. Samples were diluted as appropriate, fucose was spiked at 0.870 mg/ml as an internal 

standard and filtered through 0.22 μm syringe filters (Restek Corp., Bellefonte, PA, U.S.).  Sugar 

calibration standards were treated in the same manner as the samples.  Twenty microliters of each 
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sample were injected into the HPLC column.  The response of the target sugar, AS, was then 

normalized to the response of the internal standard, AIS.  The ratio of the peak area of the target 

sugar to the peak area of the internal standard in each sample was then compared to the ratio of 

the peak area of the calibration standard, CS, to the peak area of the internal standard, CIS.  The 

response factor, RF, is calculated as follows; 

 

RF = (AS * CIS)/(AIS & CS)                                                                                                  (3-6) 

 

A Shimadzu IRPrestige 21 Fourier Transform spectrometer equipped with an attenuated total 

reflectance (ATR) system was employed to characterize the main functional groups present in the 

extracted hop bine.  It performed 25 scans per measurement in the 600 to 4000 cm-1 range  and at 

a resolution of 8 cm-1.  Spectra were normalized and scaled to 100% using the intensity at 1516 

cm-1, which corresponds to the carbon-carbon double bond stretching of the lignin aromatic ring.    

Each pooled sample set represented ten replicates.  The standard normal variate (SNV) was 

selected as the normalization method as it weighs intensities that deviate from the individual 

sample mean more heavily than those values that are nearer the mean 44,45,46,47,48.  It is also very 

effective at reducing variability caused by scattering effects common in solid samples.  The most 

prevalent types of light scattering are Rayleigh and Lorentz-Mie – mostly caused by the fine 

particle surface roughness and fibrous structure typical of lignocellulosic biomass.  In the case of 

bine – Lorentz-Mie is likely the dominant scattering effect as particle sizes are larger than the 

wavelength and dependent on the size and shape of the material. 

Si indicates the signal parameter, intensity, of the peak in the spectral region of 600 to 4000 

cm-1.   The corrected spectrum (SNV) is calculated by equation 148,49. 
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Ŝi = (Si – mean(S1516))/ std(S1516)                                                                              (3-7) 

 

Ŝi represents the corrected signal of spectra i. 

The resulting z-value vector were then scaled so that the intensity at 1516 cm-1 was 100% 

with a standard deviation of 1.   Subtraction of the means serves to project the intensity of the 

spectra at 1516 cm-1 orthogonal to a vector of ones.   The resultant transformed reference peak will 

have a z-vector mean of zero.   Dividing by the standard deviation transforms the spectra so that 

all have the same length.   The resulting z-vector produced by the transformation has a squared 

length. 

3.5 Papermaking 

The response of the fibers to mechanical refining was evaluated using a laboratory pulp 

refiner (Papirindustriens Forskningsinstitutt (PFI) mill method)50.  Pulp fibers were disintegrated 

using a British disintegrator.  Excess water was removed from the pulp slurry until a consistency 

of 10% was achieved.  Fiber was placed into the PFI mill and refined to specific number of 

revolutions.  The Canadian Standard Freeness (CSF) was determined at each corresponding 

revolution level; 0, 500, 1000, and 250051. 

3.6 Mechanical Testing 

Hand sheets with 60 g•m-2 grammage were produced from both hop bine and industrial 

hemp pulps at each refining level50,52.  Hand sheets were conditioned in a humidity and 

temperature-controlled laboratory for physical testing53.  Tensile index, tensile energy absorbed, 

and elongation were examined using a uniaxial Thwing-Albert tensile tester54. 
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3.7 Results 

3.7.1 Morphology 

1-kilogram samples of the unscreened biomass were placed in an oven at 105 °C until a 

constant weight was attained prior to classification.  Classification was performed on a laboratory 

chip screen with 45mm, 8mm, 6mm bar, and 7mm perforated screens, Figure 3.5.  The pan 

contained all non-woody biomass.  Woody biomass was 33% of the total oven-dry mass.  Non-

woody biomass accounted for 67% of the total oven dry mass.   The woody biomass had a moisture 

content of 47% while the non-woody biomass was 64%. 

 
Figure 3.5.  Hop residual biomass classification, 45mm hole, 8mm bar, 6 mm bar, 7 mm 

hole, 3mm hole. 

 

Roy farms provided production data from 2017 for three hop varieties.   Using this data, production 

of residual biomass was determined on a per acre basis for woody and non-woody components, 

Table 3.2.  Relative percent composition is illustrated for the Cascade hops variety in Figure 3.6. 
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Table 3.2. Biomass production by component – ODMT/acre 
 Hop Cone 

(ODMT/acre) 

Bine Biomass 

(ODMT/acre) 

Rope – Biomass 

(ODMT/acre) 

Non-woody Biomass 

(ODMT/Acre) 

Cascade 1.8 (28.4%) 1.5 (22.0%) 0.118 (1.9%) 3.1 (47.8%) 

Centennial 1.4 (28.4%) 1.0 (22.0%) 0.079 (1.9%) 2.0 (47.8%) 

Chinook 1.9 (28.6%)  1.6 (21.9%) 0.127 (1.9%) 3.1 (47.6%) 

 

 
Figure 3.6.  Percent composition of total biomass per acre – Cascade Hops 

 

The images in Figure 3.7 were prepared using a microtome with neither a PEG nor a resin such as 

Epon-812 embedding mix55.  The resulting 3d image reconstructed from X-ray-CT scan 

correspond to variations in object density, Figure 3.7b.   The slices were utilized to calculate the 

relative area of the lumen to the cross section of hop bine by analyzing each slice taken shown in 

Figure 3.7a,c.  The lumen accounted for 13.6% of the total area of the hop bine cross section.   The 

average density was 0.296 g/cm3.  Shrinkage in diameter and length were 5.28% and 0.47% 

respectively for oven dry compared to green bine.  The bine absorbed 0.984 grams of water per 

gram of biomass. 
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Figure 3.7. a) cross section slice b) 3d construct of X-ray CT scan, c) longitudinal section slice. 

 

Table 3.3.  Bulk density of hop bine and reduction in bine diameter. 
 

Density g/cm3 

Shrinkage 

Diameter 

Shrinkage 

Length 

Water absorbed 

(g/g) 

Average 0.295 5.28% 0.47% 0.984 

SD 0.032 0.9% 0.23% 0.077 

 

The SEM The SEM transverse cross section shows the outer epidermis, porous bast fibers, inner 

hurd, and hollow center consistent with previous work56.  The hurd layer reveals the significant 

disruption of the fiber wall without the use of an embedding matrix shown in Figure 3.8.  The 

porous are diffuse across the face of the bine.  A magnification of the transverse section shows that 

vessel elements are grouped around a dominant vessel, Figure 3.10.  The reticulated wall structure 

of the vessel element shown in Figure 3.10 is similar in structure to what is found in black walnut 

(Juglans nigra L).  Figure 3.12a is an example of a longitudinal tracheid with diffuse pitting on all 

sides.  This is likely a sclereid fiber based on the abundant pitting.  The angular intervessel pitting 

is crowded and exhibits a structure comparable to that of hard wood American Hornbeam 
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(Carpinus caroliniana).  A transverse view of an individual vessel element separated using an 

acetic acid/hydrogen peroxide maceration solution is illustrated in in the inset of Figure 3.12b.   

 
Figure 3.8. a) SEM transverse cross section image in false colors showing outer epidermis, b) 

porous bast fibers, inner hurd, and the hollow center.  

 

 
Figure 3.9. a-b) Transverse cross-section of diffuse distribution and coupling of vessel elements. 
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Figure 3.10.a) Longitudinal cross-sectional closeup view of vessel elements and ray 

parenchyma with reticulated wall structure of a vessel element.    b) Transverse close up of 

vessel elements located near the transition from bast fibers to hurd fibers. 

 

 

 

 
Figure 3.11. a) Longitudinal cross section of vessel elements. and ray parenchyma with b) 

closeup of the reticulated wall structure a vessel element 

 

Isolated vessel elements show an open-ended structure with simple perforation plate, Figure 3.12.  

Figure 3.13 is a close-up of porous vessels in the bast fibers.  A radial cross section view of the 

vessel elements indicates simple perforation plates between vessel elements.  The longitudinal 

fibers are long and appear to be tracheids.  Consistent with prior work these will be identified as 

tracheids56.  The lateral contact between the vessel wall and adjoining tracheids is very heavily 

pitted.  The pitting is an irregular diagonal arrangement of scalariform-like gaps in the cell wall.  
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Also visible in the micrograph are longitudinal tracheids with alternate pitting.  These pits are 

approximately 0.5 µm in size, as depicted in Figure 3.13.  

 

 
Figure 3.12. a) Isolated vessel element showing surface pitting.  Scalariform structure visible 

on inside of element.  b) transverse view of isolated vessel element. 

 

 
Figure 3.13. a) pitting in tracheid cell wall, b) closeup of pits. 

 

The initial scans indicate the PEG is interfering with the resolution of features using the SEM.   

In a discussion with Wai Pang Chan, Research Coordinator, Biology, College of Arts & Sciences, 

Division of Natural Science, considering the fragility of the bine, it may not be necessary to embed 

the material either in PEG or a resin such as Epon-812, a glycerin based aliphatic epoxy resin57.     
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The images were not prepared using an embedding mix but cut by hand using a microtome knife.    

The magnified image of the hurd layer indicates significant disruption of the fiber wall without the 

use of an embedding matrix. 

 

3.7.2 Fiber Quality 

The length weighted average plotted in Figure 3.14 shows two distinct peaks.  The first 

dominant peak appears at a fiber length of 0.1 mm, while the second peak appears at a fiber length 

of 1.3 mm.  The fines content (i.e., length < 0.2 mm) was quite high at 19.56% likely due to the 

numerous vessel elements.  The length weighted average fiber length was 0.85 mm.  As a 

comparison, Eucalyptus fibers are in the range of 0.7 to 0.8 mm, as reported in Table 3.4.  

 
Figure 3.14. Pareto diagram produced from length weighted average data produced by Fiber 

Quality Analyzer of macerated hop bine fibers. 
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Table 3.4 Comparison of morphological properties of hop stems to other non-wood and wood 

fibers58,59,60. 

Fiber Length (mm) Width (μm) 

Hop - bine 0.85-1.3 11-22 

Hemp 0.9-2.3 20-24 

Douglas Fir 3.5-4.5 35-45 

W. Hemlock 2.5-4.2 30-40 

Eucalyptus 0.8-1.1 15-19  

 

3.7.3 Chemical Composition 

Results of chemical compositional analysis are summarized in Table 3.5 and Table 3.6.  The 

composition data for other lignocellulosic biomass reported in the literature is also provided for 

comparison purposes with the hop bine and industrial hemp results. 

 

Table 3.5.  Comparison of composition of hop stems to other non-wood and wood 

fibers37,61,62,63. 

Fiber Cellulose Hemicellulose Lignin Ash Extractives 

Hop bine 32.9% 26.0% 25.9% 3.4% 12.0% 

Industrial Hemp 42.5-44.0% 22.2-25.1% 23.4-24.8% 1.2-3.3% 1.1% 

Grape Stalk 36.3% 24.5% 40.6% 3.9% 8.2% 

Wheat Straw 43-46.4% 21.5-28.9% 20.8-21.2% 6.5-7.6% 2.8-5.0% 

Bagasse 41.9-45.0% 28.8-29.1% 17.7-22.1% 1.1-2.1% 2.5% 

Poplar 29.6-43.8% 9.2-21.2% 25.2-32.0% 3.2%  

      

Table 3.6. Carbohydrate composition of residual biomass64,46,65,37 ,61,66,67,63 ,68,69,70 

Sample Arabinose Galactose Glucose Xylose Mannose AIL ASL 

Hop Bine 9.0% 1.2% 32.9% 15.2% 0.6% 20.9% 6.4% 

Industrial Hemp 0.4% 1.0% 41.7% 14.6% 0.0% 21.0% 2.4% 

Grape stalk 3.7% 3.9% 36.3% 14.9% 2.0% 39.6% 1.0% 

Wheat Straw 2.1% 0.5% 34.6% 21.5% 0.2% 15.1% 1.0% 

Bagasse 1.7% 11.1% 44.3% 22.1% ND   

Poplar 0.6% 1.0% 43.8% 14.9% 3.9%   

 

The hop bine has similar amount of total lignin, hemicellulose and ash when compared to 

industrial hemp.  The cellulose content is significantly lower than Cannibis sativa L but falls into 

the lower range of Poplar and grape stalks, Vitis vinifera.  Extractives were significantly higher 
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relative to industrial hemp likely due to higher condensed tannin content as is found in grape stalk, 

see the HPLC graph of the sugars in Figure 3.1563. 

 
Figure 3.15. HPLC graph of sugars in industrial hemp hydrolysis sample 

 

The extinction coefficient for hop bine was determined from the slope of the calibration 

line of the lignin standard solutions.  At 205 nm, the extinction coefficient was 60.3 L/g-cm and at 

240nm was 25.7 L/g-cm, see Figure 3.17.    

 
Figure 3.16 UV absorbance spectrum for industrial hemp. 
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Figure 3.17.  Determination of the extinction coefficient at 205nm and 204nm 

 

The primary functional groups of hop bine and industrial hemp samples were identified by 

FT-IR spectroscopy.  The peaks highlighted in Figure 3.18 are the fingerprint for cellulose, 

hemicellulose, and lignin71,72,73,74,75,76,77,78,79.  The spectra indicate similar chemical composition in 

hop bine compared to industrial hemp.  Note that the high intensity at 1616 cm-1, corresponding to 

OH bending, is likely due to the high-water absorbance capacity of the hop bine relative to the 

industrial hemp.  

The spectra indicate lignin by the O-H peak at 3450 cm-1 and the C-H in aliphatic side 

chains at 2932-2842cm-1, see Table 3.7 80,81,82,83,84, 85 .  The peak at 1423 cm-1 can be attributed to 

symmetric CH2 bending vibration attributed to crystalline cellulose86.  The small peak at 1724 cm-

1 is attributed to stretching of the C=O carbonyl in hemicellulose and lignin.  The peak at 1234 cm-

1 is characteristic of the C-O aryl group in lignin.  These peaks are the fingerprint for hemicellulose 

and lignin in the extracted hop bine.  Taking the ratio of the peak at 1327 cm-1 and the peak at 1267 

cm-1 the calculated value of syringyl to guaiacyl lignin may be determined83, see Table 3.7. 
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Table 3.7  FT-IR Peak Assignments 
PEAK CM−1 ASSIGNMENT 

3435 O–H stretching 

2932 - 2842 Aliphatic C-H 

1759 Aryl–O-Acetal 

1731 Alkyl–O-Acetal 

1707-1691 Unconjugated carbonyl stretching of aldehyde and ketone groups 

1660 C=O stretch conjugation 

1616 OH - water 

1600-1615 C=C stretching of aromatic ring in lignin 

1567 C=O stretching (ionic compounds) 

1515 - 1505 C=C stretching of aromatic ring in lignin 

1463 - 1459 C-H ending of methyl and methylene groups 

1425 - 1423 C-H Deformation in Lignin 

1423 CH2 bending vibration of cellulose 

1366 Aliphatic C–H stretching in CH3 

1328 - 1323 C=O stretching of Syringyl unit 

1267 C-O stretching of Guaiacyl unit 

1234 - 1230 C–O aryl group stretch in lignin 

1219 - 1211 C-C, C-O, C=O stretching of Guaiacyl unit 

1167 - 1162 C–O stretch in ester group 

1126 - 1110 Aromatic C-H deformation of Syringyl units 

1033 Aromatic CH in plane deformation G + S 

1031 - 1015 C-O stretching of primary alcohols 

983 CH=CH bending 

911 CH Bending of Syringyl units, aromatic rings 

899 C-H deformation vibration of cellulose 

835 -  815 C-H bending of Syringyl unit 

755 asymmetric bending of HCCH group 
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Figure 3.18. Comparison of unextracted hop bine to industrial hemp. 

 

3.8 Pulp and Paper 

After pulping, the average lignin content for the industrial hemp was 3.31% and that for 

the hop bine was 3.93%, suggesting that  hop bine and industrial hemp responded similarly to the 

Kraft process and could be easily pulped together in a mill.  The initial drainage rate of the hop 

bine, 480 Canadian Standard Freeness (CSF), was 100 points higher than the industrial hemp pulp 

cooked to the same H-factor.  This measured difference is likely due to the contribution of smaller 

core fibers (~0.5 mm) and the longer bast fibers from whole hemp pulping67.  The bulk density of 

the hop bine was the driver behind the high liquor to wood ratio.  Densification of the biomass 

would allow significant reduction of the liquor to wood ratio, thereby allowing for reduced H-

factor.  
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3.8.1 Paper Testing 

As-prepared hand sheets were tested to determine the impact of refining intensity on paper 

mechanical properties using a uniaxial Thwing-Albert tensile tester.  The hop bine developed a 

higher strength at a given refining level than the industrial hemp, as demonstrated in Figure 3.19.  

Hop bine achieved approximately 7.4 points of tensile (N-m/g)  for every 100-point drop in 

Canadian Standard Freeness(ml), whereas the industrial hemp only developed 6.4 points of tensile 

per 100-point CSF drop.  The average percentage difference was 61% at a given CSF. The 

variability of the tensile index measurements was somewhat higher in the hop bine than in the 

industrial hemp.  In unrefined pulps, vessel elements contribute little to paper strength rather 

harming the performance of the final product.  Refining reduces the content of vessel elements in 

the pulp, increasing the fines content and flexibility of these fibers.  The increased range in 

measured tensile index for hop bine is likely due to the higher content of vessel elements in the 

hop bine producing a wider range of fines at increasing refining levels.  The tensile energy 

absorption (TEA) for hop bine is also higher for a given amount of stretch.  This indicates that the 

extensibility and inter fiber bonding of the hop bine fibers developed during refining is greater 

than the industrial hemp87.  The shorter fiber contribution from the industrial hemp core likely 

lowers the tensile development from refining.  A plot of the normalized stretch as a function of 

normalized TEA (N-m/g)  (Figure 3.19d) was found to have proportionality factors of 1.36 and 

1.41 for hop bine and industrial hemp, respectively.  Typical proportionality factors of unbleached 

pine range from 1.31 to 1.3988.   The linear relationship between TEA and the product of tensile 

strength and stretch depicted in Figure 3.19c is consistent with other reports in the literature89,90. 
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Figure 3.19 .  (a-b) PFI mill curve – CSF vs PFI Mill revolutions and Tensile Index vs 

revolutions with 95% confidence interval shaded in blue. (c-d) TEA Index versus stretch 

(elongation) and against the product of tensile index and stretch for refined hand sheets.0.5*T*s 

3.9 Conclusion 

We investigated morphological, chemical, and papermaking qualities of hop bine to assess 

whether this residual crop material could serve as an opportunistic feedstock for the pulp and paper 

industry.  The low bulk density, 0.296 g•cm-3,  and low yield per hectare, 1.5 MT, of cultivated 

land suggest an on-location densification process would be needed to address transportation costs.  

Despite the high content of vessel elements, the mechanical strength of the fibers developed during 

refining was higher than industrial hemp.  Strength development and hardwood like fiber quality 

indicate good promise as a paper making fiber.  The carbohydrate composition of hop bine is 
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similar to other woody bio-mass, such as wheat straw and industrial hemp, indicating that it may 

also be suitable for conversion to value-added products, such as nanocellulose.  The high 

extractives content, 12%, may represent an opportunity for recovery of organic non-structural 

components from the perennial biomass crop residual worthy of further investigation.  To obtain 

a more accurate assessment of the paper making potential, a series of trials investigating the 

interaction of this fiber with softwood fibers and an expansion of the physical testing, such as tear, 

burst, and permeability should be undertaken in the future.  Additionally, consideration must be 

given to the agricultural concern regarding the ecosystems impact to soil carbon sequestration, 

global warming potential, and water as this fiber is removed from the system.   
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Chapter 4. Nanocellulse by Ammonium Persulfate Mediated Oxidation, 

an alternative to TEMPO. 

4.1 Abstract  

Ammonium persulfate mediated oxidation used in conjunction with acids under extended 

reaction times have produced highly crystalline nanocellulose with varying surface chemistry and 

morphological properties.  Subtle and dramatic changes in treatment conditions have produced 

nanocellulose with varied properties.  Predictable and reproducible physical and chemical 

properties are needed for engineering fibers with desired functionality.  We applied response 

surface methodology to control and assess the effect of varying treatment conditions on the 

oxidation of bleached and unbleached northern softwood Kraft, changing the applied ammonium 

persulfate on fiber, duration of oxidation, and temperature.  Atomic force microscopy (AFM), X-

ray diffraction (XRD), chemical titration, and gravimetric analysis were used to systematically 

characterize the oxidized nanocellulose fibers produced.  As-prepared materials exhibited surface 

charge and crystallinity index ranging from 0.6 mmol/g to 1.4 mmol/g carboxylic acid and 72 to 

88%, respectively.  The morphological characteristics varied from 48 to 80 for the aspect ratio, 

from 2.7 to 4.5 nm for the diameter, and from 146 to 247 nm for the length.  The response surface 

model developed in this research allows for designing nanocelluloses with targeted surface charge, 

crystallinity and aspect ratio.  We demonstrate that the environmentally friendly ammonium 

persulfate, opposed to TEMPO-mediated oxidation, is effective at producing similar surface 

chemistry in lignin containing wood and non-wood fibers without pretreatment or adjustment of 

experimental conditions. 
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4.2 Introduction  

Nanofibrillated cellulose may be produced by mechanical methods or a combination of 

chemical and mechanical homogenization1.  Nanofibers are described interchangeably as either 

cellulose nanofibers (CNF) or as nanofibrillated cellulose (NFC), crystalline nanocellulose (CNC), 

and microfibrillated cellulose (MFC).  The nanofibers produced are on the order of 2-20 nm in 

diameter and 30 to 900 nm in length2,3 as shown in Table 4.1.   

Table 4.1  Abbreviations used in cellulose nanomaterials - defined 

Abbreviation Description Diameter Range Length 

NFC, CNF4 Nanofibrillated cellulose, Cellulose 

Nanofibrils 

5–15 nm > 1μ 

CNC5 Crystalline nanocellulose 2-20 nm 0.05-0.5 μ 

MFC4  Microfibrillated Cellulose 10-50 μ 10-50 μ 

Tracheid Wood cell 10-50 μ 1-3 mm 

 

The qualification of nanofibers characterize the morphological characteristics of diameter 

and length as well as the crystallinity and surface chemistry6.  Nanocellulosic fibers present a 

sustainable material with broad application in material science7.  A significant amount of research 

has been conducted in modification of the nanocellulose surface8,9, composite applications10,11, 

rheology of nanocellulose suspensions12,13, and preparation methods14,15. 

Chemical methods are dominated by acidic processes designed to penetrate the cellulose 

fibers, break the hydrogen bonds between fiber bundles, and modify the surface chemistry.  

Sulfuric acid, oxone, periodate, chlorite, enzymatic16, TEMPO, and ammonium persulfate are a 

few of the chemical treatments used to produce nanofibers17.  TEMPO is the most commonly used 

in research as it produces very homogenous and predictable results, however it is both costly, 

involves complex reaction chemistry, and has a negative environmental footprint18.  TEMPO is 

classified as an H412 chemical, harmful to aquatic life, by the Globally Harmonized System 

(GHS)19.  Sulfuric acid is scalable and economically attractive; however, it results in a sulfonated 
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surface that may require subsequent treatment.  Oxone® (Potassium peroxymonosulfate) and 

periodate require multiple steps achieving similar surface chemistry and aspect ratios to other 

methods.  Periodate has been capable of achieving surface charge as high as 1.75 mmol/g20 as it is 

not limited to reaction with the C6 hydroxyl.  Chlorite oxidation of cellulose is capable of 

achieving aspect ratios similar to those achieved with ammonium persulfate (APS) oxidation, 

albeit with a chlorinated chemistry21.  APS is economical, selective for cellulose, and 

environmentally safe, however the oxidation process has not been well characterized.  The focus 

has been primarily on the final product, thus the characteristics of nanofibers produced have varied 

from laboratory to laboratory and researchers have reported difficulty in controlling results22,23.  

As such, treatment conditions are similar; extended oxidation time, > 10 hours, and high dosage 

of APS, > 2000% on fiber, see Table 4.2. 

Table 4.2. Summary of selected published research using APS oxidation to produce 

nanocellulose. 

Author Biomass Time, 

min 

mols 

APS/g 

APS, % Temp, 

°C 

Consistency, 

% 

mmol 

Carb/g 

DO 

Zhang24 Bagasse 960 0.100-

0.200 

2282-

4564 

60 1 0.560-

0.990 

- 

Leung25 Flax 960 0.100 2282 60 1 - 0.180 

Leung Hemp 960 0.100 2282 60 1 - 0.170 

Leung Wood 960 0.100 2282 60 1 - 0.190 

Castro-

Guerro26 

Wood 480 Unk Unk 60 Unk 0.900 0.130 

Du38 Bagasse 480 0.100 2282 65 1 - 0.190 

Filipova37 Birch 240 0.050 1140 70 2 - - 

Vecbiskena27 Birch 240 0.004 100 70 2 - - 

Rozenberga28 Brich 240 0.004 100 70 2 - - 

Cheng29 Cotton 960 0.100 2282 70 1 - - 

Jiang30 Poplar 960 0.100 2282 70 1 - 0.163 

Mascheroni43 Cotton 960 0.100 2282 75 1 0.160 0.150 

Oun31 Cotton 960 0.100 2282 75 1 - 0.150 

Cheng29 Cotton 240-

1440 

0.05-

0.2 

1141-

4564 

80-90 1 - 0.058-

0.132 
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Less total active chemistry is required using the TEMPO mediated oxidation method compared 

to APS to achieve the same level of surface charge.  The high cost of TEMPO combined with 

hazardous chemistry, however,  makes APS an attractive alternative.  TEMPO sells for $248.00/kg 

while ammonium persulfate can be purchased for $0.60/kg.  Sodium borohydride, sodium 

hypochlorite cost $3.90/kg and $1.10/kg, respectively.  Several authors have reported the cost of 

producing a kg of cellulose nanofibrils, see Table 4.3.  Energy consumption values provided by 

Filipova32 were used as the basis and adjusted for current Washington state energy prices, 

$0.144/kWh33.  Note that Filipova applied TEMPO at a level 88% lower than Serra (0.016 vs 0.002 

g/g fiber).  Delgado’s cost appears to be the price for analytical-grade chemical, not bulk price.  

All reported chemistry was relativized for comparison.  The cost results provide a relative cost in 

laboratory but do not represent a true cost as provided in a techno-economic study. 

Table 4.3. Relativized cost data using current market prices and Washington state energy 

costs. 

Treatment $/kg CNF  

as published 

$/kg CNF 

relativized 

mmol Carb/g 

TEMPO (Filipova 2020)32 $7.20 $18.05 0.149 

APS (Filipova 2020)  $6.91 $8.02 0.133 

TEMPO (Serra 2017)78 $9.02 $106.29 0.881 

TEMPO (Delgado 2015)34 $205.73 $105.97 0.840 

APS (Haunreiter) - $5.35 0.881 

 

Ammonium persulfate is the most cost-effective and has the greatest efficiency when 

considering the surface charge developed, 293 mmol of carboxylic acid/$ cost.  TEMPO averaged 

0.12 mmol of carboxylic acid/$.  APS is an environmentally non-toxic oxidizer and may be used 

with biomass containing up to 20% lignin to produce NFC or CNC35.  The formation of furfural 

and 2-hydroxymethylfurfural, commonly formed when carbohydrates are hydrolyzed with strong 
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acids, have been shown to not be present in the spent APS liquor36.  Research indicates that it may 

be hampered, however, by non-homogenous oxidation results37,38. 

APS is an environmentally nontoxic oxidizer39 and may be used with biomass containing 

up to 20% lignin to produce NFC or CNC40.  The formation of furfural and 2-

hydroxymethylfurfural, commonly formed when carbohydrates are hydrolyzed with strong acids, 

has been shown to not be present in the spent APS liquor41. 

APS decomposes in aqueous solution through two reaction pathways that occur 

simultaneously.  The homolysis of the peroxide bond in ammonium persulfate using heat activates 

the S2O8 anion in equation 142, 43.  The maximum amount of ammonium persulfate applied is 

limited by a desired pH of greater than 0.3 ([H+] < 0.5M).  Increasing the concentration of 

hydronium ion will increase the rate of peroxydisulfate anion decomposition and result in the 

formation of Caro’s acid44.  The pH for this investigation was between 0.5 and 0.8.  The first step, 

equation 1, is fast decomposition of the peroxydisulfate to form SO4
•-, the sulfate free radical45,46,47.  

The sulfate free radical penetrates the amorphous region of the cellulose chain to co-hydrolyze the 

β-1,4 bond between glucose units, reducing the overall chain length and increasing the crystallinity 

of the nanofiber.  The subsequent decomposition reactions, equation 2 and 3, is rapid formation of 

hydrogen sulfate, HSO4
- , sulfate free radical SO4

•-, and peroxyl radical, HO•. The sulfate free 

radical oxidizes the C6 to its’ aldehyde form, followed by peroxyl radical oxidation to form 

carboxylic acid groups on the nanofiber surface48,49.  The peroxyl radical may also form carbonyl’s 

with secondary alcohols, ultimately contributing to the formation of hemiacetal cross-links when 

dried, however, Leung demonstrated using FTIR and NMR that this reaction does not occur50,51.  

The byproduct of the oxidation reaction is the formation of sulfate ion and sulfuric acid.  Leung 

determined that these were in the molar ratio of 4 to 6 in the residual liquor.  The formation of 
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peroxide under acidic conditions, equation 4, leads to oxidation of lignin, which may be improved 

through possible formation of peroxymonosulfate in secondary reactions with sulfate radical52,53. 

𝑆2𝑂8
−2  

ℎ𝑒𝑎𝑡
→   2𝑆𝑂4

•−          (4-1) 

𝑆𝑂4
•− +𝐻2𝑂 

ℎ𝑒𝑎𝑡
→   𝐻𝑆𝑂4

− +𝐻𝑂•        (4-2) 

𝑆2𝑂8
−2  +  𝐻𝑂•  

ℎ𝑒𝑎𝑡
→     𝐻𝑆𝑂4

− +  𝑆𝑂4
•− +

1

2
𝑂2      (4-3) 

2𝐻𝑂•  
ℎ𝑒𝑎𝑡
→     𝐻2𝑂2                   (4-4) 

𝑆𝑂4
•− +𝐻𝑂•  

ℎ𝑒𝑎𝑡
→   𝐻𝑆𝑂4

− +
1

2
𝑂2       (4-5) 

 

Evaluation of the ammonium persulfate must consider the effect of lignin on the response 

to treatment.   Chemical processes for oxidizing cellulose, such as TEMPO, to nanofibers require 

a lignin free biomass to prevent increased consumption of reactants54,55.  The insoluble lignin 

content of unbleached pulps has been shown to consume hypochlorite in TEMPO mediated 

oxidation reactions56.  A multi-step process is required to remove the lignin.  Published research 

has reported that ammonium persulfate is selective for cellulose and thus can be effective at 

oxidizing cellulose with less than 20% lignin content. 

Response surface methodology is applied to assess the effect of varying oxidation 

conditions on bleached and unbleached residual biomass.  Ammonium persulfate application on 

fiber, time, and temperature are adjusted using a central composite design.  Oxidation conditions 

are mild in our process compared to previous literature.  This novel response surface model will 

allow for synthesizing nanofibers with a range of morphological and chemical characteristics. In 

some applications, nanocellulose with high surface charge are desired, such as the dispersion of 

carbon nanomaterials like nanotubes and graphene in water , while in other cases, a high charge 
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density makes cellulosic materials more sensitive to water and hinders their strength in wet 

conditions .  The proposed approach can serve to tailor the nanocellulose properties based on 

targeted applications by the fine-tuning of the APS oxidation conditions. 

4.3 Materials & Methods 

The base fiber used is bleached Northern softwood Kraft (B-NSWK), supplied by 

WestRock, Tacoma, WA.  Unbleached fiber (UB-NSWK, 4% lignin) was also supplied by the 

WestRock, Tacoma, WA pulp mill, taken prior to the bleaching.  The two furnished pulps are an 

approximately 50:50 Douglas fir (Pseudotsuga menziesii) and Western Hemlock (Tsuga 

heterophylla) blend.  Hop bine (Humulus lupulus L.) was kindly supplied by Roy Farms, Moxee, 

WA.  

4.3.1. Preparation of NFC by APS Oxidation.   

2.5 grams of oven dry fiber is weighed out and disintegrated in a waring disintegrator.  The 

fiber is then transferred to a 500 ml Erlenmeyer flask where a volume of 2M ammonium persulfate 

solution (228.18 g/500ml) are added based on experimental design levels to achieve a 0.5% 

consistency.  Low consistency was selected to minimize the interaction of mass transfer with 

treatment conditions.  A stir bar set to 250 rpm is used for continuous agitation.  The flask is heated 

on a hot plate with a thermocouple placed into the solution.  The oxidation reaction is quenched 

by placing the beaker in an ice bath to rapidly drop the temperature.  After quenching the reaction, 

the sample is transferred to a Spectra/Por 4 molecular porous membrane tube, MWCO: 12-14kD.  

It is then placed into a tank of deionized water for seven days to dialyze or until a pH greater than 

3.4 is achieved.  Post dialysis, the oxidized fibers require treatment with mechanical energy.  

Samples were ultra-sonicated with 14,000 J of energy for 2 minutes.  After samples had been 
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mechanically treated, they were centrifuged for 20.0 minutes at 2950 RPM (1720 relative 

centrifugal force).  The nanofibrillated cellulose fibers remained suspended in the supernatant 

while partially oxidized fibers were deposited on the bottom of the centrifuge tube. 

The carboxylic acid concentration of the fibers was measured using a conductometric 

titration method which is described in the following section.  The fibers were then sonication using 

a 750 W Sonics Vibracell VCX probe sonicator equipped with a 13 mm stepped tip to break up 

the nanofibrillated cellulose aggregates57,58.  There is evidence that ultrasonication may reduce the 

degree of polymerization of the nanofibers59.  Therefore, time, consistency, probe position, and 

amplitude were held constant.  The fiber was transferred to a 150 mL beaker and diluted to a 

consistency of 1.5%.  The temperature is controlled by placing the beaker in an ice/water bath60.  

The probe is placed into the beaker so that it is approximately in the middle of the suspension61.  

Amplitude was set at 90% for 4 minutes of treatment for a total of 26,000 J.  The ultrasonicated 

fiber is transferred to 50.0 mL centrifuge vials and centrifuged for 20.0 minutes at 2950 RPM 

(1720 relative centrifugal force).  The supernatant, containing the nanofibrillated cellulose, is then 

transferred to a clean 50.0 mL centrifuge vial. 

4.3.2 Factorial Design; Preliminary Investigation.   

A factorial design, 23 ,was used to conduct an initial investigation to guide the selection of 

treatment conditions for more rigorous experimentation as shown in Table 4.4.  Consistency was 

set at two levels (2% and 5%), two reaction temperatures (70, and 90 °C), and two ammonium 

persulfate (APS) dosages (0.0022 and 0.0044 mol/g fiber).  Time was held constant at 240 minutes. 

The data from this initial experiment will be used to construct an experimental design to evaluate 

the kinetics, see the experimental details in Table 4.5. Kinetic Study and a central composite design 

(CCD) experiment for the primary investigation. 
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Table 4.4. Initial Experimental Design 

Trial Consistency mols 

APS/g 

Temp °C AxB AxC BxC AxBxC 

1 2% 0.0022 70 1 1 1 -1 

2 2% 0.0022 90 1 -1 -1 1 

3 2% 0.0044 70 -1 1 -1 1 

4 2% 0.0044 90 -1 -1 1 -1 

5 5% 0.0022 70 -1 -1 1 1 

6 5% 0.0022 90 -1 1 -1 -1 

7 5% 0.0044 70 1 -1 -1 -1 

8 5% 0.0044 90 1 1 1 1 

 
Table 4.5. Kinetic Study 

Trial Time, min Level 1 mols 

APS/g 

Level 2 mols 

APS/g 

Temp °C M[APS]0 

1 60 0.044 - 70 0.221 

2 120 0.044 0.066 70 0.221 

3 180 0.044 - 70 0.221 

4 240 0.044 0.066 70 0.221 

5 300 0.044 - 70 0.221 

6 360 0.044 0.066 70 0.221 

7 420 0.044 - 70 0.221 

8 480 0.044 0.066 70 0.221 

9 540 0.044 - 70 0.221 

10 600 0.044 0.066 70 0.221 

4.3.3 Central Composite Design.   

Response surface methodology (RSM) was used to assess the effect of varying treatment 

conditions on ammonium persulfate oxidation (APS) of bleached softwood, unbleached softwood 

and hop bine pulps.  RSM is an empirical modeling method that evaluates the effect of the 

independent variables and their interactions on the process62.  Specifically, five APS dosages (i.e. 

0.032, 0.039, 0.049, 0.058, and 0.065 mols APS/g fiber), five reaction times (i.e. 158, 240, 360, 

480, and 562 min) and five temperatures (i.e. 63, 70, 80, 90, and 97 °C) was examined using  the 

central composite design reported in Table 4.6, in which the three variables are converted to 

dimensionless ones with the coded values at five levels: -1.682, -1, 0, 1, and 1.682. Four replicates 

of the centroid conditions were conducted for statistical soundness. The surface charge, 
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crystallinity, diameter, and length of the resulting nanocellulose fibers prepared based on the 

various combinations listed in Table 2 were systematically characterized.  R-Studio software was 

used to evaluate the response surface model63. 

Table 4.6. Experimental matrix of the Central Composite Design with four replicates of the 

central point (i.e. factor #15). 

Factor Time, min mols APS/g Temp, °C A B C 

1 240 0.039 70 -1 -1 -1 

2 240 0.039 90 -1 -1 1 

3 240 0.058 70 -1 1 -1 

4 240 0.058 90 -1 1 1 

5 480 0.039 70 1 -1 -1 

6 480 0.039 90 1 -1 1 

7 480 0.058 70 1 1 -1 

8 480 0.058 90 1 1 1 

9 158 0.049 80 -1.682 0 0 

10 562 0.049 80 1.682 0 0 

11 360 0.032 80 0 -1.682 0 

12 360 0.065 80 0 1.682 0 

13 360 0.049 63 0 0 -1.682 

14 360 0.049 97 0 0 1.682 

15 360 0.049 80 0 0 0 

15 360 0.049 80 0 0 0 

15 360 0.049 80 0 0 0 

15 360 0.049 80 0 0 0 

 

The model was applied to test the response of lignin containing fibers to ammonium 

persulfate mediated oxidation.  The bleached and unbleached fibers were supplied by the same 

mill and comprise identical fiber blends.  The unbleached fibers contained 3% lignin (20 Kappa 

number).  Treatment conditions were selected from the central composite design with the addition 

of a midpoint, see Table 4.6, to compare shifts in response between the oxidized fibers. 

Hop bine containing lignin was also evaluated to investigate the response of non-woody 

feedstock as this would be a strong candidate for commercial NFC production.  Hop bine was 

pulped in a 10-liter M/K digester to a final lignin content of 4%.  Hop bine was treated using the 

conditions in Table 4.7. 
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Table 4.7.  Treatment Conditions – Unbleached pulp and hop bine oxidation experiment 

Run Order Time, min mols APS/g Temp, °C 

1 240 0.058 70 

2 240 0.058 90 

3 480 0.058 70 

4 480 0.058 90 

5 360 0.058 70 

6 360 0.058 90 

 

The central composite design (CCD) methodology was used to fit a second order polynomial to a 

response surface using RSM.  The best fit predicted second order quadratic equation is used to 

estimate the response for the validation experiments, equation 4-6.  Y is the response variable; β0 

is the intercept; βi, βij and βii are coefficients of the linear double interactions; xi, are the factors 

mols APS/g, temperature, and time64. 

 

𝑌 =  𝛽𝑜 + ∑ 𝛽𝑖𝑥𝑖
3
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖 + ∑ 𝛽𝑖𝑖𝑥𝑖𝑖

23
𝑖=1

3
𝑗=1

3
𝑖=1      (4-6) 

 

4.3.4 Carboxylic Acid Determination.   

APS oxidation reactions introduce carboxylic acid functional groups via nucleophilic 

substitution reactions at the C6 carbon65,66.  The hydroxymethyl conformation at C6 is trans-

gauche in the crystalline regions and gauche-gauche in the amorphous regions resulting in 

intramolecular hydrogen bonding between the O2 and O6 and the O3 and O5 hydroxyl groups67.  

This produces a helical twist in the cellulose chain results in the C6 hydroxymethyl group pointing 

outwards on alternating glucopyranose units.  Determination of the theoretical number of 

hydroxyls exposed on the surface of the cellulose chain uses the height and width of the cellulose 

nanocrystal and dividing by the crystal plane (110 and 110 planes) spacings perpendicular to the 

faces of the crystal, see Figure 4.168,69,70. 
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Figure 4.1 . Nanocrystal model representation 

The mass of nanofibrils produced of a length L, with B (36) cellulose chains, and C (20) 

chains exposed on the surface is given by equation 4-768,71.  NA is Avogadro’s constant and the 

length of a cellobiose unit is 1.03 nm.  The molecular weight of a hydroglucose ring is 162.  The 

number of hydroxyl groups available for reaction is given by equation 4-8.  The theoretical 

moles of carboxylic acid produced is given by equation 4-9.   

L

1.03
x 2 x B x 

162

NA
= 

314.555LB

NA
            (4-7) 

C x 
L

1.03
x 2 x 

1

2
 = 0.9709LC             (4-8) 

n−COOH = 
0.9709LC

NA
x103 mmol          (4-9) 

Rearranging equations 4-8 and 4-9, the theoretical carboxylic acid concentration (mmol/g) is given 

by equation 4-10. 

[−COOH] =  
0.9709LC

NA
x 103 x 

NA

314.555LB
= 

3.0865C

B
 mmol/g      (4-10) 
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The carboxylate content of the NFC is one of the most critical determinations.  A modification 

of previously published conductometric titration methods using 0.01 molar NaOH was 

used7273,74,75.  Approximately 0.1 grams of oven-dried fiber are added to a 40.0mL scintillation vial 

to which 10 mL of 0.01M HCl is added.  Deionized water makes up the remaining volume.  The 

vials are then either sonicated for 15 minutes or allowed to sit for 2 hours during which the Na 

cations bound to the carboxylic acid groups are exchanged by H+ ions76.  The samples are then 

transferred to a 400 mL beaker and the volume brought up to 200 mL with deionized water.  

Conductivity is recorded using an Orion Star A212 meter for every 0.250 mL of titrant delivered 

by an Arduino controlled peristaltic pump.  The corrected conductivity is plotted versus the volume 

of titrant added, see Figure 4.2.  

Once the titration is complete, the oven dry mass of fiber is determined by filtering the solution 

through Whatman 589/2 ashless membranes and drying at 105 °C for three hours.  The carboxyl 

content is determined by equation 4-1177; 

C =
c∗(V2− V1)

m
           (4-11) 

 
C is the mmol/g of carboxyl, V1 and V2 is the amount of NaOH (mL) corresponding to the first 

and second equivalence points.  c is the mol/L of NaOH.  m is the oven dry mass of pulp (g).  The 

degree of oxidation, eauaation 12, (DO) is determined by a modification of this equation78; 

 

DO =
162∗c∗(V2− V1)

m−36∗c∗ (V2− V1)
                    (4-12) 

 

The molecular weight of anhydro-glucose units (AGU) is 162.    The molecular weight difference 

between an AGU and the sodium salt of a glucuronic acid is 36. 
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Previous TEMPO and APS-mediated oxidation studies on wood cellulose have achieved 

carboxylic acid content of 1.64 and 1.55meq/g respectively79,80,81. 

 

 
Figure 4.2. Adjusted conductivity titration curve, R is measured conductivity. 

 

 

Spent oxidation liquor was collected after the reaction was quenched.  5.0 mL of the 

ammonium persulfate liquor (Vs) was diluted to 50.0 mL with deionized water for a 10:1 dilution.  

7.0 mL of a 0.1N ferrous ammonium sulfate (FAS) solution was added to the sample providing an 

excess of ferrous ions.  After 40 minutes, the solution was titrated with 0.5 N potassium 

permanganate solution (Vt)
82.  Equation 4-13 is used to calculate the concentration of residual 

ammonium persulfate.  Vmb is the volume of titrant for the method blank. 

 

𝑔

𝐿
𝐴𝑃𝑆 =

(𝑉𝑚𝑏−𝑉𝑡)𝑁𝐾𝑀𝑛𝑂4∗114

𝑉𝑠
        (4-13) 
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4.3.5 X-Ray Diffraction. 

X-ray diffraction profiles of as-prepared nanocellulose films were collected using a Bruker D8 

Discovery X-ray diffraction (XRD) system equipped with a high-efficiency Cu (1.54 Å) anode, a 

microfocus X-ray source, and a Pilatus 100 K large-area 2D-detector.  A sample of the supernatant 

for each sample was dried in an oven at 50 °C to produce a flat thin film.  Cellulose may produce 

up to five distinct peaks, however these peaks are influenced by the amorphous region in the 

fibers83, 84.  The Segal method was used to interpret the XRD profiles by evaluating the ratio 

between the difference in peak height for the intensity at I200 and Iam and the total intensity at I002 

, using equation 4-14, after back ground subtraction as illustrated in Figure 4.3,85,86.   

% 𝐶 =  
𝐼200−  𝐼𝑎𝑚

𝐼200
          (4-14) 

 

While this method provides a good basis for relative comparison between samples, it tends to 

overestimate the crystallinity index of cellulose because of the somewhat arbitrary determination 

of the amorphous region that can induce error in crystallinity estimation85,86. 

 
Figure 4.3. X-Ray diffraction scan of nanofilm.  Peak deconvolution indicated in red. 



 

112 

 

 

Peak deconvolution using Bragg’s law was applied to determine the crystallite size using the 

Fityk software package87.  Voigt functions produce the best fit of deconvoluted peaks being aware 

that the amorphous region causes these peaks to broaden88.  This function is a combination of 

Gaussian and Lorentzian functions.  Applying the Scherrer equation, the width of the peak (200) 

at half height can be used to calculate the crystallite size.  A two-point linear background 

subtraction was applied, which brought the peaks to a baseline.  A Levenburg-Marquardt non-

linear peak function was used to deconvolute the peaks.  A weakness of this method is that the 

function is driven to obtain the best coefficient of determination.  The fitted intensities that did not 

coincide with the two theta intensities required manual manipulation89.  An improvement in the 

crystallinity determination would be to apply an amorphous subtraction method utilizing a 

standard chosen from the same cellulose source85. 

4.3.6 Atomic Force Microscopy (AFM). 

Prior to AFM observations, nanocellulose dispersions were chemically bonded to the 

surface of a mica wafer using lysine based on a previously established procedure90.  NFC was 

diluted to produce a 0.001 mg/ml solution.   100 ul of this solution was added to mica that had 

been cleaved to produce an atomically clean surface and treated with the protein lysine.   The 

solution was allowed to sit on the mica surface for 30 seconds and then washed with deionized 

water to immobilize the nanofibers on the mica substrate.  Nitrogen gas was utilized to dry the 

sample. 

Topography images were produced by scanning 5 µm2 regions of the different samples at 

a scan rate of 0.977 Hz  using a Bruker ICON AFM operated in tapping mode with a bluedrive 

photothermal excitation.  The scan required leveling due to the piezo effect of the scan method and 
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any raster artifacts in the image were eliminated.  Gwyddion software was used to level the surface, 

analyze the resulting scan, and determine the fiber diameters91, while ImageJ was employed to 

measure the fiber lengths, as depicted in Figure 4.592.  Profilm was utilized as a backup method 

for leveling the image when Gwyddion was not capable93.  

 

Figure 4.4. a) raw surface image, b) leveled surface with raster defects removed using 

Profilm. 

 

The aspect ratio was calculated by dividing the measured length by the diameter of the fiber. 

 

Figure 4.5. Representative AFM image of nanocellulose produced from ammonium 

persulfate oxidation of bleached northern softwood pulp used for; (a) height measurement in 

Gwyddion software, and (b) fiber length in ImageJ software. 
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The minimum number of fibers in each sample required for the diameter measurement to be in 

the 95% confidence interval was calculated using a formula, equation 4-15, introduced by 

Cochran94.  Due to the small population of useable fibers in each scan, the number was modified 

using equation 4-16. 

𝑛𝑜 =
𝑍2σ(1−σ) 

α2
,  Z is the Z-statistic        (4-15) 

𝑛 =  
𝑛𝑜

1+ (
𝑛𝑜−1
𝑁
)
   , N is the population size      (4-16) 

 

At the 95% confidence level, z-value of 1.96, a population of 240 fibers, and standard deviation 

of 0.25 nm, the Cochran number no was determined to be 288 using equation 4-15.  The average 

number of useable fibers is estimated to be far less than 288 in a scan.  Using equation 4-15, 

adjusting for small population size, n was determined to be 27 fibers.  Additional segments were 

measured until the minimum number of fibers were identified. 

 

4.3.7 Data Analysis 

The effect of ammonium persulfate liquor concentration, applied ammonium persulfate per 

gram of fiber in moles, and temperature on the chemical and morphological aspects of 

nanofibrillated cellulose was evaluated using permutational multivariate analysis of variance 

(Permanova).  Permanova was applied to the non-parametric multivariate data using the R software 

package95.  The ordination of the data set was performed using the explanatory data.  The data was  

relativized by the maximum for each measured response in order to adjust for differences in the 

spread of values96.  This was followed by Euclidean distance calculation for all three response 

variables.  The permutational multivariate analysis of variance (PERMANOVA) tested the overall 
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affect each explanatory variable had on these response variables97.  Partitioning of variance within 

treatments and between treatments was performed on the raw and summarized data sets.  The data 

does not contain zero values so a Euclidean distance for the dissimilarity measure is appropriate.  

Bray-Curtis dissimilarity may be sensitive to differences in the frequency of diameters.  It was 

stated by Ricotta that Bray-Curtis will weigh abundant species more than rare which may be 

advantageous in diameter-based response variables where large low frequency diameters can skew 

results98.  A multivariate regression tree was created to visualize the relationship between the 

explanatory variables and the response variables.  Principle component analysis was used to 

visualize the interaction of each treatment on the response variables.  Non-metric Multi-

Dimensional Scaling (NMDS) was utilized to visualize the impact of ammonium persulfate liquor 

concentration on the response variables. 

 

4.4 Results 

4.4.1 Initial Investigation  

Evaluating the impact to morphological features of the nanofibrillated celluloses in the 

initial investigation a plot of diameters versus the % ammonium persulfate applied on fiber is 

illustrated in Figure 4.6.  The change in diameter at each level is small versus the % applied APS.  

The trend indicates that as the % of APS is increased in combination with temperature and molar 

concentration of APS, the diameter of the nanofibrillated cellulose fibers is reduced.  A plot of 

diameter versus molar concentration of APS by temperature shows an asymptotic relationship. 
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Figure 4.6. Plot of Diameter (nanometer) versus % applied ammonium persulfate by 

combined factors temperature (Celsius) and molar concentration of APS (M). 

 

 

Figure 4.7.   Plot of Diameter (nanometers) versus molar concentration of APS by 

temperature (Celsius). 

 

These plots do not provide information on the effect of each treatment independent of the 

others or their interaction with one another on the response variables.  A permanova analysis of 
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the data show that the effect of ammonium persulfate applied accounted for 42% of the variance 

in measured diameters.  Temperature and APS liquor concentration by themselves were not 

significant contributors, however the interaction of these treatments with the applied APS 

accounted for 23.3% and 23.9% of the total variance respectively at the 90% confidence level, see 

Table 4.8.   

Table 4.8.  Multivariate analysis for nanofibrillated cellulose diameter examining effect of 

each treatment and interaction between treatments. 

Treatment Df  SumOfSqs R2 F  Pr(>F) 

Temperature, °C 1 0.02732 0.01535 3.8817 0.280 

Mole APS/g 1 0.83531 0.42162 121.2194 0.066 

[APS], M 1 0.15871 0.07843 22.5501 0.135 

Mole APS/g:[APS], M 1 0.48532 0.23984 68.9567 0.081 

Mole APS/g: Temperature 1 047166 0.23309 67.0165 0.083 

[APS],M : Temperature 1 0.02031 0.01004 2.8863 0.338 

Residual 1 0.00704 0.00348   

Total 7 2.02351 1.00000   

 

 

The difference in length of fibers between treatments was not statistically significant as 

determined by permutational multivariate analysis of variance (PERMANOVA). and Tukey test 

using the ghlt function in Rstudio99.  The only significant difference was between factor 4 and 

factor 2.  The aspect ratio, ratio of length to diameter, varied from 90 to 125 with a standard 

deviation of +/- 50. 
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Table 4.9. Tukey Test Results – comparing fiber length by factor 

 Estimate Std. Error t value Pr(>|t|) 

FACTOR 3 - FACTOR 2 == 0 85.758 52.014 1.649 0.720 

FACTOR 4 - FACTOR 2 == 0 161.240 52.694 3.060 0.052 

FACTOR 5 - FACTOR 2 == 0 176.050 51.391 3.426 0.018 

FACTOR 6 - FACTOR 2 == 0 32.178 52.694 0.611 0.999 

FACTOR 7 - FACTOR 2 == 0 59.195 52.014 1.138 0.947 

FACTOR 8 - FACTOR 2 == 0 95.858 52.014 1.843 0.592 

FACTOR1 - FACTOR 2 == 0 51.767 53.440 0.969 0.978 

FACTOR 4 - FACTOR 3 == 0 75.482 52.694 1.432 0.841 

FACTOR 5 - FACTOR 3 == 0 90.292 51.391 1.757 0.650 

FACTOR 6 - FACTOR 3 == 0 -53.579 52.694 -1.017 0.971 

FACTOR 7 - FACTOR 3 == 0 -26.562 52.014 -0.511 1.000 

FACTOR 8 - FACTOR 3 == 0 10.101 52.014 0.194 1.000 

FACTOR1 - FACTOR 3 == 0 -33.990 53.440 -0.636 0.998 

FACTOR 5 - FACTOR 4 == 0 14.810 52.079 0.284 1.000 

FACTOR 6 - FACTOR 4 == 0 -129.061 53.366 -2.418 0.240 

FACTOR 7 - FACTOR 4 == 0 -102.045 52.694 -1.937 0.528 

FACTOR 8 - FACTOR 4 == 0 -65.382 52.694 -1.241 0.918 

FACTOR1 - FACTOR 4 == 0 -109.472 54.102 -2.023 0.469 

FACTOR 6 - FACTOR 5 == 0 -143.871 52.079 -2.763 0.113 

FACTOR 7 - FACTOR 5 == 0 -116.855 51.391 -2.274 0.315 

FACTOR 8 - FACTOR 5 == 0 -80.192 51.391 -1.560 0.773 

FACTOR1 - FACTOR 5 == 0 -124.282 52.833 -2.352 0.272 

FACTOR 7 - FACTOR 6 == 0 27.017 52.694 0.513 1.000 

FACTOR 8 - FACTOR 6 == 0 63.680 52.694 1.208 0.928 

FACTOR1 - FACTOR 6 == 0 19.589 54.102 0.362 1.000 

FACTOR 8 - FACTOR 7 == 0 36.663 52.014 0.705 0.997 

FACTOR1 - FACTOR 7 == 0 -7.428 53.440 -0.139 1.000 

FACTOR1 - FACTOR 8 == 0 -44.091 53.440 -0.825 0.991 

 

A violin plot, a variation of Tukey’s box plot, of the measured fiber length distribution for 

each factor in the initial experimental design illustrates the scatter in the preliminary data shown 

in Figure 4.8.  The symmetrical density plot shows the shape of this distribution.  The circle 

indicates the median of the sample set, and the solid vertical bar indicates the upper and lower 

quartiles. 
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Figure 4.8.  Violin-Plot of fiber lengths by factor100 

 

Crystallinity was driven by the application of APS on fiber, 25.6% of the variance and the 

concentration of APS accounted for 8.6% of the variance, see Table 4.10.  The interaction between 

applied APS and concentration accounted for 62.9% of the total variance. Temperature did not 

have an impact on the reduction in crystalline regions but did interact with the concentration of 

APS slightly. 

 

Table 4.10.  Multivariate analysis for nanofibrillated cellulose crystallinity. 

Treatment Df  SumOfSqs R2 F  Pr(>F) 

Temperature, °C 1 0.000021 0.00036 1.8863 0.374 

Mole APS/g 1 0.015051 0.25566 1343.9591 0.052 

[APS], M 1 0.005048 0.08575 450.7910 0.048 

Mole APS/g:[APS], M 1 0.037074 0.62974 3310.4284 0.017 

Mole APS/g: Temperature 1 0.000946 0.01607 84.4823 0.110 

[APS],M : Temperature 1 0.000720 0.01223 64.2955 0.053 

Residual 1 0.000011 0.00019   

Total 7 0.058872 1.00000   

 

Overall, crystallinity did not significantly change.  This coupled with the statistically 

insignificant different lengths between treatments may indicate that ammonium persulfate serves 
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to stabilize the carbohydrate reducing end similar to the polysulphide mechanism.  As the reducing 

end group hemiacetal is hydrolyzed to open the ring and form an aldehyde, the ammonium 

persulfate may reduce the aldehyde group to carboxyl group, stopping the peeling reaction.   

Ammonium persulfate applied was very conservative resulting in no significant measured 

difference in nanofiber lengths or crystallinity.  At medium consistency, 5%, mixing became 

problematic.  The surface charge and diameter response even at the low level of ammonium 

persulfate in the experimental design was likely aided by the higher consistencies, molar 

concentration in the liquor, not used in previously published research. 

4.4.2 Kinetics.  

The rate of ammonium persulfate consumption was evaluated holding temperature, molar 

concentration of APS in the liquor and the mols of APS per gram constant.   Samples were taken 

at ten-minute intervals during a two-hour oxidation and the concentration of ammonium persulfate 

was measured.  The consumption of ammonium persulfate was determined to be second order with 

a rate constant of 0.0898 M-1min-1, see Figure 4.9a . 

 
Figure 4.9. a) Residual ammonium persulfate over time.  b) Plot of carboxylic acid mmol/g  versus 

time at 70°C, and 0.044 mol/g APS applied. Shaded area indicates the 95% confidence interval. 
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A plot of carboxylic acid versus time at a temperature of 70 °C, ammonium persulfate of 

0.044 mol/g fiber and an APS liquor concentration of 0.221 M is shown in Figure 4.9b.  The 

development of carboxylic acid content approach an asymptotic limit at approximately 1.5 mmol/g 

after ten hours of oxidation.  This is close to the theoretical maximum of 1.71 mmol/g using the 

110 and (110) plane dimensions reported by Nishiyama for the unit cell and the average length 

and diameter for the nanofibers produced in this investigation101,102,103,104,105,106.  A plot of residual 

ammonium persulfate overlay with the surface acidity is shown in Figure 4.10. 

 

 
Figure 4.10. Residual ammonium persulfate over time and a plot of carboxylic acid mmol/g 

versus time at 70 °C, and 0.044 mol/g APS applied.  

4.4.3 Response Surface – Primary Investigation.  

Three independent variables were used in the study in a central composite design; moles of 

ammonium persulfate applied per gram of fiber (A), temperature of the oxidation reaction °C,  (B), 

and duration of the reaction in minutes (C).  The responses measured were mmol of carboxylic 

acid per gram produced (W), length (X), diameter  (Y), and crystallinity index (Z).  The empirical 

models in terms of the coded factors for the responses are shown in equations 4-17 to 4-20. 
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𝑊 =  1.178 + 0.254𝐴 + 0.150𝐵 +  0.224𝐶 + 0.299𝐴𝐵 +  0.121𝐴𝐶 − 0.150𝐵𝐶 −

0.340𝐴2 − 0.083𝐵2 − 0.446𝐶2           (4-17) 

 

𝑋 =  181.000 +  51.300𝐴 +  15.000𝐵 + 0.740𝐶 − 97.600𝐴𝐵 + 110.400𝐴𝐶 −

18.433𝐵𝐶 + 7.001𝐴2 − 13.465𝐵2 + 23.200𝐶2        (4-18) 

  

𝑌 =  3.932 + 0.092𝐴 + 0.466𝐵 + 0.419𝐶 − 0.359𝐴𝐵 + 0.726𝐴𝐶 + 0.152𝐵𝐶 +

0.457𝐴2 − 0.387 − 0.154𝐶2            (4-19) 

 

𝑍 =  0.798 + 0.012𝐴 + 0.033𝐵 + 0.024𝐶 + 0.017𝐴𝐵 + 0.034𝐴𝐶 + 0.026𝐵𝐶 −

0.032𝐴2 − 0.003𝐵2 − 0.049𝐶2          (4-20)  

 

 
Figure 4.11.  Response surface plots; a) carboxylic acid R2 = 0.81, b) length R2 = 0.93, c) diameter 

R2 = 0.61, and d) crystallinity index R2 = 0.66. 

The interaction between time, temperature, and applied ammonium persulfate had a significant 

influence on the development of carboxylic acid content, the crystallinity, crystallite size, and 
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aspect ratio of nanocellulose fibers produced.  The best fit for the models was a second order 

quadratic, see Figure 4.11. 

Applied APS, time and temperature have significant influence on the surface chemistry.  

The carboxylate content of the NFC produced ranged from 0.64 mmol/g to 1.44 mmol/g as 

measured by conductometric titration.  Higher charge developed with increasing time, 

temperature, and applied ammonium persulfate.  The turbidity of the NFC solutions decreased as 

the surface charge increased, see Figure 4.12. 

 

Figure 4.12. Left to right increasing carboxylic acid content of the NFC; a) 0.6, b) 0.8, c) 1.2, 

d) 1.5 mmol/g. 

 

The density plot distribution was not a normal or Gaussian shape, instead skewing toward 

the fiber with smaller lengths shown in Figure 4.13107.   
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Figure 4.13. Density plots of the probability distributions of fiber a) length (nm) for each model 

factor (color selected to distinguish curves) and b) diameter (nm) for ammonium persulfate 

oxidized bleached northern softwood pulp. 

 

Nanofiber lengths were strongly impacted by applied APS and temperature, see Figure 4.14.  

Average fiber length ranged from 145 to 247 nm with an r2 of 0.93.  NFC diameters increased 

slightly with increasing time and temperature, however, the range in diameters as measured by 

AFM, was narrow, 2.7 to 4.6 nm.  The model did not have a good fit, r2 = 0.61 likely due to the 

similar non-Gaussian shape.   

The crystallinity index determined by the Segal method ranged from 73 to 88%.  It 

increased with increasing temperature as the amorphous regions were hydrolyzed by APS.  The 

model correlation coefficient for crystallinity was poor, r2 = 0.65.  Crystallite was governed by 

applied APS and time.  The model produced a better correlation when considering the change in 

crystallite size, r2 = 0.93, see Figure 4.15.  The crystallite size of the NFC increased as the 

temperature and applied APS increased, which may indicate increased swelling of the fibers as 

measured by XRD108.  A decrease in crystallite size after 350 minutes was measured which may 

indicate crystalline structure disruption associated with the steep rise in crystallinity measured109.   
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Figure 4.14. AFM images and length distribution histograms for a) treatment 1 (70C, 240 

minutes, 0.039 mols APS/g, b) treatment 2 (90C, 240 minutes, 0.039 mols APS/g). 
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Figure 4.15. Response surface plot of crystallite size, R2 = 0.93. 

A plot of intensities normalized to the 002 peak is unremarkable and does not indicate the measured 

changes in crystallinity, see Figure 4.16.  The amorphous region obscures any peak differentiation. 
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Figure 4.16. XRD scans of NFC films for several treatment condition with increasing surface 

charge. 

 

4.4.4 Response Surface – Model Validation.  

The model, equation 4-17, was validated using three oxidation experiments.  One was within the 

boundaries of the design and two were outside of the experimental boundary.  Results of the 

validation of the model are outlined in Table 4.11.  Two validation tests were outside the model 

experimental space as shown by the red frame in Figure 4.17.  The difference between the model 

prediction, equation 4-16, and the actual measured carboxylic acid content was 4% or less 

demonstrating the model’s good estimation capability. 
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Table 4.11. Validation test results, Treatment (mols APS/g, Temperature, Time).  * Treatments 

that were outside the experimental model. 
Treatment Predicted mmol/g Actual mmol/g % Difference 

0.039/ 70/ 360 0.878 0.845 4.0% 

0.039/ 70/ 120 0.443* 0.461 4.0% 

0.058/ 70/ 120 0.294* 0.299 1.7% 

 

 
 

Figure 4.17  Experimental validation points a) within the boundaries of the response surface 

model, b) outside the boundaries of the response surface model.  Red square indicates boundaries 

of experimental design. 
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Reproducibility of the experiments was confirmed using eleven replicates spread across two 

months and at two levels.  These were analyzed using a pooled variance t procedure – Tukey test 

using the R glht function110.  No statistically significant difference between samples within factors 

was determined.  There was a statistically significant difference between samples across different 

factors.  Factors were grouped by month and compared in a butterfly plot, see Figure 4.18b.  A 

Tukey analysis was also performed on these blocks.  

 
Figure 4.18. a) Predicted vs Actual surface chemistry, b) Box plot with butterfly overlay – groups by 

month and factor. 

 

The block-to-block analysis indicate no statistical difference within levels between blocks 

(months).  There was still significant difference between factors within a month. 

4.4.5 Lignin Selectivity.  

The color change was rapid as APS reacted with the lignin, see Figure 4.19a.  It has been reported 

that reactive functional groups in lignin can be oxidized in TEMPO mediated oxidation 

reactions111.  A portion of the carboxylic acid content produced during APS oxidation may be from 

reactions with lignin as was found with TEMPO mediated oxidation of thermo-mechanical pulp.  

However, to achieve a similar carboxylic acid content on high lignin (25.3%) thermomechanical 

pulp as with a lignin-free fiber, Okita demonstrated that a three-fold increase in hypochlorite was 
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required112.  The treatment of wheat straw fines with lower lignin (0.42%) content, at the same 

hypochlorite addition, resulted in a 45% decrease in carboxylic acid development113.   

The ammonium persulfate (APS) mediated oxidation produced similar surface charge in 

unbleached fibers (4% lignin) by extending only reaction time as shown in Figure 4.19b.  Surface 

charge developed on the bleached northern softwood Kraft (B-NSWK) at the same rate for both 

70°C and 90°C treatments.  Increasing the temperature by 20 degrees increased the surface charge 

of the bleached fiber by 13%.  The rate of surface charge development on the unbleached northern 

softwood Kraft (UB-NSWK) was considerably flatter.  At 90°C the unbleached fiber surface 

charge was 52% lower than for the bleached fiber and lower than the 70°C treatment.  The rate of 

SO4
•- radical β-O-4 cleavage reactions with Guaiacyl lignin will be slower than acidolysis reactions 

such as sulfuric acid due to the lower pKa of the conjugate base114.  In persulfate systems reinforced 

with hydrogen peroxide, high degradation of lignin and hemicellulose has been observed similar 

to Fenton-like reactions115,116.  In the described process, formation of the sulfate anion is rapid 

reacting preferentially with amorphous cellulose and forming carboxylic acid groups.  The results 

indicate that a portion of the sulfate radical is consumed in delignification reactions but with 

increasing temperature, the delignification reactions are favored. 
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Figure 4.19.  a) Photographs showing the visual evolution of the APS oxidation of 

unbleached pulp over a one-hour period. b) Surface charge of bleached (BNSWK) wood pulp 

and unbleached (UB-NSWK) c) Surface charge of non-wood hop bine fibers (HOPBINE). 
 

To demonstrate the applicability of this approach on non-wood fibers, APS oxidation of low lignin 

(4%) hop bine developed close to the same rate as the unbleached softwood pulp (UB-NSWK), 

however, it achieved a higher carboxylic acid content closer to that of the bleached softwood (B-

NSWK), Figure 4.19c.  Note that the RSM conditions selected did not result in the lignin 
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containing fibers approaching an asymptotic limit for carboxylic acid development.  There was 

also a measured decrease in carboxylic acid content as temperature was increased.  Hop bine 

(HOPBINE) surface charge at 90 °C was 5% lower than at 70 °C, see Table 4.12.  This may be 

due to the Guaiacyl, Syringyl, and p-coumaryl lignin present in non-wood species.  Higher 

delignification rates have been shown to correlate with the ratio of Syringyl to Guaiacyl (S/G) 

lignin present in hardwoods117.  Although the S/G ratio of hop bine lignin has not been studied, 

the ratio of S/G in industrial hemp has been experimentally determined to be 0.64118.  A previous 

study has demonstrated that hop bine delignifies at the same rate as industrial hemp therefore we 

hypothesize that hop bine likely contains a similar S/G ratio119.   

Table 4.12. Experimental matrix for the APS oxidation of bleached and unbleached softwood 

pulp, and residual hop bine fibers. 

Sample Time mols APS/g 
Temperature, 

°C 
mmol Carb/g 

B-NSWK-70 240 0.0582 70 0.796 

B-NSWK-90 240 0.0582 90 0.845 

B-NSWK-70 480 0.0582 70 1.194 

B-NSWK-90 480 0.0582 90 1.227 

UB-NSWK-70 240 0.0582 70 0.687 

UB-NSWK-90 240 0.0582 90 0.458 

UB-NSWK-70 480 0.0582 70 0.817 

UB-NSWK-90 480 0.0582 90 0.570 

HOPBINE-70 240 0.0582 70 0.916 

HOPBINE-90 240 0.0582 90 0.874 

HOPBINE-70 480 0.0582 70 1.091 

HOPBINE-90 480 0.0582 90 1.027 

 

The color of the hop bine fiber initially was darker and bleaching of the fibers did not occur as 

rapidly or to the extent that the UB-NSWK proceeded.   

4.4.6 Mechanical Treatment.  

Prior to mechanical homogenization of the oxidized fibers, fibers were isolated and 

analyzed with scanning electron microscope.  The solid precipitate after mechanical 
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homogenization and centrifugation was also isolated and examined by scanning electron 

microscopy.  The scans show an intact but collapsed fiber surface, see Figure 4.20. 

 
Figure 4.20. a) Unoxidized softwood fiber, b) APS oxidized softwood fiber. 

 

After sonication and centrifugation, the precipitate was isolated and scans were taken with an 

SEM.  The images show collapsed fiber fragments and fiberous material coating the substrate 

likely microcrystalline cellulose shown in Figure 4.21a.  Bordered pitting is still visible in the 

small fragments enlarged in Figure 4.21b.   

 
Figure 4.21 a) SEM image of oxidized cellulose precipitate, b) expanded green bordered 

inset showing fiber fragments and bordered pits. 
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Low surface charge samples did not disintegrate well.  The standard 4-minute sonication used 

in the standard method for TEMPO-mediated oxidation was insufficient resulting in significant 

MFC retained after centrifugation.  Amplitude is the primary control.  A test sample of Northern 

bleached softwood kraft pulp was prepared at 70 °C for 4 hours to produce approximately 25 g of 

oxidized fiber for evaluation at a charge of 0.85 mmol carboxylic acid/g.  Amplitude was held 

constant at 90%, consistency held constant at 1.0%, volume of 150ml.  The more viscous a 

solution, the greater the power demand on the probe.  Time was varied in increments; 5, 7.5, 10, 

12.5, 15, and 20 minutes, see Table 4.13.  The tip was replaced prior to this treatment. 

Table 4.13. AFM results of mechanical treatment response 

Experiment mol 

APS/g 

Temp 

°C 

Time 

hrs 

Time, 

min 

sonic 

Joules Yield 

% 

Length  

(nm) 

Diamter 

(nm) 

Aspect 

Ratio 

CCD - 3 0.059 70 4    219 (sd=159) 3.4 (sd=1.8) 80.16 

1 0.059 70 4 5 33000 4% 197 (sd=131) 3.1 (sd=1.2) 70.09 

2 0.059 70 4 7.5  6% 223 (sd=141) 3.3 (sd=1.2) 73.80 

3 0.059 70 4 10 66800 9% 224 (sd=165) 3.9 (sd=1.9) 69.14 

4 0.059 70 4 12.5 85000 8% 241 (sd=158) 3.8 (sd=1.7) 77.06 

5 0.059 70 4 15 100200 4% 230 (sd=136) 3.7 (sd=1.4) 69.48 

6 0.059 70 4 20 129200 10% 225 (sd=138) 2.8 (sd=1.4) 93.95 
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Figure 4.22 a) AFM scan of 5-minute treatment, b) AFM scan of 20 minute treatment, c) 

histogram of 5 minute scan with median value indicated by blue line, d) frequency plot of 20 

minute scan. 

 

A Tukey test indicates that all samples are identical with the exception of the 20-minute 

treatment.  This treatment is statistically different then each of the other treatment times.  The 20-

minute test produced virtually no fiber aggregates and median aspect ratio was higher – likely due 

to the disruption of the fiber aggregates, see Figure 4.22a.  The supernatant of the 20-minute 

treatment was also twice the concentration of NFC compared to the 5-minute treatment.  Yield is 

likely low for a number of reasons.  First, volumes are small and a significant mass of MFC remains 
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at the bottom of the centrifuge tube after sonication.  Prior to this filtration methods used are not 

intended for yield determination likely resulting in losses. 

A second set of APS oxidized samples were produced using different consistencies to evaluate 

the impact of molar concentration on resulting yield.  Yield increased with increasing molar 

concentration while surface charge decreased. 

Table 4.14. Yield at varying APS molar concentrations and resulting surface charge 

development. 

Sample Time 

minute

s 

Temp 

°C 

Consistency mols 

APG/g 

[APS] M mmol 

Carb/g 

Yield 

% 

1 180 70 0.5% 0.048 0.244 0.771 2.38% 

2 180 70 1.0% 0.024 0.245 0.632 - 

3 180 70 2.0% 0.024 0.497 0.477 21.5% 

 

The production of quantities of NFC required for paper amendment would require several 

days of ultrasonication.  A more suitable approach would be use of a microfluidizer.  Samples 

were processed and XRD analysis performed as shown in Figure 4.23 and Table 4.15.  As the 

number of passes increased the MFC precipitating after centrifugation eventually became 

negligible.  Increasing the number of passes resulted in increasing concentration of NFC in the 

supernatant and increasing crystallinity.  Crystallinity began to reach an asymptotic limit at 

approximately 5 passes. 
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Figure 4.23. Crystallinity and yield with increasing passes through microfluidizer. 

 

Table 4.15. Concentration of NFC in supernatant and crystallinity response to increasing the 

number of passes through microfluidizer. 

 

Sample Passes mg/ml NFC Crystallinity 

1 1 0.8867 0.744 

2 2 1.1800 0.798 

3 3 1.9000 0.774 

4 4 1.9533 0.842 

5 5 2.0933 0.807 

6 6 2.0533 0.839 

7 7 2.2933 0.866 

 

 

4.5 Conclusions 

The response surface model developed using a central composite design demonstrates that 

ammonium persulfate oxidation of cellulose fibers under controlled conditions of temperature, 

time, and applied oxidant will produce nanofibrillated cellulose with specific surface chemistry, 

crystallinity, and aspect ratio.  Selecting conditions outside and within the experimental design, 

RSM was used to predict the carboxylic acid content for the various treatments, which was then 

validated experimentally.  Extending the response surface model, nanofibrillated cellulose fibers 
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was produced from lignin containing fibers from both softwood and an agricultural residual, hop 

bine.  While increased temperature significantly reduced the development of surface chemistry in 

unbleached softwood fibers, the surface charge obtained with the higher lignin content agricultural 

residual demonstrate the model is not limited to lignin-free fibers.  Renewable fibers from 

agricultural residues, such as hop bine, combined with a “green” oxidant represent a significant 

step in producing lignocellulosic nanofibers (LNF) for advanced materials.  These results 

demonstrate that the reactivity of ammonium persulfate can be controlled to engineer specific 

nanofibrillated cellulose fiber characteristics in both bleached and unbleached fibers.  Where 

measured, yields, defined as the extent of reaction for the conversion of cellulose fibers to NFC 

were below 10% as a result of the dilution factor (400:1) selected. Preliminary experimentation 

reducing the liquor to wood ratio to 19:1 has achieved yields of up to 57% without affecting the 

product properties. While process yield was not selected as one of the responses of the RSM design 

being outside the scope of this investigation, process optimization will be undertaken in future 

research to optimize the yields of APS-oxidized nanocellulose with specific characteristics. 

Additionally, consideration will be given to the spent reaction liquor produced, which may provide 

both sulfur, nitrogen, and carbon as a soil amendment, an opportunity to reduce inorganic fertilizer 

requirements and increase soil carbon sequestration. 
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Chapter 5. Ammonium persulfate oxidized nanofibrillated cellulose for 

reinforcement of paper; morphological and mechanical 

evaluation. 

5.1 Introduction 

With the increasing rate of recycled pulp being utilized in the production of printing and 

packaging materials, paper manufacturing employs larger quantities of chemical additives, up to 

30% of the material composition, to maintain and optimize the properties of the final products1. In 

particular, silica nanoparticles have been used to improve drainage and retention in paper through 

a bridging mechanism with other polyelectrolytes such as cationic polyacrylamide (cPAM) or 

cationic starch2,3.  High molecular weight cationic polymers combined with anionic nanoparticles, 

such as anionic silica, improve the dispersion and bridging between fibers and particles in 

suspensions, while demonstrating resistance to high-shear deflocculation.  These wet end 

chemistry systems however can be expensive, result in low intrinsic strength and do not biodegrade 

in the environment.   

Nanofibrillated cellulose (NFC), produced from abundant natural biomass exhibit high 

specific surface area and share a similar composition as pulp fibers, providing a renewable and 

biodegradable alternative to traditional fillers used for paper quality improvements.  The 

incorporation of NFC in paper has been effective in enhancing mechanical and barrier 

characteristics4.5,6.   

Mechanically produced NFC and TEMPO-oxidized NFC have been used to increase the 

strength properties and reduce the permeability of paper7,8,9.  However, the direct addition of NFC 

to pulp suspensions is limited by coulombic repulsions between NFC and pulp fibers (i.e both 

structures present anionic charges on their surface) and by drainage issues due to the high-water 
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retention capacity of the hygroscopic network10.  In addition, when NFC is used in combination 

with cationic polymers and/or inorganic fillers in dual component retention systems 11, flocculation 

issues may arise, hindering the reinforcing effect of NFC. 

The flocculation of fine materials may further improve with control of surface charge.  

Mechanically produced NFC and TEMPO-NFC have been utilized as a reinforcement in paper to 

improve the strength properties and to reduce the permeability of paper12,13,14,15.  As a result, the 

introduction of NFC into paper either as an amendment or coating is growing and has potential in 

commercial application as shown in Table 5.5 

The aspect ratio and surface charge of nanocellulose influence their ability to form a cross-

linked network through hydrogen bonding and electrostatic interactions between the different 

paper components, all of which are important to improved function of dual component retention 

chemistry. Despite the increasing number of reports on the utilization of NFC in papermaking, 

comprehensive studies examining the effect of NFC characteristics on paper properties remain 

scarce.  The use of retention chemistry required to form stable dispersions and promote bridging 

between the polydispersed NFC and paper fibers is rare16, but instead favor formation of 

aggregates according to percolation theory17.  Where charged NFC is used, the effect of NFC 

surface charge cannot be assessed as it is not decoupled from variation in NFC morphology18, see 

Table 5.5.  In this work, NFC with similar morphologies but different carboxylic contents were 

synthesized based on the economically attractive ammonium persulfate (APS) mediated oxidation 

method, to assess specifically the influence of surface charge and NFC content on the physical 

performance of the resulting materials.  Principal component analysis (PCA) will be used to 

uncover interactions between treatment conditions and response variables.  This research provides 

a method for reinforcing cellulose paper fibers in dual component retention systems with a 
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sustainable and cost-effective alternative nano cellulose product derived from lignocellulosic 

biomass.  

5.2 Materials and Methods 

The base fiber used is bleached Northern softwood Kraft (B-NSWK) supplied by 

Westrock, Tacoma, WA.  The mixture is approximately 50:50 Douglas fir (Pseudotsuga menziesii) 

and Western Hemlock (Tsuga heterophylla). Cationic polyacrylamide (cPAM) was supplied by 

BASF, Florham Park, New Jersey.  Poly-DADMAC was supplied by Aldrich Chemical.  

Ammonium persulfate (APS) was supplied by VWR Chemicals LLC, CAS: 7727-54-0.  Sodium 

sulfate was obtained from Sigma Aldrich, St. Louis, MO, USA, CAS 7757-82-6.   

5.2.1 Preparation of NFC by APS Oxidation.   

NFC were synthesized from bleached softwood pulp using a previously reported 

ammonium persulfate (APS) oxidation procedure19.  15 grams of oven dried pulp was added to 

300 ml of deionized water and disintegrated in a waring blender.  The pulp slurry was then 

transferred to an Erlenmeyer flask containing 480 g of 2M ammonium persulfate solution.  The 

degree of oxidation was controlled by carefully adjusting the reaction time and temperature as 

follows: the high charge NFC was oxidized at 80 °C for 420 minutes, while the low charge NFC 

was prepared at 70 °C for 180 minutes, as shown in Table 5.1.  These conditions were determined 

based on response surface models for APS oxidation of NFC, as reported elsewhere19.  The 

oxidation reactions were conducted under constant agitation and terminated by quenching the 

mixture in an ice bath to rapidly drop the temperature. The resulting suspensions were then 
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transferred to a Spectra/Por 4 molecular porous membrane tube, MWCO: 12-14 kD for dialysis 

against deionized water until a pH greater than 3.4 was achieved.   

 

 

Figure 5.1. a)Schematic representation of the oxidation, dialysis, homogenization, . b-c) AFM 

plot and aspect ratio distribution of nanofibers for low carboxylic acid surface charge and high 

carboxylic acid surface charge respectively. 
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A 22 factorial design summarized in Table 5.1was selected to examine the two levels of surface 

charge and two levels of NFC amendment relative to a base sheet. 

 

Table 5.1. Experimental Design 

Condition % NFC mmol Carb/g 

1 0 0.00 

2 5% 0.88 

3 10% 0.88 

4 5 % 1.34 

5 10% 1.34 

 

After dialysis, the oxidized materials were subjected to mechanical energy from a 

microfluidizer M110-S, Microfluidics Corporation, Westwood, Massachussetts20.  A 0.3% 

dispersion was passed through an 80 μm diameter z-type interaction chamber five times at an 

operating pressure of 95 MPa.  The processed materials were transferred to 50.0 mL vials and 

centrifuged for 20.0 minutes at 2950 rpm (1720 relative centrifugal force).  The supernatant, 

containing the NFC, was then collected into a clean 50.0 mL centrifuge vial prior to further 

testing21,22,23. 

5.2.2 Nanofiber Characterization.   

The morphology of NFC prepared under different conditions was characterized by atomic 

force microscopy (AFM). Prior to AFM observations, nanocellulose dispersions were chemically 

bonded to the surface of a mica wafer based on a previously established procedure24.  Topography 

images were produced by scanning 5 µm2 regions of the different samples at a scan rate of 0.977 

Hz using a Bruker ICON AFM equipped with a bluedrive photothermal excitation and operated in 

tapping mode.  Gwyddion software was used to level the surface, analyze the resulting scan, and 

determine the fiber diameters25, while ImageJ was employed to measure the NFC length 
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distribution26.  The aspect ratio was calculated by dividing the measured length by the diameter of 

the fiber.   

 

The carboxylate content of the NFC is determined by a modification of previously published 

conductometric titration conductometric titration using 0.01 molar NaOH27,28,29..  Approximately 

0.1 grams of oven-dried fiber are added to a 40.0 mL scintillation vial to which 10 mL of 0.01M 

HCl are added.  Deionized water makes up the remaining volume.  The vials are then either 

sonicated for 15 minutes or allowed to sit for 2 hours during which the Na cations bound to the 

carboxylic acid groups are exchanged by H+ ions30..  The samples are then transferred to a 400 

mL beaker and the volume brought up to 200 mL with deionized water.  Conductivity is recorded 

using an Orion Star A212 meter for every 0.250 mL of titrant delivered by an Arduino controlled 

peristaltic pump.   

The specific surface area (SSA) of as-synthesized materials was determined using Congo Red 

(CR) adsorption on the NFC surface31,32,33.  The fine structure of nanofibers may be characterized 

through the use of direct dye, Congo red, as they are physically absorbed on the cellulose in a 

method described by Ingelsby34.  The specific surface area (SSA) was determined using Congo 

red (CR) adsorption of the nanofibers after dialysis34.  The CR molecule diffuse into the fiber as 

shown in Figure 5.2. 
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Figure 5.2. Schematic of the adsorption of Congo red (CR) on the cellulose fibers37. 

 

Nanofibers typically range in size from 91 to 282 m2/g determined by the CR method as shown 

in Table 5.2.  

 

Table 5.2. Nanofiber size comparisons using Congo red dye adsorption. 
Nanofiber type  SSA, m2/g 

Bacterial Cellulose (BC) 32  91 

Microcrystalline Cellulose (MFC)32   35-160 

Nanofibrillated Cellulose (NFC)35,36  132-282 

Cellulose37  2.9-22.1 

   

 

The NFC suspension for each charge was dyed with a 5% to 15%  W/W Congo Red solution 

at 50 C for 24 H.   Prior to treatment with CR, 0.08% (W/W) sodium sulfate buffer (0.1M) is added 

to the dialyzed supernatant.  NaCl (0.1M) was added at 0.0005% (W/W) to each sample to 

neutralize the negative charge on the nanofibers38.  If this is neutralization is not performed, the 

dye will not adsorb39.  Congo red is an inorganic anionic dye making it challenging to approach 

the surface of the cellulose nanofiber.  The Na+ gathers around the carboxylic acid charge on the 

surface and neutralizes it facilitating adsorption of the dye.  The samples were then centrifuged for 

10 minutes followed by UV absorbance measurement of the supernatant at 488 nm using a 
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Shimadzu UV1880 spectrophotometer with a spectral resolution of 1 nm.  The adsorption of Congo 

red on the nanofibers was calculated using the Langmuir isotherm equation 5-1 because it forms a 

mono-layer on the surface of the nanofibers40,41,42,43.  [C]t is the concentration of dye in solution at 

adsorption equilibrium (mol/L).  [A]a is the equilibrium concentration of the applied dye adsorbed 

on nanofiber (mg/g).  [A]t,max is the maximum amount (mg/g) of dye adsorbed onto the nanofiber.  

KL is the Langmuir adsorption equilibrium constant (L/mol)44,45. 

 

[𝐴]𝑎 =
[𝐴]𝑚𝑎𝑥𝐾𝐿[𝐶]𝑡

1 + 𝐾𝐿[𝐴]𝑚𝑎𝑥
             (5-1) 

 

The specific surface area of the nanofiber can be calculated from equation 2 where NA is 

Avogadro’s constant, SACR is the surface area of one molecule of Congo red (1.73 nm2) and MW 

is the molecular weight of Congo red (696.7 g/mol). 

 

𝑆𝑆𝐴𝑛𝑎𝑛𝑜𝑓𝑖𝑏𝑒𝑟 =  [𝐴]𝑚𝑎𝑥 𝑥 𝑁𝐴 𝑥 
𝑆𝐴𝐶𝑅

𝑀𝑊 𝑥 1021                                                       (5-2) 

5.2.3 Preparation of Hand-sheets.   

Bleached softwood kraft pulp was slurried in a British disintegrator then dewatered to form 

a 10% pulp consistency.   The pulp slurry was placed in a PFI mill and refined until a Canadian 

Standard Freeness (CSF) of 150 was achieved46.  The electrical conductivity of the refined 

bleached softwood pulp was adjusted to 1000μs/cm using sodium sulfate in a method described 

by Lenze4.  Charged nanofibrillated cellulose (NFC) was subsequently added at the prescribed 

amendment level with water to bring slurry consistency to 0.3%, see Table 5.1. 

Poly-DADMAC, prepared as a solution of 0.25% in water, was added to the 0.3% 

consistency pulp slurry at 0.05% (W/W) prior to addition of cationic polyacrylamide (cPAM).  
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Poly-DADMAC, prepared as a solution of 0.25% in water, was added to the 0.3% consistency 

pulp slurry at 0.05% (W/W) before the addition of cationic polyacrylamide (cPAM).  The pulp 

slurry was continuously stirred at 500 rpm.  The poly-DADMAC addition promotes the bridging 

mechanism over the patch mechanism of the cPAM.  The negative counterions introduced by the 

polyelectrolyte reduce the Stern layer and stabilize the dispersion as depicted in Figure 5.347,48.  

After five minutes,  cPAM, prepared as a 0.1% solution in water, was added to the slurry at 0.05% 

(W/W) as shown in Figure 5.3, followed by an additional five minutes of agitation.  Hand sheets 

were produced to 60 gsm according to TAPPI T22049.   

 
Figure 5.3. Schematic representation of Fiber-CPAM-NFC bridging network. 

 

5.2.4 Fines Retention. 

Fine retention was performed using a dynamic drainage tester, Britt jar, with four different 

screens, 125M,  100P, 60W, and 125W according to TAPPI test method T2615051.  Agitation was 

set to 500 RPM52,53.  The filtrate was collected and subsequently passed through a 2.5μ filter paper.  

The solids retained were then determined by weight on the mesh screen and filter paper according 

to TAPPI method T26154. 
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5.2.5 Physical Testing.  

Hand sheets were conditioned according to TAPPI method T402 for 24 hours55.   Non-

destructive testing of opacity, light scattering and absorbence, L*a*b* color56, and permeability57 

were conducted followed by tensile58 and tear evaluation59. SEM images were taken with a Sirion 

XL30 scanning electron microscope (5 kV), and all samples were platinum-sputtered with a Leica 

EM ACE600 to a depth of 4 nm before observation. 

 

5.2.6 Data Analysis.  

R-studio was used to perform statistical analysis, principle component analysis, and to 

visualize the data60,61,62.  Matlab was utilized to construct average plots of the elongation curves 

for each sample63,64. 

 

5.3 Results and Discussion 

5.3.1 Nanocellulose Characterization.   

NFC fibers were produced with surface charge of 0.88 and 1.34 mmol carboxylic acid/g 

with aspect ratio of 80.4 and 63.2, respectively and shown Figure 5.1b-c.  The mean fiber length 

was determined to be 237 nm and 195 nm and mean fiber diameter to be 3.2 nm and 3.6 nm 

respectively.   

There was a significant increase in specific surface area, 47%, of the nanofiber for the low 

charge versus the high charge, see Table 5.3.  This is in contrast to increasing specific surface area 

(SSA) and decreasing fiber diameter with increasing carboxylic acid content found in prior studies, 

see Figure 5.465,72. 
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Figure 5.4.Normalized SSA to diameter at varying NFC surface charge for TEMPO-NFC. 

Previous studies have found a strong correlation between the SSA normalized to NFC 

diameter and the surface charge of the TEMPO-NFC fibers65,72.  Increasing carboxylic acid content 

is associated with increased fibrillation.  The observation measured in this study is likely a result 

of the aspect ratio being driven by length and relatively unaffected by diameter.  The length being 

longer for the lower charge nanofibers resulted in greater area for bonding which is in agreement 

with the improved strength measured in the reinforced paper with low charge nanofibers (NFC). 

A plot of absorption of Congo red on the fibers shows reduced relative absorption by the 

high charge NFC versus the low charge NFC, see Figure 5.5 

Table 5.3. Morphological characterization of the nanofibers  (95% confidence interval shown 

for aspect ratio, length, and diameter). 
    Langmuir  

Condition Aspect 

Ratio 

Length 

(nm) 

Diameter 

(nm) 

[A]max, 

mg/g 

KL 

L/mol 

r2 SSA 

m2/g 

CI   

Low Charge Fiber 80±9.0 237±19.5 3.2±0.27 94.8 0.0242 0.998 141.8 78 

High Charge Fiber 60±11.1 195±30.1 3.6±0.41 64.5 0.0325 0.997 96.5 79 
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Figure 5.5.a) UV absorption calibration curves, b) Langmuir isotherm predicted equilibrium 

concentration,[A]a, of the applied dye adsorbed on nanofiber (mg/g) for different dye 

concentrations (W/W fiber). 

 

Scanning electron microscope images show that as you increase the NFC at low charge, the 

sheet begins to densify relative to the base sheet.  The grammage of the hand sheets produced 

averaged 63.5 (±0.37) gsm.  Different NFC levels and charges did not result in  significant 

structural differences on the sheet surface , see Figure 5.6a-f.  Scans of the edge show, however, 

that at the higher charge the sheet is less densified as shown in Figure 5.6g-h.  The caliper of the 

lower charge nanofibrillated cellulose was 4.19 (±0.08) microns while the caliper of the high 

charge was 4.61 (±0.05) microns .The base sheet caliper measured 4.57 (±0.05) microns. 

Fiber retention was highest with the lower charge nanofibrillated cellulose, 95.3%.  The high 

charge fiber formed visible fiber flocs at the 10% reinforcement level observed in the fiber pad.  

As NFC addition and charge were increased, fiber retention was reduced to 92.2%.  This is 

consistent with previous observations that the higher charge NFC at the higher addition rate may 

be saturating the surface and causing charge reversal consistent with polymeric flocculant theory66.   
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Figure 5.6.  a-b) base sheet, c-d) 5% NFC addition at low charge, e-f) 5% NFC addition at 

high charge. Paper edge view g) 10% NFC reinforcement - low charge (4.19 ±0.08 microns), h) 

10% NFC reinforcement at high charge (4.61 ±0.05 microns). See appendix for large scale 

images. 

 

5.3.2 Structural Paper Characterization.   

The anionic surface charge on the nanofibrillated cellulose provided electrostatic attraction 

with the cationic polyacrylamides (cPAM) to bind with the cellulose fibers.   The maximum tensile 

strength and permeability occur when the surface charge is low and the NFC content is at 10% 

(W/W) shown in Figure 5.7a-b.  At higher charge, increased NFC addition level produced fiber 

flocs resulting in reduced strength and permeability response.  This may be due to the saturation 

of the fiber surface with high charge APS-NFC creating increased electrostatic repulsion between 

fibers.  The APS-NFC behaves like a microparticle in combination with the bridging polymer 

which would normally reduce the flocculation of fibers at higher surface coverage67.  The 
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polyelectrolyte may be too low in concentration to effectively screen the electrostatic interaction 

between fiber and the higher charge NFC inducing floc formation47. 

With bonding degree between fibers already high (the bleach softwood Kraft was refined 

in a PFI mill to the maximum tensile and tear development) the addition of NFC resulted in lower 

tear relative to the base sheet, see Table 5.4, which is consistent with a highly bonded sheet68,69, 

see Table 5.4. 

 

 
Figure 5.7.  a) Influence of NFC surface charge and addition level on tensile strength. b) 

influence on sheet permeability. 

 

The tensile (N-m/g) increased by 25.9% at 10% NFC reinforcement with low surface charge fiber 

relative to the base paper.  Young’s modulus increased by 18.6%.  The greatest increase in the 

modulus was at the highest charge and lowest reinforcement level.  The elongation curve for the 

high charge and high addition rate were almost identical to the low addition rate.  It may be 

attributed to the increased flocculation that was observed with the high charge.  There was no 

measured decrease in elongation at break indicating that the flexibility of the base sheet persists 

and that the NFC is improving the load carrying capacity of the fiber, as shown in the load-

elongation curve Figure 5.8. 
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Table 5.4. Physical test summary data of nanocellulose reinforced paper (mean ±SD).. 

 
Condition Tensile 

(N-m/g) 

TEA (J/g) Tear 

(mN-

m2/g) 

Modulus 

(GPa) 

Strain (%) Permeability 

(μm/Pa-s) 

BASE 58.4 ±1.2 0.84 ±0.07 18.3 ±1.2 14.0 ±2.5 3.54 ±0.03 29.9 ±4.5 

NFC-5-LC 71.6 ±1.8 1.21 ±0.07 16.3 ±1.1 14.9 ±2.2 3.30 ±0.02 8.4 ±1.5 

NFC-10-LC 73.5 ±2.8 1.08 ±0.37 14.9 ±1.4 16.6 ±2.3 3.44 ±0.06 2.2 ± 0.6 

NFC-5-HC 68.5 ±3.1 0.92 ±0.31 14.8 ±1.4 16.0 ±1.3 4.05 ±0.05 12.2 ±1.9 

NFC-10-HC 67.4 ±3.4 1.02 ±0.18 16.1 ±1.5 15.3 ±2.0 2.85 ±0.03 9.8 ±1.7 

 

 
Figure 5.8.   Specific stress versus strain.  Gauge length set at 100mm, sample width of 

15mm. 

 

Table 5.5. Publications applying TEMPO-NFC as reinforcement in paper compared to APS-

NFC.  Retention aids listed are cationic starch (CS) and cationic polyacrylamide (CPAM). 

 
NFC Type Retention 

Aid 

Addition 

Level 

Charge 

(mmol/g) 

Tensile  

(N-m/g) 

Permeability 

(µm/Pa-s ) 
Table 3 Summary CPAM 5-10% 0.88-1.34 67-73.5 2.2-12.2 

Gonzalez(2012)70 CS 3-9% - 31-51.3 - 

Alcalá(2013)71 none 3-12% 0.40 - - 

Delgado-Aguilar (2015)72  CS 2.2-3% 0.51-0.84 34-40.3 - 

Balea(2016)73 CPAM 3-5% 0.59-0.75 44-62.6 1.04-3.24 

Balea(2017)74 CPAM 0.5-3% 0.17-1.18 44-47.9 - 

Espinosa(2017)12 none 1-5 0.36 - - 

Balea (2019)75 CPAM 1-3% 0.25-1.04 - 0.61-8.3 

 

Lower surface charge at higher addition rates resulted in a significant reduction in 

permeability as shown in Figure 5.7b.  This is consistent with published findings showing that as 
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charge is reduced and addition rate increased, permeability for TEMPO-NFC reinforced paper is 

similarly reduced.  Increasing the surface charge of nanofibers was observed to lower permeability 

but not to the extent that NFC of lower charge achieved. 

 

5.3.3 Principle component analysis 

A principal component analysis was performed on the physical response data.  The first 

principal component was attributed to the tensile, tensile energy absorption and breaking length of 

the fibers which accounted for 67% of the total variance in the data.  The percentage of NFC 

reinforcement influenced these response variables with surface charge to a lesser extent.  An 

analysis of variance (ANOVA) on each individual response confirmed that tensile, tear and stretch 

were significantly influenced by surface charge.  NFC Surface charge was not significant, at the 

0.95 confidence level, for tensile energy absorption and breaking length.  Reinforcement was 

significant at the 0.95 confidence level for tensile, stretch, breaking length and tear.  There was 

strong interaction between surface charge and NFC amendment level for all responses 

 
Figure 5.9. Principal component analysis of a) mechanical properties at varying NFC charge, 

b) scree plot of principal component for mechanical properties. 
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The second principal component accounted for 19% of the variance in the data due to elastic 

modulus and stretch of the fibers.  These response variables were primarily impacted by the surface 

charge of the fibers.  The NFC amendment level (%NFC) was also statistically significant for 

stretch but not for the elastic modulus.  The third principal component is attributed to the variance 

in the tear data. 

5.4 Conclusions 

APS-oxidized nanofibers were produced from bleached northern softwood Kraft fibers 

with surface charge 0.88 and 1.34 mmol/g carboxylic acid and aspect ratios of 80 and 60 

respectively.  The tuned NFC fibers were added to softwood pulp as a reinforcement at 5 and 10% 

by weight.  The addition of a high aspect ratio NFC at both amendment levels produced a 

composite network of cellulose fibers with superior barrier and strength properties.  At 10% 

addition permeability was reduced by 93% to 2.2 µm/Pa-s and tensile development increased by 

25.9% to 73.5 N-m/g.   

Increasing the surface charge of nanofibrillated cellulose resulted in the formation of large 

disperse flocs which may be a result of electrostatic repulsion caused by higher fiber surface 

saturation consistent with polymeric flocculation theory.  The lower retention at high NFC addition 

and higher surface charge suggests that tuning the polyelectrolyte and cPAM addition level is 

needed to mitigate the floc formation observed with higher surface charge NFC and addition rates.  

The elastic modulus for the higher surface charge NFC was the only response that was higher than 

the low aspect low charge fibers.  If a stiffer material is required, we can utilize an NFC fiber with 

a higher surface charge.  A low-charge fiber can be engineered to design a material with improved 

flexibility and lower permeability.  These results demonstrate that applying a response surface 

method to tune the morphology and surface chemistry of APS-NFC fibers achieves a comparable 
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physical response as TEMPO-produced fibers.  Hence APS-NFC could replace expensive and 

unsustainable chemicals for improving the sheet properties of paper and paperboard. 
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Chapter 6.  - CONCLUSIONS – FUTURE RECOMMENDATIONS 

6.1 Conclusions 

This work describes the application of ammonium persulfate in oxidation reactions of both 

lignin free and lignin containing agricultural residuals, the bine remaining after harvest of hops, to 

produce nanofibrillated cellulose.  The results demonstrate that chemical and morphological 

characteristics of nanocellulose can be engineered through careful control of temperature, time, 

and applied ammonium persulfate.  Using response surface methodology, the surface chemistry 

was impacted by all three treatment conditions.  Surface charge developed ranged from 0.64 

mmol/g to 1.44 mmol/g.  The length of the fibers produced was determined by increasing time and 

temperature.  Diameter dropped rapidly indicating the rapid penetration of reactants into the fibers 

and was influenced only by temperature.  The crystallinity of the fibers was governed by 

temperature only while crystallite size was influenced by applied ammonium persulfate and time.  

Kinetics of the reaction showed pseudo second order reaction kinetics.  Activation of the 

ammonium persulfate was rapid, reaching an asymptotic limit after 45 minutes.  Reaction rate was 

also strongly influenced by the consistency or concentration of applied ammonium persulfate.  

Increasing consistency resulted in increasing yields but a decrease in surface chemistry 

development. 

Nanocellulose was produced from lignin containing biomass with surface charge ranging 

from 0.4 mmol/g to 1.1 mmol/g.  Unbleached northern softwood developed surface charge at a 

much slower rate than for the bleached softwood and at 50% lower charge.  Residual biomass, hop 

bine, was shown to develop surface charge at the same rate as the unbleached wood, however, the 
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levels of charge developed were only about 10% lower than for bleached wood.  As the reaction 

progressed, the chromophores were slowly bleached as well. 

It was demonstrated that the ammonium persulfate oxidized fibers required greater 

mechanical treatment when compared to TEMPO oxidized fibers.  Crystallinity also increased 

with increasing passes through a microfluidizer, however, yield gains were substantial.   

Using ammonium persulfate oxidized nanofibers as a reinforcement in paper resulted in 

significant improvements in tensile correlating with the surface charge of the fiber.  As surface 

charge increased, tensile development was lower while Young’s modulus increased.  The 

nanofibers improved the load carrying capacity of the paper.  This correlated well with the higher 

surface area of the low charge fibers which would promote greater relative bonded area.  The 

permeability of the sheets was reduced by 94% compared to a nanofiber free base sheet.  Utilizing 

a retention system, retention of nanofibers in the sheet was 95%. 

Although the hop bine was shown to have a low bulk density relative to other fiber sources, 

the available biomass annual was not insignificant as a feed stock for engineered fiber production.  

The issue with hop bine is the short harvest window and low bulk density, however, the work in 

Chapter 4 demonstrated that nanofibers can be engineered using the model without additional 

pretreatment steps.   

A life cycle assessment examining the impact of removing this biomass shows that the 

greatest negative impact is the loss of carbon soil sequestration and increased demand for inorganic 

fertilizer.  The spent liquor from oxidation of hop bine with ammonium persulfate may resolve the 

need for additional inorganic fertilizer and may be a more effective means of returning carbon to 

the soil.  Compared to other life cycle assessment of residual biomass such as wheat straw, the 

findings are consistent.  This preliminary life cycle is positioned to be an inventory for a life cycle 
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analysis that evaluates the production of NFC from hop bine residuals and return of the spent APS 

liquor back to the field. 

This work provides the framework for building an optimized “green” process to oxidize 

unbleached woody and non-wood residual biomass into designer nanofibers.  The novel methods 

described fill the gaps in current capability to turn materials now considered waste into value-

added co-products.  As demonstrated, the performance of the nanofibers produced matches or 

exceeds current production methods such as TEMPO. 

6.2 Future Work 

There are three areas of investigation that are worthy of continued work using the prior work 

as a basis.  With the establishment of a response surface model, the first step should be to begin 

optimizing the process to maximize the yield of nanofibers.  There is additional experimental work 

towards expanding the response surface experimental boundary that would include biomass 

pretreatment such as with formic acid in order to reduce the demand for APS at a specific surface 

charge and oxidation experiments using varying concentrations of hydrochloric acid to determine 

at which point nanofibrillated cellulose becomes crystalline nanofibrillated cellulose and through 

extension develop a response surface focused on tuning CNC fibers.  The second area would be in 

investigating the feasibility of returning the spent APS liquor back to the soil as an amendment.  

And lastly a combined life cycle assessment and technoeconomic study of the scaled APS-NFC 

process compared against the TEMPO-NFC and the super mass colloider-NFC processes.  In 

summary there are four distinct areas suggested for future investigation; 

1) Process Optimization of NFC 

2) Fiber Pretreatment and extension of RSM 

3) Spent APS liquor as a soil amendment 



178 

 

4) LCA/Techno-economic study Scale up 

 

6.2.1 Process Optimization 
 

A low ammonium persulfate concentration (low consistency) was selected to eliminate 

the interaction of concentration gradient on the treatment conditions selected.  The resulting yield 

was quite low but sufficient to produce nanofibers for analysis.  Subsequent initial optimization 

work found that the energy applied during ultrasonic mechanical treatment was too low for APS-

NFC whereas it was sufficient for TEMPO-NFC.  Yields achieved ranged from 4-10% with 

length and diameter unaffected.   

  

Figure 6.1. a)Applied sonication energy vs yield of nanocellulose., b) concentration of nanofibers 

in supernatant and change in crystallinity with passes through the microfluidizer. 

 

Ammonium persulfate oxidation of lignocellulosic biomass to nanofibrillated cellulose at 

higher concentration coupled with creasing the energy in a stepwise fashion achieved yields of 

up to 20%.  This is likely the upper maximum yield achievable at the concentration used in this 

study.  Work raising the concentration and utilizing the microfluidizer demonstrated that the 

crystallinity changed as the concentration in the supernatant increased with each pass up to an 

asymptotic limit similar to what was achieved after sonication shown in Figure 6.1. 
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Films produced from NFC following this mechanical treatment and reinforced with 5-

10% PEOX (Poly 2-ethyl-2-oxazoline), a 200,000 molecular weight biocompatible polymer 

supplied by Fisher Scientific, were less brittle than NFC films without reinforcement and 

transparency was unaffected, see Figure 6.2.  This represents an additional method to the 

common PVA reinforcment with potential for assessing the strength properties of the nanofibers 

formed1.  

 

Figure 6.2. Film produced from 95% nanofibers and 5% PEOX, printed with a laser printer. 

 

6.2.2 Soil Amendment 
 

Sulfur, as sulphate ion, is an important nutrient in the growth of plants and has been 

identified a key component in plant metabolism2,3.  Sulfur containing metabolites protect the plant 

from pathogens and assist in mitigating abiotic and biotic stress.  Glutathion helps to detoxify 
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heavy metals through conjugation with sulfhydryl groups for example.  Optimization of the 

amount of sulfur uptake is performed by sulfate transporters binding proteins, SULTR family4.  

The expression of these transporters has been found to follow colonization by mycorrhizal fungi 

in symbiosis with the plant.  

 
Figure 6.3.. Ammonium persulfate oxidation of lignocellulosic biomass to nanofibrillated 

cellulose coupled with phytoremediation of spent liquor5,6,7. 

 

Production of 1 metric ton of nanofibrillated cellulose requires remediating 460 kg of spent 

ammonium persulfate adds129 kg of sulfur and 56.7 kg of nitrogen and may introduce increased 

H ion to the soil8.  It would require 3.8 hectares based on study conditions9.  Colonizing plants 

with combinations of fungal endophytes could increase the uptake of sulfur,  reduce biotic and 
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abiotic stress thus reducing or eliminating the environmental impact of the chemical process.  The 

result – a holistic “green” oxidation process, see Figure 6.3. 

 

6.2.3 Techno-economic Study 
 

The present work was compared to other published cost data, normalized for Washington 

state power prices.  Chemical cost numbers were adjusted for bulk spot prices at current market 

price Summer 2021.  The relativized cost for ammonium persulfate in this work was consistent 

with work published by Filipova but at an improved efficiency when compared to the surface 

charge developed.  Compared to TEMPO produced nanofibers at the same surface charge, this 

work was 1/20th the “beaker” cost, see Table 6.1.   

Table 6.1. APS versus TEMPO laboratory cost of production 

Treatment $/kg CNF Relativized $/kg 

CNF 

mmol Carb/g 

TEMPO (Filipova 2020) $7.20 $16.81 0.149 

APS (Filipova 2020) $6.91 $6.78 0.133 

TEMPO (Serra 2017) $9.02 $105.19 0.271 

TEMPO (Delgado 2015) $205.73 $104.73 0.840 

APS (Haunreiter 2020) 
 

$5.43 0.881 

 

A comparison of ammonium persulfate cost to TEMPO cost may be made in this analysis, 

but it does not provide a realistic assessment of scaled production using ammonium persulfate.  A 

techno-economic analysis should use the median existing production rates for nanocellulose; 

annual production of 49K Kg/year, as the basis for the mass and energy balance and economic 

assessment of producing nanofibrillated cellulose using ammonium persulfate.  A simplified 

proposed process overview divides it into four distinct system blocks; A100 Oxidation Process, 

A200 – Ultrafiltration Process, A300 – Mechanical Treatment, and A400 – Concentration.  A 

simplified process diagram for process A100 as an example is shown in Figure 6.4.  The reactor 

will likely require some type of helical agitation and a non-contact heating process, jacketed or 
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othewise.  A potential problem analysis will need to be conducted once a process design has been 

determined. Example mass and energy balance for A100 is provided in Table 6.2. 

 

Table 6.2. Mass and Energy balance for a 4 unit oxidation process, A100. 

 

Heat Balance    
Specific Heat Pulp  1.50 kJ/kg 

Specific Heat Water  4.19 kJ/kg 

Steam Pressure  5.00 bar 

Steam Enthalpy  2085.00 kJ/kg 

        
Ramp 1    

Delta T  50.00 C 

Bring up Time  15.00 min 

Initial Heat Demand  287.19 kJ/s 

Steam flow  8.265 kg/min 

Total Steam  123.969 kg     
Cook Phase    

Delta T  5.00 C 

Bring up Time  360.00 min 

Initial Heat Demand  1.20 kJ/s 

Steam flow  0.034 kg/min 

Total Steam  12.397 kg/min     
    

Condensate    

Temperature  70.00 C 

Enthalpy Cond at P  640.12 kJ/kg 

Enthalpy Cond at Atm  417.51 kJ/kg 

Heat of Vaporization  2257.920 kJ/kg 

% Flash Steam  9.86% kg/min 

Condensate Flow  122.921 kg/min     
Target Production  150 kg/day 

Number of batches/day/tank  4  
Number of tanks  3.19  
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Figure 6.4 Reaction Process (A100) showing reactor and quench tank.  Reactor is shown without 

agitator. 
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A. SUPPLEMENTARY – CHAPTER 2 

This section contains the raw data used in modeling, definitions, inputs, maps utilized, and model 

output data for the life cycle assessment. 

 

Impact Categories provided by Roy Farms. 
Impact Category Unit Hop Flower (kg) 

global warming kg CO2 eq 4.60E+00 

eutrophication Kg N eq 5.50E-02 

water use liter 2.70E+03 

land use m2 year 5.60E+00 

ozone depletion kg CFC-11 eq 2.10E-07 

smog kg 03 eq 2.20E-01 

acidification kg SO2 eq 2.10E-02 

human health CTUh 6.90E-07 

respiratory effect kg PM2.5 eq 1.80E-03 

Eco toxicity CTUe 1.40E+01 

fossil fuel MJ surplus 5.40E+00 

 

 
Figure A.1.. ArcGis Annual rain fall for Yakima and Benton County 
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Figure A.2. Distances from Hop Farms to nearest transportation corridor 
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Table A.1.  DNDC model output varying hop bine separation 

 

 
 

 
 

 Hop Bine Co-Product

4.28% 2.19% 93.52% 4.28% 2.19% 93.52%

Soil Nitrogen Balance (kg N/ha/yr) Loamy Sand Sandy Loam Silt Loam Totals Loamy Sand Sandy Loam Silt Loam Totals

Manure N Input -83.8 -83.8 -83.8 -83.8 -87.1 -87.1 -87.1 -87.1

Crop stub N input -4.9 -4.8 -4.8 -4.8 -4.7 -4.8 -4.8 -4.8

Crop root N input -13.0 -13.1 -13.1 -13.1 -12.9 -13.0 -13.0 -13.0

Weeds N input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Atm N deposit -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2

Fertilizer N input -119.6 -119.6 -119.6 -119.6 -116.4 -116.4 -116.4 -116.4

N fixation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N leaching 113.4 113.2 108.6 108.9 110.8 110.6 106.0 106.3

N runoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N uptake by crop 165.3 166.3 166.3 166.2 164.4 166.4 165.5 165.5

N uptake by weeds 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

NH3 volatilization 1.5 1.4 1.7 1.7 1.4 1.3 1.6 1.6

N2O flux 2.0 2.0 2.0 2.0 2.0 2.0 1.9 1.9

NO Flux 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4

N2 flux 2.0 2.2 5.7 5.5 2.1 2.3 5.8 5.6

Change in soil N storage -32.7 -32.0 -32.7 -32.7 -36.3 -35.5 -36.2 -36.2

Soil Carbon Balance (kg C/ha/yr)

Manure N Input -1467.0 -1467.0 -1467.0 -1466.9 -1595.0 -1595.0 -1595.0 -1594.8

Crop residue C input -86.8 -84.3 -84.3 -84.4 -83.4 -83.9 -83.9 -83.9

Crop root C input -648.8 -652.6 -652.7 -652.5 -645.3 -649.3 -649.7 -649.4

Weeds C input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Soil CO2 flux 1187.6 1277.5 1323.4 1316.5 1259.3 1352.3 1400.2 1393.0

DOC Leaching 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CH4 Emission 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Change in soil C storage -1012.0 -926.4 -880.0 -886.6 -1064.4 -975.8 -928.5 -935.3

100% Bine 90% Bine

 Hop Bine Co-Product

4.28% 2.19% 93.52% 4.28% 2.19% 93.52%

Soil Nitrogen Balance (kg N/ha/yr) Loamy Sand Sandy Loam Silt Loam Totals Loamy Sand Sandy Loam Silt Loam Totals

Manure N Input -90.3 -90.3 -90.3 -90.3 -93.5 -93.5 -93.5 -93.5

Crop stub N input -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7

Crop root N input -12.8 -12.9 -12.9 -12.9 -12.7 -12.8 -12.9 -12.9

Weeds N input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Atm N deposit -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2

Fertilizer N input -113.1 -113.1 -113.1 -113.1 -109.9 -109.9 -109.9 -109.9

N fixation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N leaching 108.3 108.2 103.6 103.9 105.9 106.0 101.3 101.6

N runoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N uptake by crop 163.5 164.5 164.7 164.6 161.9 163.5 163.8 163.7

N uptake by weeds 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

NH3 volatilization 1.4 1.2 1.5 1.5 1.3 1.2 1.4 1.4

N2O flux 1.9 1.9 1.8 1.8 2.4 1.8 1.7 1.7

NO Flux 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4

N2 flux 2.1 2.3 5.9 5.7 2.2 2.3 5.9 5.7

Change in soil N storage -39.7 -38.8 -39.4 -39.4 -43.0 -42.1 -42.6 -42.6

Soil Carbon Balance (kg C/ha/yr)

Manure N Input -1723.0 -1723.0 -1723.0 -1722.8 -1850.0 -1850.0 -1850.0 -1849.8

Crop residue C input -82.9 -83.4 -83.5 -83.5 -82.1 -82.9 -83.1 -83.0

Crop root C input -641.6 -645.7 -646.4 -646.1 -635.5 -641.7 -642.8 -642.4

Weeds C input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Soil CO2 flux 1330.6 1427.0 1475.7 1468.3 1409.9 1501.1 1551.3 1544.0

DOC Leaching 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CH4 Emission 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Change in soil C storage -1116.9 -1025.1 -977.2 -984.1 -1166.7 -1073.4 -1024.7 -1031.7

80% Bine 70% Bine
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 Hop Bine Co-Product

4.28% 2.19% 93.52% 4.28% 2.19% 93.52%

Soil Nitrogen Balance (kg N/ha/yr) Loamy Sand Sandy Loam Silt Loam Totals Loamy Sand Sandy Loam Silt Loam Totals

Manure N Input -96.8 -96.8 -97.0 -97.0 -100.1 -100.1 -100.1 -100.1

Crop stub N input -4.6 -4.7 -4.7 -4.7 -4.6 -4.7 -4.7 -4.7

Crop root N input -12.6 -12.8 -12.8 -12.8 -12.5 -12.7 -12.7 -12.7

Weeds N input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Atm N deposit -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2

Fertilizer N input -106.7 -106.7 -106.7 -106.7 -103.4 -103.4 -103.4 -103.4

N fixation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N leaching 104.2 104.0 99.3 99.6 102.1 102.1 97.3 97.6

N runoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N uptake by crop 161.2 162.5 162.8 162.7 159.7 161.4 161.9 161.8

N uptake by weeds 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

NH3 volatilization 1.2 1.1 1.4 1.4 1.1 1.0 1.3 1.3

N2O flux 1.7 1.7 1.7 1.7 2.1 1.6 1.6 1.6

NO Flux 0.3 0.4 0.4 0.4 0.3 0.3 0.4 0.4

N2 flux 2.0 2.2 5.8 5.6 2.0 2.1 5.7 5.5

Change in soil N storage -46.3 -45.2 -45.8 -45.8 -49.4 -48.3 -48.9 -48.9

Soil Carbon Balance (kg C/ha/yr)

Manure N Input -1978.0 -1978.0 -1978.0 -1977.8 -2106.0 -2106.0 -2106.0 -2105.8

Crop residue C input -817.0 -82.4 -82.6 -114.0 -81.0 -81.8 -82.1 -82.0

Crop root C input -632.7 -637.7 -639.2 -638.8 -626.7 -633.5 -635.4 -634.9

Weeds C input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Soil CO2 flux 1472.6 1576.0 1626.9 1619.0 1543.8 1649.9 1702.9 1694.8

DOC Leaching 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CH4 Emission 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Change in soil C storage -1219.8 -1122.1 -1072.9 -1080.2 -1269.8 -1171.4 -1120.6 -1128.0

50% Bine60% Bine

 Hop Bine Co-Product

4.28% 2.19% 93.52% 4.28% 2.19% 93.52%

Soil Nitrogen Balance (kg N/ha/yr) Loamy Sand Sandy Loam Silt Loam Totals Loamy Sand Sandy Loam Silt Loam Totals

Manure N Input -103.3 -103.3 -103.3 -103.3 -106.5 -106.5 -106.5 -106.5

Crop stub N input -4.6 -4.6 -4.6 -4.6 -4.5 -4.6 -4.6 -4.6

Crop root N input -12.4 -12.6 -12.6 -12.6 -12.3 -12.5 -12.5 -12.5

Weeds N input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Atm N deposit -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2

Fertilizer N input -100.2 -100.2 -100.2 -100.2 -97.0 -97.0 -97.0 -97.0

N fixation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N leaching 100.6 100.4 95.6 95.9 99.2 98.9 93.9 94.2

N runoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N uptake by crop 158.4 160.2 160.8 160.7 157.0 159.0 159.7 159.6

N uptake by weeds 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

NH3 volatilization 10.1 1.0 1.2 1.6 1.0 0.9 1.1 1.1

N2O flux 2.0 1.6 1.5 1.5 1.9 1.5 1.5 1.5

NO Flux 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

N2 flux 1.8 2.0 5.6 5.4 1.7 1.9 5.5 5.3

Change in soil N storage -52.5 -51.3 -51.8 -51.8 -55.5 -54.3 -54.9 -54.9

Soil Carbon Balance (kg C/ha/yr)

Manure N Input -2233.0 -2233.0 -2233.0 -2232.8 -2361.0 -2361.0 -2361.0 -2360.8

Crop residue C input -80.3 -82.1 -81.6 -81.5 -79.6 -80.6 -81.0 -80.9

Crop root C input -621.8 -628.9 -631.3 -630.8 -616.4 -624.0 -626.9 -626.3

Weeds C input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Soil CO2 flux 1614.6 1724.2 1778.3 1769.9 1686.2 1798.3 1854.3 1845.7

DOC Leaching 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CH4 Emission 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Change in soil C storage -1320.5 -1218.9 -1167.6 -1175.2 -1370.8 -1267.3 -1214.6 -1222.3

40% Bine 30% Bine
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 Hop Bine Co-Product

4.28% 2.19% 93.52% 4.28% 2.19% 93.52%

Soil Nitrogen Balance (kg N/ha/yr) Loamy Sand Sandy Loam Silt Loam Totals Loamy Sand Sandy Loam Silt Loam Totals

Manure N Input -109.8 -109.8 -109.7 -109.7 -116.2 -116.2 -116.2 -116.2

Crop stub N input -4.5 -4.5 -4.6 -4.6 -4.4 -4.4 -4.5 -4.5

Crop root N input -12.2 -12.4 -12.4 -12.4 -11.9 -12.1 -12.2 -12.2

Weeds N input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Atm N deposit -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2 -96.2

Fertilizer N input -93.7 -93.7 -93.7 -93.7 -87.3 -87.3 -87.3 -87.3

N fixation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N leaching 97.9 97.5 92.5 92.8 96.2 95.5 90.1 90.5

N runoff 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

N uptake by crop 155.5 157.4 158.3 158.1 151.5 153.9 155.2 155.0

N uptake by weeds 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

NH3 volatilization 1.0 0.9 1.1 1.1 0.9 0.8 0.9 0.9

N2O flux 1.7 1.4 1.4 1.4 1.5 1.3 1.3 1.3

NO Flux 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

N2 flux 1.5 1.8 5.4 5.2 1.2 1.5 5.1 4.9

Change in soil N storage -58.5 -57.2 -57.7 -57.7 -64.5 -63.0 -63.4 -63.4

Soil Carbon Balance (kg C/ha/yr)

Manure N Input -2488.0 -2488.0 -2488.0 -2487.8 -2744.0 -2744.0 -2744.0 -2743.7

Crop residue C input -78.8 -79.8 -80.3 -80.2 -76.9 -78.1 -78.8 -78.7

Crop root C input -610.1 -618.0 -621.5 -620.9 -594.7 -604.2 -609.3 -608.5

Weeds C input 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Soil CO2 flux 1756.7 1872.2 1929.5 1920.7 1896.8 2020.3 2080.4 2071.0

DOC Leaching 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CH4 Emission 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Change in soil C storage -1420.3 -1313.7 -1260.4 -1268.3 -1518.8 -1406.0 -1351.7 -1359.9

20% Bine 0% Bine
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B. SUPPLEMENTAL – CHAPTER 3 

B.1. LIGNOCELLULOSIC BIOMASS MACERATION PROCEDURE 

This method is for macerating wood fiber to isolate and preserve the wood fibers for subsequent 

analysis, either microscopic or fiber quality.  The mild conditions result in minimal fiber damage. 

B.1.1.1. Reagents 

The maceration fluid is prepared by combining 1 part of a 30% solution of hydrogen peroxide, 4 

parts of distilled water, and 5 parts of glacial acetic acid.  Be sure to use a clean bottle and prepare 

this solution in the fume hood. Avoid contact with the solution, wear gloves if necessary.  If you 

are dealing with a kiln dried sample – you may prepare a 1:1 solution of 30% Hydrogen peroxide 

and acetic acid

1. 

B.1.1.2. Procedure 

1. Place biomass pieces (about half the size of a match stick) into a 

solution of: 1:4:5 H2O2 (30%): DI water: glacial acetic acid. 

2. Incubate at 56 °C for 3 days.  L:W (Liquor to wood) ratio of 40:1.  

If maceration is complete, the fluid will be clear and the wood 

segments whitish to translucent.  If the material is not as described, 

add fresh macerating solution and incubate for an additional 2-3 

days.   

3. Wash with three changes of DI water, several hours per change.  Keep samples in water 

until needed for analysis.   
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4. Mild mechanical treatment will be required to separate the fiber bundles.  A British 

disintegrator is recommended. 

C. SUPPLEMENTAL – CHAPTER 4 

C.1. PRELIMINARY INVESTIGATION 

 

The method of steepest ascent was used to find the maximum path as a guide for future 

experiments2,3.  The green boundary is the boundary of the experimental design as described in the 

central composite design matrix.  This method was used to guide the experiments for 

reproducibility and repeatability testing. 

 

Figure A.3..  Surface plot of carboxylic acid charge indicating rising ridge points in blue. 
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The following tables are the output statistics of the response surface analysis for each response. 

 

Table A.2.  Second Order response surface fit for aspect ratio. 

 
                            Estimate Std. Error t value  Pr(>|t|)     

(Intercept)                 60.73769    6.49431  9.3524 0.0007279 *** 

FACTOR                      -0.38572    0.32224 -1.1970 0.2974073     

MOLSAPS_G.coded              8.67913    2.26278  3.8356 0.0185289 *   

TEMP.coded                  -6.92357    2.02426 -3.4203 0.0267729 *   

TIME.coded                  -2.13044    2.12330 -1.0034 0.3724607     

MOLSAPS_G.coded:TEMP.coded -25.32351    5.11597 -4.9499 0.0077618 **  

MOLSAPS_G.coded:TIME.coded  10.80916    5.11913  2.1115 0.1023146     

TEMP.coded:TIME.coded       -0.14298    4.67844 -0.0306 0.9770833     

MOLSAPS_G.coded^2            4.38421    7.20405  0.6086 0.5756712     

TEMP.coded^2                 4.37019    5.41354  0.8073 0.4647767     

TIME.coded^2                 6.06420    5.96238  1.0171 0.3666323     

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Multiple R-squared:  0.9391, Adjusted R-squared:  0.7867  

F-statistic: 6.165 on 10 and 4 DF,  p-value: 0.04724 

 

Analysis of Variance Table 

 

 

Response: mean.Y_VALUE 
                                             Df Sum Sq Mean Sq F value  Pr(>F) 

FACTOR                                        1  76.57  76.572  4.1026 0.11279 

FO(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3 515.60 171.868  9.2083 0.02870 

TWI(MOLSAPS_G.coded, TEMP.coded, TIME.coded)  3 537.49 179.164  9.5992 0.02673 

PQ(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3  20.92   6.972  0.3736 0.77765 

Residuals                                     4  74.66  18.664                 

Lack of fit                                   4  74.66  18.664                 

Pure error                                    0   0.00                         

 

Stationary point of response surface: 

MOLSAPS_G.coded      TEMP.coded      TIME.coded  

     -0.1286473       0.4242374       0.2953124  

 

Stationary point in original units: 

mean.MOLSAPS_G      mean.TEMP      mean.TIME  

     0.0462557     87.4241544    422.0156011  

 

 

  



194 

 

Table A.3.  Second order response surface analysis for crystallite size 

                           Estimate Std. Error t value  Pr(>|t|)     

(Intercept)                49.52675    1.96881 25.1556 4.004e-08 *** 

FACTOR                      0.11740    0.12003  0.9781  0.360622     

MOLSAPS_G.coded             4.21056    1.45661  2.8907  0.023294 *   

TEMP.coded                  2.03580    0.97235  2.0937  0.074563 .   

TIME.coded                 -0.83070    1.00390 -0.8275  0.435267     

MOLSAPS_G.coded:TEMP.coded -3.44478    1.76903 -1.9473  0.092539 .   

MOLSAPS_G.coded:TIME.coded  4.50953    1.76903  2.5492  0.038150 *   

TEMP.coded:TIME.coded       1.04240    1.79230  0.5816  0.579077     

MOLSAPS_G.coded^2          -2.21363    1.72447 -1.2837  0.240117     

TEMP.coded^2               -7.32402    1.58196 -4.6297  0.002399 **  

TIME.coded^2               -7.16893    1.87938 -3.8145  0.006589 **  

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Multiple R-squared:  0.9278, Adjusted R-squared:  0.8248  

F-statistic: 9.002 on 10 and 7 DF,  p-value: 0.00403 

 

Analysis of Variance Table 

 

Response: mean.CRYSTALLITE_ag 

                                             Df  Sum Sq Mean Sq F value   Pr(>F) 

FACTOR                                        1 112.560 112.560 41.0793 0.000364 

FO(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3  27.202   9.067  3.3092 0.087076 

TWI(MOLSAPS_G.coded, TEMP.coded, TIME.coded)  3  29.122   9.707  3.5428 0.076273 

PQ(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3  77.771  25.924  9.4610 0.007374 

Residuals                                     7  19.180   2.740                  

Lack of fit                                   5  18.452   3.690 10.1300 0.092279 

Pure error                                    2   0.729   0.364                  

 

Stationary point of response surface: 

MOLSAPS_G.coded      TEMP.coded      TIME.coded  

      1.5057244      -0.1865068       0.4020817  

 

Stationary point in original units: 

mean.MOLSAPS_G      mean.TEMP      mean.TIME  

    0.07730876    76.73613154   444.43715678  
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Table A.4.  Second order response surface analysis of the crystallinity index. 

 
                              Estimate  Std. Error t value Pr(>|t|)   

(Intercept)                 2.1582e+00  8.8189e-01  2.4472  0.04429 * 

FACTOR                     -1.3142e-03  1.9880e-03 -0.6611  0.52973   

MOLSAPS_G.coded            -2.8398e+01  1.1588e+01 -2.4507  0.04406 * 

TEMP.coded                 -9.1512e-03  1.4868e-02 -0.6155  0.55769   

TIME.coded                 -1.3320e-03  9.2624e-04 -1.4381  0.19357   

MOLSAPS_G.coded:TEMP.coded  1.6932e-01  8.8122e-02  1.9214  0.09613 . 

MOLSAPS_G.coded:TIME.coded  1.7519e-02  7.3435e-03  2.3857  0.04848 * 

TEMP.coded:TIME.coded       1.6771e-05  8.0778e-06  2.0762  0.07652 . 

MOLSAPS_G.coded^2           7.7348e+01  7.9120e+01  0.9776  0.36084   

TEMP.coded^2               -3.2938e-05  8.5558e-05 -0.3850  0.71168   

TIME.coded^2               -1.2606e-06  7.0585e-07 -1.7860  0.11727   

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Multiple R-squared:  0.7817, Adjusted R-squared:  0.4698  

F-statistic: 2.506 on 10 and 7 DF,  p-value: 0.1177 

 

Analysis of Variance Table 

 

Response: mean.CRYST 

                                             Df    Sum Sq   Mean Sq F value  Pr(>F) 

FACTOR                                        1 0.0000092 0.0000092  0.0122 0.91503 

FO(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3 0.0016570 0.0005523  0.7348 0.56361 

TWI(MOLSAPS_G.coded, TEMP.coded, TIME.coded)  3 0.0102934 0.0034311  4.5645 0.04496 

PQ(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3 0.0068811 0.0022937  3.0514 0.10137 

Residuals                                     7 0.0052618 0.0007517                 

Lack of fit                                   5 0.0049171 0.0009834  5.7060 0.15582 

Pure error                                    2 0.0003447 0.0001723                 

 

Stationary point of response surface: 

MOLSAPS_G.coded      TEMP.coded      TIME.coded  

     0.08785679     87.36261916      0.85131627  

 

Stationary point in original units: 

mean.MOLSAPS_G      mean.TEMP      mean.TIME  

    0.08785679    87.36261916     0.85131627  
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Table A.5.  Second order response surface analysis – carboxylic acid content. 

 
                             Estimate Std. Error t value  Pr(>|t|)     

(Intercept)                 0.8799364  0.0620992 14.1698 < 2.2e-16 *** 

FACTOR                      0.0230327  0.0038858  5.9274 1.094e-07 *** 

MOLSAPS_G.coded             0.1765158  0.0294003  6.0039 8.032e-08 *** 

TEMP.coded                  0.1096341  0.0232816  4.7091 1.245e-05 *** 

TIME.coded                  0.1332507  0.0271429  4.9092 5.886e-06 *** 

MOLSAPS_G.coded:TEMP.coded  0.3342164  0.0614124  5.4422 7.548e-07 *** 

MOLSAPS_G.coded:TIME.coded  0.1789297  0.0596386  3.0002  0.003751 **  

TEMP.coded:TIME.coded      -0.1202667  0.0546388 -2.2011  0.031075 *   

MOLSAPS_G.coded^2          -0.1023859  0.0667593 -1.5337  0.129686     

TEMP.coded^2                0.0198190  0.0405057  0.4893  0.626189     

TIME.coded^2               -0.2005394  0.0606063 -3.3089  0.001491 **  

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Multiple R-squared:  0.8702, Adjusted R-squared:  0.8514  

F-statistic: 46.27 on 10 and 69 DF,  p-value: < 2.2e-16 

 

Analysis of Variance Table 

 

Response: CARB 

                                             Df Sum Sq Mean Sq  F value    Pr(>F) 

FACTOR                                        1 3.3717  3.3717 347.5687 < 2.2e-16 

FO(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3 0.5432  0.1811  18.6650 5.709e-09 

TWI(MOLSAPS_G.coded, TEMP.coded, TIME.coded)  3 0.4281  0.1427  14.7112 1.668e-07 

PQ(MOLSAPS_G.coded, TEMP.coded, TIME.coded)   3 0.1455  0.0485   4.9987  0.003397 

Residuals                                    69 0.6694  0.0097                    

Lack of fit                                   4 0.4151  0.1038  26.5222 4.628e-13 

Pure error                                   65 0.2543  0.0039                    

 

Stationary point of response surface: 

MOLSAPS_G.coded      TEMP.coded      TIME.coded  

    -0.01912722     -0.84954773      0.57844108  

 

Stationary point in original units: 

   MOLSAPS_G         TEMP         TIME  

  0.04833658  65.13291472 481.47262785  
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C.2. ANALYTICAL METHODS 

C.2.1. Conductometric Titration 

The method used here converts the carboxylic acids on the cellulose to their hydrogen form with 

the addition of 0.1M Hydrochloric acid.  This becomes the strong acid titrated to the first inflection 

point.  The second inflection point is the weak carboxylic acid.  The solution may be buffered to 

stabilize readings, however, the additional ionic concentration may overwhelm the conductivity 

reading and obscure the second inflection point if added in excess of 0.001M.  The use of NaCl 

for buffering the solution also serves to level out the Donnan effect.  This results in an unequal 

distribution of ionic species between the interior and exterior of the fiber4.  The conductance of 

the solution is the product of all each ionic species in the solution and their equivalent conductance. 

 Table A.6.  Equivalent Conductance  (25 °C, in H2O, very high dilution)5   

Cations [S*cm2/mol] Anions [S*cm2/mol] 
H+ 349.8 OH- 198.6 

Li+ 38.7 Cl- 76.4 

Na+ 50.1 HCO3- 44.5 

Formate6 (HCOO−) 54.64   

Acetate CH3COO− 40.92   

 

Temperature influences the equivalent conductance in a different manner by increasing the motion 

of the ionic species in the solution.  The increased mobilityof the ions result in a higher measured 

conductivity.  Weak electrolytes, higher temperature raises the dissociation rate and the 

conductivity. 

 

During the progress of the titration, the volume is continually changing.  The conductivity reading 

must be adjusted to account for the dilution effect of the additional titrant volume. 
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Determination of carboxylic acid content and degree of oxidation in cellulose pulp7,8,9,10,11,12.  An 

effective conductometric titration requires charged groups on the surface of the CNCs or NFCs to 

be fully protonated.  For strong acids, aqueous suspensions are titrated directly by NaOH yielding 

a titration curve with a sharp transition at the equivalence point.  Weak acids required the addition 

of a strong acid to the suspension in order to establish a measureable reduction in conductivity at 

the beginning of the titration.  The weak acid content is determined from the extended plateau 

between the acidic and basic regions13. 

 

The initial descending branch of the curve represents neutralization of the hydrogen ions 

dissociated from the strong acid groups.  Near the first equivalence point, the weaker carboxylic 

acid groups begin to dissociate and contribute to the measured conductance.   The conductance in 

second branch changes little.  This is due to the low level of hydrogen ions in equilibrium with the 

weak acid as the titration progresses.  At the second equivalence point, conductance increases in 

proportion to the excess sodium hydroxide4. 

C.2.2. Carboxylic Acid Titration 

C.2.2.1. Procedure 

1. Weight out approximately 0.1g of oven dry pulp.   Estimate this from your starting mass 

and final volume.   [Example: started with 2.5 g of OD fiber and final volume of 30 ml for 

approximately 8.3% consistency.   Weigh out approximately 1.2 g of the wet biomass to 

obtain 0.1g of oven dry pulp.] 

2. Transfer fiber to a 40.0 ml distillation vial.         

3. Add 10 ml of 0.01M HCl.     

4. Measure out 190 ml of deionized water.   Use this to fill the distillation vial. 
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5. Place in sonic bath with ice for 15 minutes.   This exchanges the Na cations bound to the 

COOH group by H ions.   The ice prevents the suspension from overheating and loss of 

volume.   If a sonic bath is unavailable – allow to sit for at least 2 hours at room 

temperature. 

6. Allow sonicated samples to warm up to room temperature for 2 hours. 

7. Transfer contents to a 400 ml beaker using the remaining 190 ml of deionized water to 

rinse the scintillation vial.   Final volume should be 200 ml. 

8. Titrate with 0.01M NaOH in 0.25 ml increments, recording the conductivity.   A plot of 

the data will show the presence of a strong acid (excess of HCl) and a weak acid that 

corresponds to carboxyl content.   The titration can be stopped when a pH > 10.4 is 

reached or you reach the starting conductivity. 

9. Using a Buchner funnel and filter paper, tare the filter paper, then filter the slurry to 

capture the fiber.   Place in a 105 °C drying oven for 24 hours to calculate the actual 

mass, m, of oven dry pulp used.  

10. The conductivity is proportional to the amount of electrolytic solution.   Therefore it is 

essential that the measured conductivity be corrected for the volume of added NaOH at 

each titration point. 

Conductivityc =  Conductivitym ∗  
(Vi+ V0)

Vi
  

 Vi is the initial suspension volume including any HCl or buffers added. 

 V0 is the volume of NaOH added at each point. 

 

11. Carboxyl Content 

 

𝐶 =
𝑐 ∗ (𝑉2 −  𝑉1)

𝑚
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C: is the mmol/g of carboxyl 

V1 and V2 : is the amount of NaOH (ml) corresponding to the first and    

second inflection points. 

c :  is the mol/L of NaOH 

m:  is the oven dry mass of pulp (g) 

C.2.3. Residual Ammonium persulfate Titration 

Persulfate is determined by titration of a standardized potassium permanganate solution with a 

standardized ferrous ammonium sulfate solution, a back titration technique. 

C.2.3.1. Reagents 

In the preparation of reagents, use only chemicals of analytical grade and distilled water. 

1.0 N Sulfuric Acid, H2SO4 

0.5 N Ferrous Ammonium Sulfate, Fe(NH4)2(SO4)2•6H2O 

C.2.3.2. Procedure 

1. To a 250 mL Erlenmeyer flask, pipette 2-20 mL of persulfate solution (depending on the 

approximate solution concentration).   

2. Add 50 mL of a 1 N H2SO4 solution. 

3. Add exactly 40 mL of 0.5 N ferrous ammonium sulfate solution. Swirl constantly while 

adding the ferrous ammonium sulfate solution. 

4. Let stand for one minute and titrate with 0.5 N KMnO4 to a permanent pink endpoint 

 

3. Calculations 
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𝑔

𝐿
𝐴𝑃𝑆 =

(𝑉𝑚𝑏 − 𝑉𝑡)𝑁𝐾𝑀𝑛𝑂4
∗ 114

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 

 

C.5.1. Oxalic Acid standardization of Titrant 

Sodium hydroxide solutions pick up carbon dioxide from the air. This contamination can affect 

the strength of the base solution and can spoil the sharpness of the end point in the titration. The 

procedure below is designed to prepare and standardize carbonate-free NaOH: 

 

2𝑁𝑎𝑂𝐻 +  𝐻2𝐶2𝑂4 − 2𝐻2𝑂  →  2𝑁𝑎2𝐶2𝑂4 + 4𝐻2𝑂 

C.5.1.1. Reagents 

0.5N NaOH 

0.01N NaOH 

0.5N Oxalic Acid (31.5g/1000ml)  MW: 126 

0.01N Oxalic Acid (0.63g/1000ml) 

 

C.5.1.2.  Procedure 

 

1. Weigh ~0.63 g of dried KHP (MW = 126 g/mol) into an Erlenmeyer flask and dissolve in 

1000 mL of distilled water.  Record the amount of mass used. 

2. Add 4 drops of phenolphthalein indicator into the flask and titrate to the first permanent 

appearance of pink.  Near the endpoint, add the NaOH dropwise to determine the total 

volume most accurately. 
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C.5.1.3.  Calculation 

Calculate Concentration of KHP: 

  

 (        )𝑔 𝐾𝐻𝑃 ∗
1 𝑚𝑜𝑙 𝐾𝐻𝑃

204.23 𝑔
= (        ) 𝑚𝑜𝑙𝑒𝑠 𝐾𝐻𝑃 

 
(        ) 𝑚𝑜𝑙𝑒𝑠 𝐾𝐻𝑃

(        )𝐿  𝐻2𝑂
= (        )𝑀(

𝑚𝑜𝑙

𝐿
) 𝐾𝐻𝑃 

 

Calculate Concentration of NaOH: 

 

(        ) 𝑚𝑜𝑙𝑒𝑠 𝐾𝐻𝑃 ∗
1 𝑚𝑜𝑙 𝑁𝑎𝑂𝐻

1 𝑚𝑜𝑙 𝐾𝐻𝑃
= (        ) 𝑚𝑜𝑙𝑒𝑠 𝑁𝑎𝑂𝐻 

 
(        ) 𝑚𝑜𝑙𝑒𝑠 𝑁𝑎𝑂𝐻

(        ) 𝐿  𝑁𝑎𝑂𝐻
= (        ) 𝑀(

𝑚𝑜𝑙

𝐿
) 𝑁𝑎𝑂𝐻 

 

C.3. AUTOMATION OF TITRATOR 

 

Conductometric titrations can be both time consuming and a challenge to detect the inflection 

point.  Small changes in titrant volume, 0.5 ml, can result in over shooting an inflection point.  An 

automated system that could control titrant volumes down to 0.1 ml was necessary. 

 

Several papers have been published by scientists automating pH meters using Arduino based 

circuit controls.  The software was written using Arduino native code.  Based on these papers, a 

circuit design was developed that incorporated aspects from these papers, Figure A.4.  All papers 

utilized stand-alone probes.  The objective of this was to take an existing conductivity meter and 

an existing digital balance, feed their outputs to the Arduino, and control titration volume based 

on the conductivity and balance readings.  This would allow for better control of equilibrium being 

achieved before additional titrant is added. 
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Figure A.4. – Circuit board diagram for Conductometric titration control 

 

A 12V DC, 3W peristaltic pump was calibrated for a 2mm diameter tubing.  It delivered 0.225 

ml/sec.  Which is then set in the code with an appropriate delay to allow the measurement to 

equilibrate. 

 

 
Figure A.5..   12V dc peristaltic titrant delivery pump 
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An ELEGOO UNO R3 2.8 Inches TFT Touch Screen with SD Card was added as an interface to 

eventually control the pump and software as well as to allow easier data logging from the 

conductivity meter and digital balance. 

 

C.6.1. Microfluidization 

The Microfluidizer high shear fluid processor relies upon the forces of shear, impact, and 

occasionally cavitation.  The Microfluidizer processor acts as a large pump that forces a 

formulation through a very small orifice (i.e. micro channels). The pressures can be as low as 3.4 

MPa/500 psi and go as high as 275 MPa/40,000 psi.   

 

Intensifier Pump:  Inside the air motor, air pressure pushes a large piston which, in turn, pushes a 

smaller (product) plunger in the intensifier pump.  The air pressure over the area of the large piston 

is greatly intensified when it is transferred to the reduced area of the smaller product plunger.  The 

air motor and pump are separated by an isolator; therefore, the product cannot be contaminated 

from the air supply, nor can there be carry over of the product into the air motor. 

 

Interaction Chamber: The product stream enters the interaction chamber and passes through 

geometrically fixed microchannels, causing it to accelerate to very high velocities.  It is here that 

the product is acted upon by two primary forces, which bring about the desired results: 

• Shear - deformation of the product stream; occurring from contact with 

channel walls at high velocity. 
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Figure A.6.. Schematic of microfluidizer 

 

In addition, the pressure also raises the temperature of the sample. It is estimated that for every 

1000 psi of pressure applied to water, the temperature will rise by 1.0ºC-1.7ºC.  The residence 

time inside the chamber is 1-5 milliseconds. 

 

The following SOP describes procedures that should be followed to avoid plugging and chamber 

damage on the lab microfluidizer.   

C.6.1.1. Priming the Pump 

1. Make sure the air supply valve is turned off prior to starting. 

2. Place ice and water nn the bath to keep your sample cool. 

3. Initially, start-up with DI water. 

4. Load about 100 mL DI water into the feed chamber and push the piston into the chamber. 

5. Turn on your air supply by turning the regulator handle counter clockwise.  Adjust the air 

pressure, shown on your pressure gauge, to approximately 15-20 psi (3500-4700 psi 

process pressure).  This is to allow the machine to stroke slowly during priming. 
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6. Operate the pump very slowly, applying manual pressure with the palm of your hand to 

the chamber piston assembly.  The machine should now be primed. 

 

7. Measure the flow rate of your system at 10,000 psig using water at 0-25°C as a standard 

reference fluid. 

8. Set your air pressure to 43 psi (Air Pressure * 233 = Process Pressure)  

9. Start the machine. 

10. Measure the time it takes to fill a container of known volume. 

11. Calculate flow rate in ml/min or other convenient units. 

C.6.1.2.   Sample Processing 

 

Pulp slurry (0.1% consistency) may now be added to the chamber.  Make sure that there are no 

large fiber bundles present.   

1. Set the spool valve for multi pass or single pass operation.  For single pass – ensure that 

you have a container positioned to collect your sample. 

2. Operate pump until all of the sample has been processed through. 

3. Clean the microfluidizer with 100 ml of deionized water – pump this through the unit 

after processing your sample.  

C.7.1. AFM sample preparation method 

Droplet-evaporation or adsorption methods are used for preparing AFM samples from liquid 

suspensions.  
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C.7.1.1. Materials 

10 mm Muscovite Mica [(KAl2(OH)2(AlSi3O10)] 

12 mm steel disc 

L-lysine 

Nitrogen gas 

C.7.1.2. Procedure 

1. The mica disk must first be glued the steel disc.  This accomplishes two things.  First it 

protects the fragile mica substrate.  Second it makes transferring the sample from a 

magnetic storage container to the AFM more easily.   

2. Place the prepared disc in a magnetic closed sample container that will ensure the sample 

is protected from movement and dust.   

An atomically clean surface is required before the nanocellulose may be deposited onto the 

mica surface.  The process requires using masking tape.   

3. Place the masking tape over the mica, then pull rapidly to remove a layer.    Repeat until a 

complete disk layer is removed.   

4. Place the cleaved disk-mica slide into the container.    

5. Add 100 ul of poly L-lysine to the surface.   After 10 minutes, rinse the mica-slide with 

deionized water.  Dry the treated mica-slide with nitrogen gas.   

6. Nanocellulose solution should be produced to 0.1 mg/ml.   Place 100 ul onto the substrate.  

environmental contamination. 
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D. SUPPLEMENTAL – CHAPTER 5 

Plots of stress versus strain represent average of measurements for each level of hand sheets 

produced.  The resulting curve displays the standard deviation in measurements of the block of 

measured hand sheets. 

 

Figure A.7..Elongation curve with standard deviation of measurements for 5% NFC – low 

charge. 
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Figure A.8. Elongation curve with standard deviation of measurements for 10% NFC – low 

charge. 

.  

 

Figure A.9. Elongation curve with standard deviation of measurements for 5% NFC – high 

charge. 
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Figure A.10. Elongation curve with standard deviation of measurements for 10% NFC – high 

charge. 

 

Permanova analysis of NFC amended hand sheets was conducted on measured response 

variables14,15.  Permanova was applied to the non-parametric multivariate data16.   The ordination 

of the data set was performed using the explanatory data.  The data was first relativized by 

standardize method for each treatment response in order to adjust for differences in the spread of 

values.   This was followed by Euclidean distance calculation for all three response variables.   The 

permutational multivariate analysis of variance (PERMANOVA) tested the overall affect each 

explanatory variable had on these response variables17.  The data does not contain zero values so 

a Euclidean distance for the dissimilarity measure is appropriate.   Bray-Curtis dissimilarity may 

be sensitive to differences in the frequency of diameters. 

A screeplot was produced to determine how many principal components should be kept.  

The plot indicates that the optimum number of clusters is 3.    The method used was the silhouette 
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found in fviz_nbclust function.  The dataset was then portioned into 3 clusters using the kmeans 

function. 

Table A.7.  L value analysis of variance and interactions. 
 

adonis2(formula = PROJ_DATA.resp.color.rel$L ~ NFC_P + CARB + NFC_P:CARB, 

data = PROJ_DATA.color.explan, method = "euc") 

           Df SumOfSqs      R2        F Pr(>F)     

NFC_P       1    0.738 0.00794   2.1876  0.145     

CARB        1   59.031 0.63474 174.8787  0.001 *** 

NFC_P:CARB  1    2.850 0.03065   8.4440  0.005 **  

Residual   90   30.380 0.32667                     

Total      93   93.000 1.00000                     

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

Table A.8.  a Value analysis of variance and interactions 
 

adonis2(formula = PROJ_DATA.resp.color.rel$a ~ NFC_P + CARB + NFC_P:CARB, 

data = PROJ_DATA.color.explan, method = "euc") 

           Df SumOfSqs      R2        F Pr(>F)     

NFC_P       1    1.811 0.01947   4.4159  0.040 *   

CARB        1   54.273 0.58358 132.3430  0.001 *** 

NFC_P:CARB  1    0.008 0.00009   0.0206  0.882     

Residual   90   36.908 0.39686                     

Total      93   93.000 1.00000                     

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A.9.  b Value analysis of variance and interactions 
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adonis2(formula = PROJ_DATA.resp.color.rel$b ~ NFC_P + CARB + NFC_P:CARB, 

data = PROJ_DATA.color.explan, method = "euc") 

           Df SumOfSqs      R2        F Pr(>F)     

NFC_P       1    0.909 0.00977   4.6160  0.030 *   

CARB        1   74.265 0.79855 377.1280  0.001 *** 

NFC_P:CARB  1    0.103 0.00111   0.5227  0.484     

Residual   90   17.723 0.19057                     

Total      93   93.000 1.00000                     

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

Table A.10.  R457 Value anlaysis of variance and interactions. 
 

adonis2(formula = PROJ_DATA.resp.color.rel$R457 ~ NFC_P + CARB + NFC_P:CARB, 

data = PROJ_DATA.color.explan, method = "euc") 

           Df SumOfSqs      R2       F Pr(>F)     

NFC_P       1    3.021 0.03248  4.8549  0.026 *   

CARB        1   29.056 0.31243 46.6994  0.001 *** 

NFC_P:CARB  1    4.925 0.05296  7.9161  0.006 **  

Residual   90   55.998 0.60213                    

Total      93   93.000 1.00000                    

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

Principal Component Analysis – Color  

 

 
Figure A.11. Scree plot of principle components. 
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Figure A.12. Plot of first two principal components and vectors of the response variables for 

optical properties 
 

 

 

Strength Data 

 

Table A.11.  Normalized Tensile (mN-m/g) analysis of variance and interactions 
 

adonis2(formula = PROJ_DATA.resp.tensile.rel$TENSILE_N ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.tensile.explan, method = "euc") 

           Df SumOfSqs      R2       F Pr(>F)     

NFC_P       1   29.587 0.55825 360.238  0.001 *** 

CARB        1    3.910 0.07377  47.601  0.001 *** 

NFC_P:CARB  1   15.397 0.29050 187.460  0.001 *** 

Residual   50    4.107 0.07748                    

Total      53   53.000 1.00000                    

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A.12.  Normalized Stretch (% - m2/g) analysis of variance and interactions 
 

adonis2(formula = PROJ_DATA.resp.tensile.rel$STRETCH_N ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.tensile.explan, method = "euc") 

           Df SumOfSqs      R2       F Pr(>F)    

NFC_P       1    8.202 0.15475 10.6658  0.002 ** 

CARB        1    3.994 0.07535  5.1933  0.029 *  

NFC_P:CARB  1    2.356 0.04445  3.0640  0.079 .  

Residual   50   38.449 0.72545                   

Total      53   53.000 1.00000                   

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A.13.  TEA analysis of variance and interaction. 
 

adonis2(formula = PROJ_DATA.resp.tensile.rel$TEA ~ NFC_P + CARB + NFC_P:CARB, 

data = PROJ_DATA.tensile.explan, method = "euc") 

           Df SumOfSqs      R2       F Pr(>F)     

NFC_P       1   23.699 0.44716 79.4141  0.001 *** 

CARB        1    0.515 0.00973  1.7272  0.176     
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NFC_P:CARB  1   13.864 0.26158 46.4556  0.001 *** 

Residual   50   14.921 0.28154                    

Total      53   53.000 1.00000                    

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A.14.  Breaking Length, m, analysis of variance and interaction 
 

adonis2(formula = PROJ_DATA.resp.tensile.rel$BL ~ NFC_P + CARB + NFC_P:CARB, 

data = PROJ_DATA.tensile.explan, method = "euc") 

           Df SumOfSqs      R2        F Pr(>F)     

NFC_P       1   29.801 0.56228 198.2704  0.001 *** 

CARB        1    0.033 0.00062   0.2181  0.616     

NFC_P:CARB  1   15.651 0.29531 104.1327  0.001 *** 

Residual   50    7.515 0.14180                     

Total      53   53.000 1.00000                     

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A.15.  Normalized Tear Strength (mN-m2/g) analysis of variance and interaction. 
 

adonis2(formula = PROJ_DATA.resp.tensile.rel$TEAR_N ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.tensile.explan, method = "euc") 

           Df SumOfSqs      R2       F Pr(>F)     

NFC_P       1   26.481 0.49963 63.2804  0.001 *** 

CARB        1    2.602 0.04910  6.2183  0.015 *   

NFC_P:CARB  1    2.994 0.05649  7.1550  0.016 *   

Residual   50   20.923 0.39478                    

Total      53   53.000 1.00000                    

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A.16.  Modulus analysis of variance and interaction 
 

adonis2(formula = PROJ_DATA.resp.tensile.rel$MODULUS ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.tensile.explan, method = "euc") 

           Df SumOfSqs      R2       F Pr(>F)    

NFC_P       1    2.035 0.03840  2.4873  0.120    

CARB        1    9.038 0.17052 11.0449  0.002 ** 

NFC_P:CARB  1    1.013 0.01912  1.2385  0.272    

Residual   50   40.914 0.77195                   

Total      53   53.000 1.00000                   

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

Permeability & Retention Data 

 

Table A.17.  Permeability analysis of variance and interactions. 
 

adonis2(formula = PROJ_DATA.resp.permeability.rel$PERM_N ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.permeability.explan, method = "euc") 

            Df SumOfSqs      R2        F Pr(>F)     

NFC_P        1  171.385 0.76854 1944.388  0.001 *** 

CARB         1    2.077 0.00931   23.564  0.001 *** 



215 

 

NFC_P:CARB   1   30.147 0.13519  342.020  0.001 *** 

Residual   220   19.392 0.08696                     

Total      223  223.000 1.00000                     

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Table A.18.  Retention analysis of variance and interactions. 
 

adonis2(formula = PROJ_DATA.resp.retention.rel$RETAINED ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.retention.explan, method = "euc") 

           Df SumOfSqs      R2      F Pr(>F)   

NFC_P       1   2.9451 0.26774 4.0255  0.045 * 

CARB        1   2.0950 0.19046 2.8636  0.107   

NFC_P:CARB  1   0.1069 0.00972 0.1462  0.793   

Residual    8   5.8529 0.53208                 

Total      11  11.0000 1.00000                 

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

               

 

 

 

Principal Component Analysis – Carboxylic Acid Content NFC 

 

Table A.19.  Analysis of the loadings for each principal component. 

 
>           head(var$coord) 

               Dim.1       Dim.2     Dim.3        Dim.4       Dim.5         Dim.6 

TEA        0.8672537  0.34259954 0.3191833  0.005397572  0.09411544  0.0348319898 

BL         0.9708377  0.03899571 0.1311872 -0.100768171  0.09179168 -0.0405570005 

MODULUS    0.3869670 -0.80461192 0.3154325  0.288933877 -0.03683127 -0.0008449206 

TENSILE_N  0.9249023  0.27487497 0.0481972 -0.084153603 -0.20267244 -0.0003182589 

STRETCH_N -0.5359430  0.72336052 0.2858307  0.297815543 -0.01902411 -0.0155218786 

TEAR_N    -0.7540158 -0.14565552 0.5538678 -0.290161864 -0.02754858 -0.0019476623 

 

>           head(var$contrib) 

              Dim.1     Dim.2      Dim.3       Dim.4      Dim.5        Dim.6 

TEA       21.153259  8.466634 16.7183731  0.01064691 14.5597682 39.091318502 

BL        26.508082  0.109691  2.8242065  3.71085135 13.8496666 52.997502732 

MODULUS    4.211461 46.699278 16.3277558 30.50870211  2.2298014  0.023001467 

TENSILE_N 24.058951  5.450140  0.3812039  2.58804745 67.5183946  0.003263509 

STRETCH_N  8.078342 37.743906 13.4069932 32.41317121  0.5948965  7.762691312 

TEAR_N    15.989905  1.530351 50.3414676 30.76858097  1.2474728  0.122222477 
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Figure A.13. Scree plot of the principal components associated with the mechanical response and 

carboxylic acid surface charge level of NFC. 
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Figure A.14. Response variable vectors for charge (top) and percent addition (bottom) of NFC. 
 

 

 

 

Table A.20.  Analysis of variance for opacity response and treatment interaction. 
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adonis2(formula = PROJ_DATA.resp.opacity.rel$OPACITY ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.opacity.explan, method = "euc") 

            Df SumOfSqs      R2        F Pr(>F)     

NFC_P        1   54.827 0.50300 153.9197  0.001 *** 

CARB         1   16.046 0.14721  45.0477  0.001 *** 

NFC_P:CARB   1    0.370 0.00339   1.0375  0.320     

Residual   106   37.758 0.34640                     

Total      109  109.000 1.00000                     

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

Table A.21.  Analysis of variance for scatter measurement and evaluation of treatment 

interaction. 
 

adonis2(formula = PROJ_DATA.resp.opacity.rel$SCATTER ~ NFC_P + CARB + 

NFC_P:CARB, data = PROJ_DATA.opacity.explan, method = "euc") 

            Df SumOfSqs      R2       F Pr(>F)     

NFC_P        1   86.423 0.79287 3870.37  0.001 *** 

CARB         1   13.670 0.12541  612.19  0.001 *** 

NFC_P:CARB   1    6.541 0.06001  292.92  0.001 *** 

Residual   106    2.367 0.02171                    

Total      109  109.000 1.00000                    

--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

 

 

Principal Component Analysis - Opacity 
 

  
Figure A.15. Scree plot for optical response. 
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Figure A.16. Optical response variable vectors for surface charge of NFC. 
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Figure A.17. a-b) base sheet, c-d) 5% NFC addition at low charge, e-f) 5% NFC addition at high 
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charge 

 
 

Figure A.18 Paper edge view a) 10% NFC reinforcement - low charge (4.19 ±0.08 microns), b) 

10% NFC reinforcement at high charge (4.61 ±0.05 microns). 

 

Figures A.6 and A.7 are larger versions of what is displayed in Chapter 5.  The following images 

reveal details of the fibrillation between fibers in the low charge high addition rate papers. 
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Figure A.19. Image of 5% NFC amendment, low charge with visible fibrils spanning paper 

fibers. 
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Figure A.20. Image shows fibrillation between fibers in the sheet for 5% NFC – low charge 

amendment. 

 

The fibrils present in the figures A.7 through A.10 are too large to be considered nanofibrillated 

cellulose.  The coating used to pre-treat the samples for SEM analysis is on the order of 2-3 nm in 

thickness which would obscure any detail in nanofibers.  The smoothed edges and surface texture 

in the images would indicate that the surface may be covered by coated nanofibers.  This can be 

seen in both Figure A.9 and A.10.   
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Figure A.21. Image showing fibril layers visible on the surface of the fibers.  
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Figure A.22. Closeup of figure A.9 showing fibrills layering over the cellulose fibers. 
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